
INTRODUCTION

Chronic insomnia is by far the most common sleep disorder in 
medical practice, which is defined as complaining about difficul-

ties in starting or maintaining sleep in the International Classifica-
tion of Sleep Disorders. Its adverse effects mainly include cognitive 
and memory disorders, anxiety, depression, fatigue and so on, seri-
ously affecting our normal life. Nowadays, the incidence of insom-
nia is increasing year by year, and the prevalence rate has reached 
15% since 2016 [1], but its pathophysiology and pathogenesis are 
not clear, so it is urgent to study and prevent insomnia. In biomedi-
cal research, we often rely on the use of animal models to verify 
experimental hypotheses and clinical hypotheses, in order to more 
effectively understand the occurrence and development of human 
diseases and research prevention and treatment measures. If there 
is no appropriate animal model, it will hinder the understanding of 
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the mechanism of the disease and the discovery of drugs [2]. The 
main purpose of translational medicine is to break the inherent 
barriers between basic medicine and drug development, clinical 
and public health, and establish a direct connection between them, 
opening up a revolutionary path for the development of new drugs 
and the research of new drugs and the study of new treatments. 
The research and development of new experimental animals and 
animal models is an important tool to promote preclinical drug 
research and realize translational research.

In the study of insomnia, the neuromodulation and sleep mecha-
nisms of rodents are similar to those of humans [3, 4]. Because of 
their practicability and feasibility, rodents have been widely used 
in the production of animal models of nervous system diseases. 
Although there are different rodent insomnia models, they lack 
good translational value. The sleep stress of these animal models is 
accumulating and sleep is restricted artificially. Although it can be 
used to study the abnormal effects of drugs on biological rhythm, 
intestinal flora or energy metabolism caused by sleep deprivation, 
it cannot evaluate the direct effects of drugs on sleep. The design 
and selection of a good animal model is one of the key links in 
the transition of drugs from preclinical basic research to clinical 
research. Therefore, it is particularly important to establish an in-
somnia model that is more in line with clinical practice.

The ideal animal model should be able to simulate the main 
symptoms of insomnia, be sensitive to positive drugs, and provide 
reference for the clinical application of candidate drugs in terms 
of drug dosages, action characteristics and side effects. The experi-
mental method used to construct the model should be as simple, 
efficient, safe and in line with animal experimental ethics. The 
main problem facing the construction of animal insomnia model 
is how to make the model animals have a decline in sleep time and 
quality under the condition of sufficient sleep time and suitable 
environment.

According to our previous survey, insomnia patients are often 
accompanied by elevated thyroid levels [5, 6]. As an important en-
docrine hormone, thyroxine can affect the functional changes of 
endocrine system, cardiovascular system and central nervous sys-
tem. When thyroid hormone metabolism is disordered, insomnia-
like performance will occur. Therefore, to mimic the symptoms of 
insomnia observed in patients with hyperthyroidism, we recently 
developed a translational model, which is based on long-term 
intraperitoneal injection of thyroxine. At the same time, diazepam, 
which commonly used in insomnia patients is used as a verifica-
tion to evaluate the establishment of insomnia symptoms. The 
model is a chronic exposure method used to simulate the persis-
tent insomnia-like state in rodents. It provides fundamentally new 
information about the evolution of chronic insomnia and is help-

ful to develop new anti-insomnia treatment strategies.
It is worth noting that the insomnia model provides a system to 

preclinical investigate the molecular underpinnings of these vari-
able behavioral outcomes while maintaining the validity of the 
model in three important forms [7, 8]. (i) Face validity, assess how 
effectively the behavioral and neuropathological phenotypes ob-
served under human conditions reproduce; (ii) Construct validity, 
show the ability of the model to simulate the pathophysiology of 
the illness; (iii) Predictive validity, evaluate whether drugs used in 
the treatment of human diseases can reverse symptoms induced in 
the model.

In this study, the model of insomnia was established by chronic 
exogenous intraperitoneal injection of thyroxine for the first 
time. In this paper, the neurobehavior, endocrine, electrocardio-
gram (ECG), electroencephalogram (EEG) and sleep-related 
neurotransmitters of the insomnia model were verified, and the 
changes of corticosterone reflecting the activity of hypothalamus-
pituitary-adrenal (HPA) axis were measured, and the insomnia 
model was comprehensively evaluated. Through this evaluation, 
we can have a deeper understanding of how thyroid hormone 
metabolic disorders lead to insomnia. At the same time, because 
the pathogenesis and concomitant symptoms of this model are 
highly similar to those of clinical patients with chronic insomnia, 
it can provide a more powerful basis for clinical diagnosis and 
treatment of insomnia.

