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Abstract

Background: Postoperative sleep disorder (PSD) and delirium, which may be associ-
ated with surgery and inhalational anesthetics, induce adverse effects in old adults.
Emerging evidence indicates that circadian rhythm contributes to various neuropatho-
logical diseases, including Alzheimer's disease. Thus, we analyzed the potential role
of circadian rhythm in PSD and delirium-like behavior in aged mice and determined
whether exogenous melatonin could facilitate entrainment of the circadian rhythm
after laparotomy under sevoflurane anesthesia.

Methods: We selected old C57BL/6J mice which receiving laparotomy/sevoflurane
anesthesia as model animals. We employed buried food, open field, and Y maze test to
assess delirium-like behavior, and electroencephalography/electromyography (EEG/
EMG) were used to investigate sleep changes. We analyzed the transcription rhythm
of clock genes in superchiasmatic nucleus (SCN) to explore the effects of surgery
and melatonin pretreatment on the circadian rhythm. Then, we measured melatonin
receptor levels in SCN and ERK/CREB pathway-related proteins in hippocampus and
prefrontal cortex to assess their role in PSDs and delirium-like behavior.

Results: Laparotomy under sevoflurane anesthesia had a greater influence than sevo-
flurane alone, leading to sleep disorder, a shift in sleep-wake rhythm, and delirium-
like behavior. Bmall, Clock, and Cryl mRNA expression showed a peak shift, MT,
melatonin receptor expression level was increased in the SCN, and p-ERK/ERK and
p-CREB/CREB were decreased in hippocampus and prefrontal cortex of aged mice
1day after laparotomy. Melatonin showed significant efficacy in ameliorating PSD
and delirium-like behavior and restoring the circadian rhythm, reversing melatonin

receptor and ERK/CREB pathway expression abnormalities. In addition, most of the
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antagonist.

and delirium.

KEYWORDS

1 | INTRODUCTION

Postoperative delirium (POD), one of the most common postop-
erative complications among older adults, is characterized by in-
attention and cognitive disturbances after surgery and is often
accompanied by sleep disorders.™® It is consistently associated
with prolonged hospital stays, increased mortality, and worse
functional recovery.* Although current studies have explored the
roles of inflammation, reduced cerebral oxidative metabolism,
and other factors in delirium,® the neuropathogenesis of POD re-
mains mostly unknown, and effective prevention strategies are
controversial.

Postoperative sleep disorder (PSD) mainly manifests as a patho-
logical sleep-wake rhythm disorder and change in sleep structure
and phase.6 In total, 42% of patients report sleep disorders after
surgery, and 24% of patients needing drug therapy for these dis-
orders.”® Several studies have reported that decreased cognitive
functioning is associated with negative sleep changes in the el-
derly.”1° Sleep disturbance and cognitive and memory decline are
common in older adults.***2 Animal studies have shown that sleep
disorders and behavioral abnormalities may concomitantly occur in
aging and Alzheimer's disease and can be associated with circadian
rhythm disruption.’®* Increasing evidence suggests that circadian
rhythm changes may influence cognitive function during aging,
and sleep and diurnal interventions have been associated with a
decreased incidence of POD.}>* These findings suggest that the
circadian rhythm may play a role in neurobehavioral abnormalities
in elderly. Recent studies have found that isoflurane anesthesia
aggravates circadian dysrhythmia and triggers long-term mem-
ory deficits in aged mice.r” However, it is still unclear how sleep
changes affect neurological behavior and whether the circadian
rhythm plays a role in sleep and neurobehavioral changes in aged
mice after surgery.

Melatonin, which is secreted by the pineal gland, is the neu-
roendocrine basis of sleep-wake cycle regulation.'® Zhang et al.*
reported that exogenous melatonin tended to prolong sleep du-
ration and reduce the prevalence of POD in patients. Our previ-
ous research showed that prophylactic melatonin can reduce
anesthesia-induced cognitive impairment in aged mice, and mela-
tonin receptors are involved in this process.20 These studies sug-
gest that melatonin may ameliorate both PSD and neurobehavioral

beneficial effect of melatonin was antagonized by luzindole, a melatonin receptor

Conclusions: Melatonin receptors in SCN, circadian rhythm, and ERK/CREB signal-
ing pathway participate in the pathophysiological processes of PSD and delirium-like

behavior. Melatonin intervention could be a potential preventative approach for PSD

circadian rhythm, clock genes, ERK/CREB signaling pathway, melatonin, postoperative
neurobehavioral abnormalities, postoperative sleep disorders, suprachiasmatic nucleus

abnormalities. Because several studies have implicated melatonin
in circadian rhythm regulation through melatonin receptors?® and
suggested that melatonin receptors may be involved in several neu-

ropathological processes,?%2°

our study will discuss whether circa-
dian rhythm regulation by melatonin improves PSD and delirium-like
behavior in aged mice and investigate the role of melatonin recep-
tors in this mechanism.

Recently, two studies showed that the ERK/CREB pathway plays
a role in sleep regulation and depression-like behavior.2#%> A study
indicated that MAPK/ERK pathway oscillation in the hippocampus,
which is required for memory maintenance, is driven by the supra-
chiasmatic nucleus (SCN, the circadian rhythm center).?® Thus, we
tested the hypothesis that the ERK/CREB pathway, which may be
regulated by the circadian rhythm, is required to induce delirium-like
behavior after surgery.

In this study, we employed a battery of tests of natural and

2728 and elec-

learned behaviors to assess delirium-like behavior,
troencephalography/electromyography (EEG/EMG) were used to
investigate sleep changes. We analyzed the diurnal rhythm of clock
genes in the SCN to explore the effects of surgery and melatonin
pretreatment on the circadian rhythm. Then, we assessed the role of
melatonin receptors and the ERK/CREB pathway in sleep disorders
and delirium-like behavior by measuring melatonin receptor levels in
the SCN and ERK/CREB pathway-related proteins in the hippocam-
pus and prefrontal cortex. To our knowledge, this is the first evalu-
ation of the influence of melatonin receptors, the circadian rhythm,
and the ERK/CREB pathway on sleep disorders and delirium-like
behavior in aged mice.

2 | MATERIALS AND METHODS

21 | Animals

In total, 18-month-old specific pathogen-free C57BL/6J mice
(weighing 20-25g, 50% males) were housed in an insulated and
sound-proof room under an automatically controlled 12h/12h light/
dark cycle and given food and water ad libitum. Lights were turned
on at 8:00a.m.—Zeitgeber time (ZT) O— and turned off at 8:00 p.m.
(ZT12). All the experimental procedures met NIH guidelines for ap-
propriate care and use of animals in research.
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2.2 | Drugadministration

Intraperitoneal (i.p.) melatonin injections (Sigma Aldrich) were ad-
ministered daily (10mg/kg body weight) at ZT12 for 7 consecutive
days. Melatonin was dissolved in 0.5% absolute ethanol and saline.
Luzindole (1mg/kg i.p., a competitive MT,/MT, melatonin receptor
antagonist; Tocris) was administered at ZT12 for 7 consecutive days

before laparotomy under sevoflurane (Abbvie) anesthesia.

2.3 | Experimental design
Mice that were administered the vehicle (0.5% absolute ethanol) or
melatonin prior to sevoflurane anesthesia and/or laparotomy were

randomly assigned to the following experiments.

2.3.1 | Experiment A

To investigate the effects of anesthesia and/or laparotomy on sleep
and neurobehavior, mice were randomly assigned to three groups
(n=17 per group): control (C group), sevoflurane anesthesia (A
group), and laparotomy under sevoflurane anesthesia (A/S group).
C group animals were placed in their home cage with 22% oxygen
for 2h, while the other two groups were treated with sevoflurane
anesthesia and laparotomy. Wakefulness and sleep recordings (n=7
per group) and behavior tests (buried food, open field, and Y maze
test, n=10 per group) were started on days 1 and 2 (D1 and D2)
post-anesthesia/laparotomy, respectively (Figure 1A).

2.3.2 | ExperimentB

To explore the effect of melatonin on postoperative sleep and neu-
robehavior, another cohort of mice was randomly exposed to me-
latonin + laparotomy under sevoflurane anesthesia (M+A/S group),
melatonin+luzindole + laparotomy under sevoflurane anesthesia
(M+L+A/S group), and melatonin alone (M group), with 17 mice in
each group. Because a previous study showed that MT, receptor
expression was not significantly affected by luzindole administra-
tion alone, no luzindole treatment group was included.?’ Following
the pretreatment phase, mice in the M+A/S and M+L+A/S groups
underwent laparotomy under sevoflurane anesthesia; mice in the
M group received no treatment (Figure 1B). Wakefulness and sleep

recordings and behavior tests were performed as in Experiment A.

2.3.3 | ExperimentC

To investigate the contribution of the circadian rhythm to post-
operative sleep and neurobehavior disorders and the effect of
melatonin on these disorders, we investigated the transcriptional
activity of clock genes (Clock, Bmall, Cry1, and Per1) in the SCN

WiILEY- L2

using quantitative reverse transcription polymerase chain reaction
(PCR) and melatonin receptor (MT, and MT,) protein expression in
the SCN using western blotting. Mice (n=180) were randomly di-
vided into three groups: C, A/S, and M+A/S. Tissue samples were
obtained at 0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, and 44h (n=5 at
each time point) after treatment. Melatonin receptors were assayed
inthe C, A/S, M+A/S, M+L+A/S, and M groups at 6, 12, and 48h
(h=6 at each time point), and immunofluorescence assays of me-

latonin receptors were performed 6 h after treatments (Figure 1C).

2.34 | ExperimentD

We aimed to determine whether circadian rhythm correction im-
proved postoperative neurobehavioral abnormalities via MAPK/
ERK signaling pathway activation. ERK and CREB expression and
phosphorylation were assayed at 12, 24, and 48h following treat-
ments by western blots (five groups, similar to Experiment C,n=6 at

each time point) and immunofluorescence (Figure 1D).

2.4 | Sevoflurane exposure and
exploratory laparotomy

Sevoflurane exposure was performed according to a previously de-
scribed protocol.% Briefly, sevoflurane exposure and/or laparotomy
was started at ZTO. Mice were exposed to 2% sevoflurane in 22%
oxygen for 2h in an anesthesia chamber; the concentration was
monitored with a gas outlet. The heart rate, blood-oxygen satura-
tion, and rectal temperature were monitored. The mice breathed
spontaneously, and sevoflurane was well tolerated, with all moni-
tored variables in the physiological range.

Laparotomy was aseptically performed with a method previously
used in mice.3* Mice were anesthetized for 2h with 2% sevoflurane
and intracutaneously injected with 0.2% ropivacaine along the planned
incision line. A 2-cm vertical incision was made in the middle of the
abdomen, the gastrointestinal tract was exteriorized and vigorously
rubbed for 30s, and the organs (liver, spleen, kidneys, and bowel) were
gently probed with cotton for 30min. The intestines were then placed
back into the peritoneal cavity, and the skin was sutured with surgical
staples. EMLA cream (2.5% lidocaine and 2.5% prilocaine, AstraZen-
eca, Sweden) was applied to the incision wound at the end of surgery
and then every 8h for 2days for surgical pain relief. Body temperature

was maintained with a heating pad during anesthesia/surgery.