MATERIALS AND METHODS

Animals and thyroxine administration 

Male SD rat (180~220 g, Center for Animal Laboratory Sci-
ence and Technology, Jiangxi University of Traditional Chinese 
Medicine, Nanchang, China) were housed in a 12-h light/dark 
cycle, with lights off at 18:00, room temperature of 25±1℃, relative 
humidity 45%~65% and free access to food and tap water. The rats 
were randomly divided into three groups, the model group, the 
diazepam group and the control group (n=6/group). Through pre-
liminary experiments, it was determined that the modeling time 
was 4 weeks, and the thyroxine dose was 300 ug/kg. The model 
group and the diazepam group were administrated intraperitoneal 
injection with thyroxine (Shanghai yuanye Bio-Technology Co., 
CAS#51-48-9, BR, S20192) dissolution in physiological saline 
containing 0.1 mol/ml sodium hydroxide solution, once a day in 
a volume of 300 ug/kg at random times during the light phase. 
At the same time, the control group was injected with the same 
amount of normal saline intraperitoneally for 28 consecutive days. 
After modeling, the diazepam group was given diazepam 1 mg/
kg by gavage, and the model group was given the same amount of 
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normal saline for 7 days.

Study design

Experimental design

Before the experiment, all rats were operated on and implanted 
with wireless transmitter (HD-S11), and one week recovery time 
was given after the operation. The subsequent intraperitoneal 
injection of thyroxine lasted for 28 days and diazepam group was 
perfused by gavage for 7 days, during which daily behavior, weight 
and diet were assessed. After modeling, Morris water maze test was 
carried out in each group to evaluate the learning and memory 
ability. At the same time, ECG and EEG data were collected to 
evaluate the changes of ECG and EEG. At the end of the experi-
ment, the brain were sampled for targeted metabolomics analysis, 
and the contents of amino acids and neurotransmitters in brain 
structure were determined (Fig. 1).

Animal experiments

Morris water maze test

The apparatus consists in a circular pool (diameter: 150 cm, 
height: 50 cm) filled with water higher than the platform main-
tained at 25℃ and made opaque by addition of white milk powder. 
The maze was divided into four quadrants (North, South, West, 
and East). The escape platform was placed in the target quadrant 
(North), 1 cm below the water surface during the experiment time. 
Before the experiment, the rats should be placed in the circular 
pool for 2 minutes to swim freely, so that the rats can adapt to the 
environment in the pool ahead of time, at the same time, the indi-
vidual rats with greater response to water stimulation can be elimi-
nated. During training period, the platform was hidden to develop 
spatial learning. The rats received 90 s trials (Day 1~5) with 1 min-
utes inter-trial intervals. The time limit for searching the platform 

was set to 90 s as the escape latency. Rats were allowed to stay on 
the platform for 30 s after each experiment. If the rats did not find 
the platform within 90 s, the experimenter should gently guide the 
animal to the platform. A 120 s spatial probe test (Day 6), during 
which the platform was removed, to performed 24 h after the last 
trial of the learning period. The escape latency of the experiment, 
the number of times of 120 s crossing the platform and the time of 
120 s staying in the platform quadrant were recorded.

EEG and ECG surgery

The rats were surgically implanted with one of the smallest avail-
able wireless transmitters (Ambient Pressure Reference Model 
APR-1, HD-S11) for recording EEG, ECG and temperature. The 
animals were free to eat and drink water before the operation, and 
the animals were anesthetized with a small animal inhaled gas 
anaesthesia machine equipped with isoflurane liquid. First, the 
animals were put into the induction anesthesia box to open the 
anesthetic evaporator to the maximum. After the animals entered 
the state of deep anesthesia, the animals were taken out, put on the 
breathing mask connected to the anesthesia machine and lay on 
the operating table. At the same time, adjusted the tidal volume 
knob to make the tidal volume meet the needs of the operation. 
The operating table was disinfected with 75% ethanol in advance, 
and the constant temperature heating plate was placed under the 
back of the animal to maintain a body temperature of about 37℃ 
fixed rats, removed their abdominal hair with a razor, disinfected 
the abdominal skin with iodophor, and iodinated with 75% (vol-
ume fraction) ethanol once; along the midline of the abdomen, 
cut the skin about 2 cm at the 1 cm under the xiphoid process. The 
body of the telemetry transmitter was implanted into the perito-
neum through a median abdominal incision. At the same time, 
the catheter was inserted into the aorta for about 2 cm and fixed. 