2.5 | Behavior tests

A battery of behavioral tests described in a previous study was per-
formed to assess changes in both natural and learned behaviors follow-
ing surgery and anesthesia to examine POD.?? All the mice underwent
the tests in the following order: buried food, open field, and Y maze
test at 24h before anesthesia/surgery (baseline) and at 6, 9, 24, and


https://www.baidu.com/link?url=H53Fmav1YBuVdvdPgNT2dKihoxMHHUaVuhsr0RY8kAGrZjmLhcJpXlH-KhicjyAUkIG3kOJv_3VybkwqF6KOe5saXrT3xmSpndY_NDMXl4qe07ZUp0WQNae6vW9olMy2&wd=&eqid=864bf1020007de49000000035e410cd8

JIAET AL

4 0f 17
_I_Wl LEY- CN'S Neuroscience & Therapeutics

7 Days ZT0-ZT2 2 Days

W R

(A) con/sev/lap
«“>
\ Behavioral tests
q ' —m—
- ¥
Wakefulness and sleep recordings
(B)
NS/mel/mel+luz con/lap C/Q
="— _|[_ee) Lo
\
,\ Behavioral tests
— ——
—
.
Wakefulness and sleep recordings
() NS/mel/mel+luz con/lap

b

| S s s m e e m m— —
2 6 10 14 18 2 2 6 10 14 18 2

P )
—- =B
)

Collect specimens

Clock gene test

MT1 MT2

NS/mel/mel+luz con/lap

- —

>

FIGURE 1 Schematic presentation of experimental design. (A) Experiment A; (B) Experiment B; (C) Experiment C; (D) Experiment D. con,
control; lap, laparotomy under sevoflurane anesthesia; mel, melatonin; mel+Iluz, melatonin+luzindole; NS, normal saline; sev, sevoflurane
anesthesia.

2.6 | Polygraphic recordings and vigilance
state analysis

48h after anesthesia/surgery. The behavior tests were completed
within 50min to simulate clinical evaluation of delirium in patients. The

latency to eating food (buried food test); time spent in the center, la-

tency to the center, and total distance traveled (open field test); and
duration and entries in the novel arm and total distance traveled (Y
maze test) were recorded. All the behavioral data were analyzed with
an animal tracking system (Smart 3.0, RWD Life Science Co., Ltd).

Polygraphic recordings and vigilance state analysis were performed
according to a previous study.33 In brief, mice were implanted with
electrodes for polysomnographic EEG and EMG recordings under 2%
sevoflurane anesthesia. The implant comprised two stainless-steel
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screws (1 mm diameter) serving as EEG electrodes, one of which was
placed epidurally over the right frontal cortex (1.0mm anterior and
1.5mm lateral to bregma) and the other over the right parietal cor-
tex (1.0mm anterior and 1.5mm lateral to lambda). Two insulated
Teflon-coated, silver wires (0.2 mm in diameter), which were placed
bilaterally into the trapezius muscles, served as EMG electrodes. All
the electrodes were attached to a micro-connector and fixed onto
the skull with dental cement. The mice were given intracutaneous
injections of 0.2% ropivacaine along the wounds once per day for
2days. After the surgical procedure, mice were maintained undis-
turbed in the housing room for 14 days. The mice were habituated to
the recording cable for 2days before polysomnographic recording.
Baseline recordings of wakefulness and sleep were conducted for
2days prior to treatment. Wakefulness and sleep recordings were
started immediately after 2 h of anesthesia/laparotomy and lasts for
2days.

The EEG/EMG signals were amplified and filtered (EEG, 0.5-
30Hz; EMG, 20-200Hz), digitized at a sampling rate of 128 Hz, and
recorded using SLEEPSIGN software (KISSEI COMTEC CO., LTD.).
The vigilance states were automatically classified offline, in 4-s ep-
ochs, into rapid eye movement (REM) sleep, nonrem (NREM) sleep,
and wakefulness by SLEEPSIGN according to the standard criteria.3*
As a final step, defined sleep-wake stages were examined visually
and corrected if necessary.

2.7 | Western blot analysis

Western blotting was performed to determine the CREB, phos-
phorylated (p)-CREB, ERK, and p-ERK protein levels in the hip-
pocampus and prefrontal cortex and the MT, and MT, receptor
levels in the SCN. Briefly, the primary antibodies used for west-
ern blotting were as follows: anti-MT, receptor antibody (1:1000;
Abcam, Cambridge, UK, ab203038), anti-MT, receptor antibody
(1:100; Abcam, ab203346), anti-ERK1/2 antibody (1:200; Abcam,
ab17942), anti-p-ERK1/2 antibody (1:50; Santa Cruz Biotechnol-
ogy, sc-81492), anti-CREB antibody (1:1000; Abcam, ab32515),
anti-p-CREB antibody (1:1000; Abcam, ab32096), and f-actin
(1:5000; Servicebio, GB12001). Band intensities were quantified
by infrared scanning densitometry (Odyssey Imaging Systems; LI-
COR Biosciences).

2.8 | Immunofluorescent staining

Immunofluorescence was performed to determine the p-CREB,
ERK1/2, and p-ERK1/2 expression and distribution in the hippocam-
pus. Briefly, the primary antibodies included p-CREB (1:100; Abcam,
ab32096), ERK1/2 (1:200; Abcam, ab17942), and anti-p-ERK1/2
(1:50; Santa Cruz Biotechnology, sc-81492), and the secondary an-
tibodies included Goat anti-Rabbit Alexa-Fluor 488- (1:200; Abcam,
ab150077) and Goat anti-Mouse Alexa-fluor 594-conjugated anti-
bodies (1:200; Abcam, ab150116). Nuclei were counterstained with

WiLEY- L2

DAPI (1:5000; Roche, 236276). Images were captured with a confo-

cal fluorescence microscope (Nikon DS-U3) for analysis of the hip-
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pocampal CA3 region.

2.9 | mRNA expression of clock genes
Total RNA was extracted from the SCN using an Eastep Universal
RNA Extraction Kit (Promega) according to the standard proto-
col. The RNA concentrations were determined using a Nanodrop
spectrophotometer (Thermo Scientific). Total RNA was reverse-
transcribed using the GoScript Reverse Transcription System (Pro-
mega). The cDNA solution was subjected to quantitative PCR in a
Bio-Rad iCycler iQ system using GoTaq® gPCR Master Mix (Pro-
mega). Quantitative PCR consisted of 40cycles of 15s at 95°C and
60s at 60°C. The primer sequences were as follows:

Per1 forward primer 5-CTCTTCTGGCAATGGCAAGGACTC-3/,

reverse primer 5-CTCAGGAGGCTGTAGGCAATGGA-3;

Clock forward primer 5-GACGGCGAGAACTTGGCATTGA-3,

reverse primer 5-TGAGACTGCGGTGTGAGATGACT-3;

Bmall forward primer 5-ATAAGGACTTCGCCTCTACCTGTTC
A-3,

reverse primer 5-CCTCGTTGTCTGGCTCATTGTCTT-3;

Cry1 forward primer 5-GCCAGCAGACACCATCACATCAG-3/,

reverse primer 5-GGGAAGGAACGCCATATTTCTCATCA-3;

GAPDH forward primer 5-AGAAGGTGGTGAAGCAGGCATCT-3/,

reverse primer 5-CGGCATCGAAGGTGGAAGAGTG-3..

Temperature controlled melting curve analysis revealed a single
peak corresponding to the specific amplification product. mRNA ex-
pression levels of clock genes in the SCN which related to the circa-
dian rhythm, were calculated using the 2722°T method and analyzed

using cosine software (Chronos-Fit program).

2.10 | Statistical analyses

The Shapiro-Wilk test were used to assess data distribution. Para-
metric results in normal distribution are presented as mean+SEM.
Statistical analyses were performed with SPSS 25.0 (SPSS Inc.). The
statistical chart is drawn with GraphPad Prism 8.0. Differences were
considered statistically significant at p <0.05.

3 | RESULTS

3.1 | Laparotomy under sevoflurane anesthesia
had a more significant effect on sleep and
neurobehavioral disturbances in aged mice than
sevoflurane anesthesia alone

We analyzed the changes in time spent in REM and NREM sleep
every 2h after 2% sevoflurane anesthesia and laparotomy. The
time course of changes revealed that the REM sleep percentage
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was decreased at ZT2-ZT4, ZT4-ZTé6, ZT8-ZT10, ZT10-ZT12,
and ZTO-ZT2(D2) after sevoflurane anesthesia and increased
at ZT14-7ZT16, ZT16-ZT18, and ZT22-ZTO in mice (all p<0.05,
Figure 2A). The A/S group showed a decreased REM sleep per-
centage at ZT4-ZT6, ZT6-ZT8, ZT8-ZT10, and ZT10-ZT12 on D1
and ZT0-ZT2, ZT2-ZT4, ZT4-ZT6, and ZT6-ZT8 on D2 and an in-
crease in the REM percentage at ZT22-ZTO after laparotomy (all
p <0.05, Figure 2B).

As shown in Figure 2D, time course changes revealed that the
NREM sleep percentage in mice increased at ZT18-ZT20 after
sevoflurane anesthesia and decreased at ZT4-ZTé on D2 (all
p<0.05). The A/S group showed a decreased NREM sleep per-
centage at ZT2-ZT4, ZT4-7ZT6, ZT6-ZT8, ZT10-ZT12(D1) and
ZTO0-ZT2, ZT4-ZT6, and ZT6-ZT8(D2) and an increased percent-
age at ZT12-ZT14, ZT14-7ZT16, ZT18-2ZT20, ZT20-ZT22, and
ZT22-7ZTO(D1) and ZT12-ZT14 and ZT14-ZT16(D2) (all p<0.05,
Figure 2E).

It is noteworthy that during the ZT10-12 period, the decrease in
REM and NREM sleep was greater than that in the preceding periods
in the A/S group. Figure 2C,F show the inflection points of the per-
centages of time spent in REM and NREM sleep for each mouse. The
inflection points of time spent in REM and NREM sleep were both
shifted forward by approximately 2h following the transition from
the light period to the dark period (L, - D,) and the dark period to
the light period (D, — L,) after laparotomy, but the shift disappeared
on D2.

To assess the effects of anesthesia/laparotomy on the natural
habits of mice, we first performed the buried food test (Figure 2G).
Compared with the C group, the latency to finding food in the A/S
group was longer at both 6h (91.12+4.26% vs. 122.93 +7.22%) and
9h (86.48+6.32% vs. 129.21+9.25%) (all p<0.05) but not at 24 or
48h.

The open field test was used to evaluate whether anesthesia/
laparotomy affected the fear and novelty seeking state of mice (Fig-
ure 2H,1). Laparotomy decreased the time spent in the center region
at 6, 9 and 24h (111.60+8.50% vs. 54.28 +7.57%, 102.54+8.98%
vs. 59.22+9.36%, 87.35+8.89% vs. 60.61+5.83%, all p<0.05).
Therefore, laparotomy under anesthesia had a time-dependent ad-
verse effect on the emotional state of mice.

The spontaneous Y-maze test was performed to evaluate
spatial learning and memory in the mice. Compared with the C
group, both the A and A/S groups showed decreased time spent
in the novel arm at 6h (144.68+15.20% vs. 96.43+8.87%,
144.68 +15.20% vs. 74.01+8.79%, all p<0.05, Figure 2J). Fur-
thermore, the A/S group showed significantly fewer entries into
the novel arm than the C group at both 6 and 9h (136.71 +10.09%
vs. 66.10+6.74%, 127.53 + 10.45% vs. 72.05+7.71%, all p<0.05,
Figure 2K). In addition, the total distance traveled was not sig-
nificantly different at any time point (Figure 2L). The above re-
sults demonstrate that laparotomy undermines the natural ability
of mice to find food, has adverse effect on the emotional state
and impairs spatial learning and memory in a time-dependent and

motor-independent manner.

3.2 | Melatonin ameliorated sleep disorders and
neurobehavioral changes induced by laparotomy
under sevoflurane anesthesia, and melatonin receptor
antagonists could block this effect

Upon further analysis of the REM and NREM sleep inflection points
for all mouse groups (Figure 3A,B), we found that melatonin pre-
treatment reversed the forward shift of the inflection point, how-
ever, no shift was found in the M group. Because the inflection
points for REM and NREM sleep were also shifted forward by ap-
proximately 2h on D1 after laparotomy in the M+L+A/S group,
we speculate that laparotomy under anesthesia can cause circadian
fluctuations and melatonin may reverse these changes through me-
latonin receptors.

We then investigated the total time spent in REM and NREM
sleep of each group from ZT4 to ZT8. The total time spent in
REM sleep decreased 14.3%, 23.9%, and 18.1% in the A, A/S, and
M+L+A/S groups, respectively (all p<0.05, Figure 3C), which was
consistent with the decreases of 18.2% and 17.8% in NREM sleep in
the A/S and M+L+A/S groups, respectively (all p <0.05, Figure 3D).
Meanwhile, the times spent in REM and NREM sleep were unal-
tered in the M group. These results suggest that laparotomy under
sevoflurane anesthesia had a greater impact on sleep times than did
sevoflurane alone from ZT4 to ZT8, and pretreatment with mela-
tonin can normalize the sleep disturbance.

To better understand the postoperative changes in sleep archi-
tecture, the distribution of the number of periods in each stage from
ZT4 to ZT8 was determined as a function of duration (Figure 3E,G,I).
Laparotomy under sevoflurane anesthesia decreased the number of
periods of REM sleep with durations of 0-16, 16-32, 32-64, and
64-128s (all p<0.05). Simultaneously, the numbers of periods of
NREM sleep with durations of 0-16, 16-32, and 32-64s (all p <0.05)
were significantly decreased. The number of periods of wakefulness
with durations of 0-16, 16-32, and 32-64s (all p<0.05) were de-
creased; only the number of periods of wakefulness with a duration
of 64-128s increased (p <0.05). After melatonin pretreatment, only
the number of periods of REM with durations of 0-16s and wake-
fulness with durations of 512-1024 s were decreased (all p<0.05,
Figure 3F,H,J)). These results suggest that the sleep architecture
changed during ZT4-ZT8 after the surgery, and this change was alle-
viated by melatonin pretreatment.

Compared with the A/S group, the latency to finding food in
the M+A/S group was shorter at both 6 and 9h (122.93+7.22%
vs. 86.53+4.29%, 129.21+9.25% vs. 84.50+6.33%, all p<0.05,
Figure 4A,B) in the buried food test. In addition, compared with the
M+A/S group, the latency to finding food in the M+L+A/S group
was longer at 6h (86.53 +4.29% vs. 125.67 +8.35%, p<0.05).

Inthe openfield test,compared withthe A/S group, M+ A/S group
increased the time spent in the center region at 9h (59.22 +9.36%
vs. 105.54 +7.48%, p <0.05) but not at 24 h (Figure 4C,D). Luzindole
pretreatment did not significantly antagonize melatonin pretreat-
ment at either 9 or 24h. Furthermore, the total distance traveled
was not significantly different among the five groups at any time
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FIGURE 2 Laparotomy under sevoflurane anesthesia impaired the sleep-wake rhythm and behavior of aged mice 1day postoperatively.
(A, B, D, E) Percentages of time spent in (A, B) REM sleep and (D, E) NREM sleep each 2h as a function of time at baseline (black) and
following anesthesia (orange)/laparotomy (red). *p <0.05 and **p <0.01 indicate significant differences compared with their own controls,
data are assessed by two-tailed paired Student's t-tests. (C, F) The circadian phase shifts in (C) REM sleep and (F) NREM sleep 2 days after
anesthesia (orange)/laparotomy (red) n=7. The inflection point is defined as the percentage of REM or NREM sleep in 6 periods (2h/period)
after the period at which the point is located is greater than or less than 30% of the period at which the point is located. L, — D,: Phase
transition from the first light phase to the first dark phase after anesthesia/laparotomy; D, — L,: Phase transition from the first dark phase
to the second light phase after anesthesia/laparotomy; L, — D,: Phase transition from the second light phase to the second dark phase after
anesthesia/laparotomy; D, — L,: Phase transition from the second dark phase to the third light phase after anesthesia/laparotomy. (G-L)
Impact at 6, 9, 24, and 48 h of anesthesia/laparotomy on mouse behaviors assessed by (G) the buried food test (H, 1) the open field test (J-L)
the Y maze test n=10. Data were analyzed by repeated measures ANOVA (the different group were the between groups factors and time
was the repeated measures factor), followed by a post hoc Bonferroni's multiple comparisons test. Data are presented as the mean+SEM.


https://www.baidu.com/link?url=H53Fmav1YBuVdvdPgNT2dKihoxMHHUaVuhsr0RY8kAGrZjmLhcJpXlH-KhicjyAUkIG3kOJv_3VybkwqF6KOe5saXrT3xmSpndY_NDMXl4qe07ZUp0WQNae6vW9olMy2&wd=&eqid=864bf1020007de49000000035e410cd8

JIAET AL

8of 17
—I_Wl LEY_ CN'S Neuroscience & Therapeutics

(A) REM
3™ B ek HE Ak #E
£ P v .
Nelep » o
€ oo i aa vv s oo
o
2 10 - W =
% A *
2
E ol . .
© v e e e °
N
A\
(©)
£
E 207« * *
&
<
'§15-
% . . . [
%10- ik
: .
¥ 59 %
c é
< %
Y @ e
N\ “\,‘\:‘
(E) =3 Baseline
= A/S
o 5 REM
< * *k % *
£ 44
®
o |
o
Qo
Y
o
@
fe]
€
=)
z
(G)
g e
=
£
§2}
3
o
Q
N
5]
@
Q
€
3
b4
(U]
15+
= *k  kk kk kK WAKE
£
§2}
pe |
o
Kol
G
0]
el
£
=}
=

\, \
% %

AN

<3

episode duration(s)

(B) NREM
ol B owx HE wx HE
é oo - vy .
Niuzidp 2 F
§ -] L1 AAa vy 00 °
o
210 o =y % .
% A *
2
£ 8l : : . : :
o v vfa \s‘v\e \;v\e >
&
(D)
<
€ 200 *ok *
F—
< -
S 1507 . - i .
s (B fe AR i
2 100+ ]
s
[
Z 501 H
£
EY e & & &£ o
¥ \s‘v\ x\:(v\
A\
(F) 33 Baseline
4. B MAS
= REM
= *
2 34 . .
>
I}
Q
‘©
@
Q
=
=}
Z

—
I
=

Number of bouts in 4h

—_
C
~

Number of bouts in 4h

159

104

=

INNNENNNNNNRNCRINC
HENENNANNNNCENCENC

Y N\,
% g

g

[T TTTFITTE
ERRERNCHRNEINC

Y \, Y N\
P % B

episode duration(s)

NREM

FIGURE 3 Melatonin pretreatment
improved the sleep disorder caused

by laparotomy under anesthesia, and
melatonin antagonist can partially
antagonize this improvement. (A, B) The
first inflection points of time in REM sleep
and NREM sleep after different treatment.
Zeitgeber time (ZT) time stands for ZT.

*, **p<0.05 or 0.01 compared with C
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A/S group. Data were analyzed by one-
way ANOVA followed by Bonferroni post
hoc analysis. (C, D) Total time spent in
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indicate significant differences compared
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point (Figure 4E), suggesting that different treatments did not cause
motor dysfunction.

Compared with the A/S group, M+A/S group increased the time
spentin the novel arm at 6h (74.01+8.79% vs. 139.42+12.29%) in the
Y maze test (Figure 4F) and increased entries into the novel arm at both
6h(66.10+6.74% vs. 135.75+7.80%, Figure 4G)and 9h (72.05+7.71%
vs. 134.05+8.57%, all p<0.05, Figure 4H). Furthermore, luzindole
pretreatment showed significant antagonism in the M+L+A/S group,
as the time spent in the novel arm decreased (139.42+12.29% vs.
91.76 +5.59%) at 6h, and the entries into the novel arm decreased
(134.05+8.57% vs. 94.54+7.02%) at 9h (all p<0.05). These results
demonstrate that melatonin can alleviate spatial learning and memory
impairments caused by laparotomy under anesthesia, and melatonin

receptor antagonists can partially prevent this improvement.

3.3 | Melatonin receptor and clock gene
expression in the SCN was disturbed by laparotomy
under sevoflurane anesthesia, and melatonin could
improve these effects

A 2h laparotomy under sevoflurane anesthesia significantly altered
clock gene expression in the SCN for 2days after surgery, especially
on D1 (Figure 5A,E,I,M). Compared with the C group, Bmal1, Clock,
and Cry1l mRNA expression showed a delayed peak on D1 after sur-
gery (5.48+1.30, 4.30+0.52, 10.49+0.53h, all p<0.05), with no
phase shift on D2. Perl expression showed no phase shift within
2days after surgery. It is noteworthy that melatonin restored clock
mMRNA expression to baseline levels after surgery (Figure 5B,F,J,N).

Laparotomy did not change the amplitude of clock gene expres-
sion; however, a change was observed in the M+A/S group (Fig-
ure 5C,G,K,0). Melatonin pretreatment increased the amplitude
of Bmall mRNA expression in mice on D1 and D2 compared with
the C group (216.71+49.50% and 180.96 +19.67% of baseline, all
p<0.05). Melatonin also increased the amplitude of Perl mRNA ex-
pression on D1 (128.45 +10.93% of baseline, p <0.05).

Similar to the change in amplitude, melatonin pretreatment af-
fected the MESOR of clock gene expression, but laparotomy did not
cause a significant change in the MESOR compared with the C group
(Figure 5D,H,L,P). Melatonin pretreatment increased the MESOR
of Bmall mRNA expression in mice on D1 and D2 compared with
the C group (229.09 +£24.42% and 248.18 +36.42% of baseline, all
p<0.05). Melatonin also increased the MESOR of Cry1 and Perl
mRNA expression on D2 (200.61+40.60% and 143.36 +12.66% of
baseline, all p<0.05).

To assess the effect of laparotomy under anesthesia on melatonin
receptors in the SCN of aged mice, MT, and MT, receptor expression
levels were analyzed by western blotting analysis and showed that lap-
arotomy under anesthesia significantly increased MT, receptor expres-
sion levels at 6 and 12h (all p<0.05) but not at 2days after laparotomy.
Pretreatment with melatonin could normalize the laparotomy-induced
changes in MT, receptor levels in the SCN, and the corrective action of
melatonin was antagonized by luzindole (both 6 and 12h; all p<0.05).

“WiILEY- L2

MT, receptor expression was not detected by western blots within

C N S Neuroscience & Therapeutics

2days after treatments, which suggests that MT, receptor labeling was
sparse in the SCN (Figure 6A-D).

We then detected MT, expression in the SCN 6 h after treatment
by immunofluorescence (Figure 6E,F). The results also suggested
that laparotomy under anesthesia increased MT, receptor expres-
sion levels in the SCN, melatonin can normalize the laparotomy-
induced change in MT, receptor levels, and the corrective action of

melatonin could be antagonized by luzindole (all p <0.05).

3.4 | ERK/CREB signaling pathway-related
protein expression in the hippocampus and
prefrontal cortex was disturbed by laparotomy
under sevoflurane anesthesia, and melatonin could
ameliorate these effects

We next assessed whether the ERK/CREB signaling pathway partici-
pates in postoperative depression-like behavior.

In the hippocampus of aged mice, p-ERK/ERK decreased on D1
after laparotomy (p <0.05) compared with the control condition and
returned to normal on D2 (Figure 7A,C,E). When melatonin pre-
treatment was applied, the decrease in p-ERK/ERK 12h after lapa-
rotomy was alleviated, however, this improvement was antagonized
by luzindole (all p<0.05, Figure 7B,D). Similar trends were observed
for p-CREB/CREB, which were decreased on D1 after laparotomy
(p<0.05) and returned to normal on D2 (Figure 7F,H). When mela-
tonin pretreatment was applied, the decrease in p-CREB/CREB 12h
after laparotomy was alleviated (all p<0.05). In contrast to p-ERK/
ERK, the decrease in p-CREB/CREB in the M+L+A/S group was
not statistically significant compared with that in the M+ A/S group
(Figure 7G,l,J), which may indicate that luzindole (1 mg/kg) has an in-
sufficient antagonistic effect on p-CREB/CREB in the hippocampus
12h after laparotomy. In addition, melatonin alone did not trigger
ERK and CREB phosphorylation in the hippocampus.

In the prefrontal cortex, p-ERK/ERK was decreased on D1 after
laparotomy (p<0.05) and returned to normal on D2 (Figure 8A,C).
When melatonin pretreatment was applied, the decrease in p-ERK/
ERK 12h after laparotomy was alleviated, however, this improve-
ment was antagonized by luzindole (all p<0.05, Figure 8B,D). Com-
pared with the control group, no significant difference in p-CREB/
CREB was observed on D1 and D2 after laparotomy (Figure 8E,G).
When melatonin pretreatment was applied, the decrease in p-CREB/
CREB 12h after laparotomy was alleviated, and this improvement
was antagonized by luzindole (all p <0.05). Likewise, melatonin alone
did not trigger ERK and CREB phosphorylation in the prefrontal cor-
tex (Figure 8F,H).

4 | DISCUSSION

Our study showed that laparotomy under sevoflurane anesthesia
had a greater influence than sevoflurane alone, leading to sleep
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FIGURE 4 Melatonin pretreatment improved the behavior disorder caused by laparotomy under anesthesia, and melatonin receptor
antagonist can partially antagonize this improvement. (A, B) the buried food test, (C-E) the open field test, (F-H) the Y maze test. n=10.
*p<0.05 and **p <0.01, compared to C group; p<0.05 and *p <0.01, M+A/S group compared to A/S group; $p<0.05 and $$p<0.01,
M +L+A/S group compared to M+A/S group; Data are presented as the mean+SEM and analyzed by one-way ANOVA followed by the

Bonferroni post hoc analysis.
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FIGURE 5 Laparotomy under sevoflurane anesthesia changed the circadian rhythm of clock gene expression in the SCN and melatonin

pretreatment ameliorate the change. (A, E, I, M) Clock gene expression; The gray bar indicates the light period ZT0-ZT12, and the black

bar indicates the dark period ZT12-ZT24. Black line: C group; red line: A/S group; purple line: M+A/S group. (B, F, J, N) Phase shift of
Acrophase; Positive values represent phase advance. (C, G, K, O) Amplitude; (D, H, L, P) MESOR. (A, B, C, D) Bmal1; (E, F, G, H) Clock; (I, J, K,
L) Cry1; (M, N, O, P) Perl. D1: The first day after laparotomy; D2: The second day after laparotomy. Results were presented as mean+SEM
(except for A, E, I, M), n=5, the data were calculated by Chronos-Fit cosine analysis software. *p <0.05 and **p <0.01, compared to C group;
#p<0.05 and *p <0.01, compared to A/S group. Data were analyzed by one-way ANOVA followed by Bonferroni post hoc analysis.

disorders, sleep-wake rhythm shifts and delirium-like behavior. ERK and p-CREB/CREB levels decreased in the hippocampus and

Bmall, Clock, and Cryl mRNA expression showed peak shifts, prefrontal cortex of aged mice on D1 after laparotomy. Melatonin

MT, receptor expression levels increased in the SCN, and p-ERK/ showed significant efficacy in ameliorating PSD and delirium-like
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(A) (B) FIGURE 6 Western blotting analysis
(A-D) and immunofluorescence (E, F)
MT1(6h) ‘-" - == - _—| 6h showed that melatonin pretreatment
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behavior, restoring the circadian rhythm, and resolving melatonin

receptor and ERK/CREB pathway-related protein expression abnor-
malities. In addition, most of the beneficial effect of melatonin was
antagonized by melatonin receptor antagonist.

Studies'! in aged humans and animals indicate that circadian
rhythms are not consistent throughout the life span. Both the
rhythm amplitude and regularity deteriorate with age, and aging
makes rhythms more vulnerable to changes in the external en-
vironment.®> A meta-analysis by Lu et al.!® revealed that sleep
and circadian interventions were associated with decreased in-
cidences of POD. These findings prompted us to explore the role
of circadian rhythms in POD in aged individuals and whether cor-
recting dysrhythmia by melatonin pretreatment would improve
POD.

To date, no animal model of delirium has been developed to accu-
rately represent human delirium. Therefore, Peng et al.>2 established
an animal behavioral test battery to capture certain characteristics
of POD, incorporating natural behavior (buried food and open field
tests) to assess attention and awareness as well as learned behavior
(Y maze test) to assess cognition. The present study using this model
showed that laparotomy under anesthesia resulted in delirium-like
behavior in aged mice, while sevoflurane anesthesia alone for 2h did
not produce this effect.

The results were consistent with those of two previous studies
using the same behavioral test battery27'36 butisoflurane was used in
those studies, and the effect of volatile anesthetics was not assessed
separately. Sevoflurane was used in our study, which showed that

sevoflurane anesthesia alone did not cause delirium-like behavior in
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FIGURE 7 The ERK/CREB signal pathway in hippocampus can be disturbed by laparotomy and preoperative administration of melatonin
can improve the expression of ERK/CREB signal pathway related proteins. (A, C, E) The Western blot analysis and Immunofluorescence
showed that the expression of p-ERK/ERK was decreased 1day after laparotomy (D1) and returned to normal on the second day (D2).

(B, D) Western blot analysis showed that melatonin pretreatment attenuated the decrease of p-ERK/ERK expression after laparotomy and
luzindole reverse the corrective action of melatonin. Melatonin alone did not change the p-ERK/ERK expression. (F, H) Western blot analysis
showed that the expression of p-CREB/CREB was decreased 1day after laparotomy (D1) and returned to normal on the second day (D2).

(G, 1, J) The Western blot analysis and Immunofluorescence showed that melatonin pretreatment attenuated the decrease of p-CREB/CREB
expression 12 h after laparotomy. Melatonin alone did not change the p-CREB/CREB expression. D1: The first day after laparotomy in A/S
group; D2: The second day after laparotomy in A/S group. *»p <0.05 and **p<0.01, A/S group compared to C group; *p<0.05 and *#p <0.01,
M+A/S group compared to A/S group; $p<O.O5 and $T’p<0.Ol, M+L+A/S group compared to M+A/S group or the second day in A/S

group compared to the first day after laparotomy; Data are presented as the mean+SEM and analyzed by one-way ANOVA followed by the
Bonferroni post hoc analysis.

aged mice, demonstrating that laparotomy but not sevoflurane con-

as a shift in the sleep-wake rhythm. The results indicated that lap-
tributes to POD-like behavior.

arotomy produced a more profound effect on postoperative sleep.

When observing sleep in mice, we found that sevoflurane alone
and laparotomy under anesthesia both affected postoperative sleep.
Of the two procedures, laparotomy under anesthesia had a greater
impact, resulting in more sleep in the active phase, less sleep in the

inactive phase, and greater changes in sleep episode duration, as well

Although some studies, including one of our own, have reported
that anesthesia or trauma may affect the circadian rhythm, the direc-
tion of the rhythm phase shift differed.’-%7 A study by Song et al.y’
found that after 5h of isoflurane anesthesia, aged mice exhibited
approximately 3h of gross motor activity and acrophase delay, and
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Cry1, Per2, Bmall, and Clock mRNA expression in the SCN displayed
a peak delay or advance in young mice.

Our study is the first to investigate the changes in sleep-wake
rhythms in aged mice using polygraphic recordings and vigilance
state analysis. The sleep-wake rhythm shifted forward by approxi-
mately 2h on D1 after laparotomy, and this shift disappeared on D2.
Within the brain, the SCN of the mammalian hypothalamus is be-
lieved to be the primary regulator of circadian rhythms. We focused
on Cry1, Per1, Bmall, and Clock (clock genes) mRNA expression in
the SCN and found that the peak delay (Cry1, Bmal1, and Clock)
occurred in aged mice on D1 after laparotomy. The differences
in rhythm phase shift directions reported in other studies may be
caused by differences in intervention methods, intervention times,

and experimental animals. It is noteworthy that our study found
that melatonin could attenuate the behavior and circadian rhythm
changes and correct phase shifts of clock gene expression in the
SCN of aged mice induced by anesthesia or surgery. We also found
that luzindole (melatonin antagonist) can antagonize these effects,
indicating that melatonin receptors might be involved, at least par-
tially, in PSD and delirium-like behavior.

The MT, and MT, receptor distributions in the mouse brain are
strikingly different. Compared with the MT, subtype, the MT, sub-
type exhibited greater expression in the SCN.* In a post-mortem
study, Wu et al.Z® found that the number of MT,- but not of MT,-
immunoreactive cells was increased in the SCN of depressed pa-
tients. Several studies®*° indicated that MT,, rather than MT,
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receptors are involved in circadian rhythm regulation, and melatonin
may regulate SCN function via MT, receptors, with a minimal role
of MT, receptors.41 In our study, the differences in MT, receptors
among groups were consistent with clock gene levels in the SCN,
suggesting that melatonin receptor disruption may cause circadian
rhythm disorder after laparotomy under anesthesia, and application
of melatonin to correct melatonin receptor disorders may improve
this disorder. MT, receptor expression in the SCN was not detected
by western blot analysis, which is consistent with previous studies
showing low-MT, receptor expression in the mouse SCN.****

The hippocampus contributes to emotions, learning, and mem-

ory formation,*?~4#

and the prefrontal cortex is involved in encoding
task-relevant information in working memory.*> Moreover, the inter-
action between the hippocampus and prefrontal cortex plays an im-
portant role in attention and memory formation, consolidation, and
expression.*%” Several studies?®*®4? have shown that the master
circadian clock in the SCN is involved in neural function regulation
in the hippocampus and prefrontal cortex. The ERK/CREB signaling
pathway was reported to play a central role in the regulation of emo-
tions, learning, and memory formation.?*°%! A review by Snider®?
reported that dysregulation of circadian timing affects learning and
memory, which are hippocampal-dependent tasks, and intracellular
ERK signaling pathways were involved in this process.

Our findings suggest that POD-like behavior is associated with de-
creased p-ERK/ERK and p-CREB/CREB levels in the hippocampus and
prefrontal cortex, and these changes disappeared 1day after surgery,
which is consistent with the trend and time window of clock gene and
melatonin receptor changes in the SCN. The M+A/S and M+L+A/S
group results suggest that the ERK/CREB signaling pathway in the
hippocampus and prefrontal cortex was affected by circadian rhythm
changes, which may induced by melatonin receptors in the SCN.

Our study also found that melatonin can improve PSD and reverse
sleep-wake rhythm changes, while melatonin antagonists can block
the effect of melatonin; however, melatonin did not improve sleep in
mice that had not undergone surgery. Studies have suggested that
sleep disorders could be associated with disruption of normal circa-
dian rhythms.®>* Currently, the efficacy of melatonin in the treat-

ment of sleep disorders in the elderly is controversial,>®

which may be
because of the different administration routes and dosages of mel-
atonin.?! However, meaningful effects of melatonin treatment have
been reported in disorders associated with diminished or misaligned
melatonin rhythms, such as circadian rhythm-related sleep disorders,
jet lag, shift work, and Alzheimer's disease.?* Additionally, MT,/MT,
receptors may play different roles in the 24-h vigilance state.’® Our
study also suggested that sleep disorders and sleep-wake rhythm
changes in aged mice may be related to circadian rhythm disorders
controlled by the SCN.

The present study has several limitations. First, the C57BL/6J
mouse is a melatonin-deficient mouse strain that we used to study
the effect of exogenous melatonin on postoperative circadian
rhythm disorders, and the relationship between light and the sleep-
wake rhythm is different in humans and mice. Therefore, our results
may not be directly applicable to humans. Second, we did not apply
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MT, or MT, receptor antagonists to more clearly distinguish the role
of different melatonin receptors, which will be performed in future
studies. Third, the mechanism of the postoperative circadian rhythm
disorder affecting sleep structure is not discussed in this article, and
this requires further study.

5 | CONCLUSION

Laparotomy under sevoflurane anesthesia leads to sleep disorders
and neurobehavioral changes in aged mice. Preoperative administra-
tion of melatonin can ameliorate PSDs and neurobehavioral abnor-
malities, and the mechanism may be related to alleviating abnormal
melatonin receptor and clock gene expression in the SCN and cor-
rection of circadian rhythm disorders. The ERK/CREB signaling
pathway in the hippocampus and prefrontal cortex may be involved
in this process.
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