Adaptation 
period

7days

ECG and EEG surgery

Recovery 
period

7days

Daily intraperitoneal 
injection of thyroxine

28days

ECG and EEG measurement

Morris water 
maze test

6days

Subarea sampled of brain tissue

Targeted quantification 
of neurotransmitters in 

brain region

Start modeling

Start treatment

7days

Intragastric 
diazepam

Fig. 1. Time flow chart of experimental design scheme. This figure shows the overall time plan and specific experiment schedule. 
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Guided the lead to the subcutaneous part of the skull and then 
sutured the abdominal muscle wall and skin incision with simple 
interrupted-pattern sutures. Holes were drilled in the skull to im-
plant two EEG spiral electrodes (Bregma: A: 1.0, L: 1.0; P: 3.0, L: 3.0 
contralateral). Then covered the screw electrode and telemetry line 
with dental acrylic resin and the scalp was sutured tightly. Iodine 
disinfectant was used to disinfect surgical wounds. Penicillin so-
dium should be injected intraperitoneally every day within 5 days 
after surgery in order to prevent postoperative infection. At the 
same time, the experiment was carried out 7 days after recovery. 
The experimental data of 3 days were collected, the first day was to 
eliminate the interference factors in the environment, and the reli-
ability of the collected data was determined. The data collected on 
the second day was used for analysis, and the data on the third day 
was used for data correction (Fig. 2).

Targeted metabolomics quantitative analysis of brain

Brain extraction

At the end of the experiment, rats were executed by neck release. 
In the meantime, subregional dissection to separate brains into 
brain stem, cerebral cortex, hypothalamus and hippocampus. Fol-
lowing dissection, all tissues were flash frozen in liquid nitrogen 
and stored at -80℃ until metabolomic analysis.

Preparation of brain

The frozen brain samples were thawed, then dissected and ho-
mogenized in a four-fold excess volume of methanol. The homog-
enates were centrifuged at 13,000×g for 10 min at 4℃. Then, the 
supernatant of 100 ul was transferred to a 10 ml centrifuge tube, 
the methanol solution of 400 ul was added, and then vortexing 

for 5 min and shaking for 5 min. Next, the supernatant of 100 ul 
was transferred into the 1.5 mL centrifuge tube together with the 
IS solution of 10 ul and the methanol solution of 200 ul, followed 
by vortexing for 5 min and shaking for 5 min. These samples were 
centrifuged for 10 minutes under the condition of 10,000×g and 
the centrifugation time was 4℃. The supernatants were quantita-
tively transferred to a 5 ml glass tube and evaporated to dryness 
at 35℃ under a slight stream of nitrogen. Finally, the dried extract 
was reconstituted in 100 ul acetonitrile solution, followed by 
the injection of a 2 ul aliquot into the Ultra Performance Liquid 
Chromatography/Tandem Mass Spectrometry (UPLC–MS/MS) 
system for analysis [9]. 

UPLC–MS/MS analysis

A Shimadzu UPLC system (Shimadzu) was interfaced to an Agi-
lent 5500 QQQ-MS/MS (Agilent Technologies) equipped with an 
electrospray ionization (ESI) source. The analytes were separated 
on Agilent C18 column (2.1×100 mm, 3.5 um) with the column 
temperature set at 40℃. The mobile phase comprised solvent A 
(0.1% formic acid in water) and solvent B (acetonitrile). The mo-
bile phase was eluted at 0.2 ml/min according to the gradient as 
follows: 0.001 min 2% B; 0.001~1 min 2% B; 1~4 min 2%~30% B; 
4~10 min 30%~90% B; 10~10.1 min 90%~100% B; 10.1~13.1 min 
100% B; 13~13.1 min 100%~5% B; stopped at 15 min.The injec-
tion of a 2 ul aliquoted into the UPLC–MS/MS system for analysis 
[10, 11].

The ESI source was operated in the positive mode, and its main 
working parameters were set as follows: curtain gas, 35.00 psi; 
lon source gas 1, 45.00; Ion source gas 2, 40.00 ; Ion source tem-
perature, 550.00℃; entrance potential, 10.00 V; collision chamber 

Fig. 2. Flow chart of physiological signal telemetry technology implantation and signal collection. The telemetry transmitter was implanted into the 
abdomen and skull of rats to record ECG, EEG, body temperature and other related data. Data collection begins after the 7-day recovery period, and 
the experimental animals remain free of movement. All signals are transmitted wirelessly to the receiver, and the data are processed and analyzed by a 
matching analysis system. In the figure, the dotted arrow represents the transmission direction of the wireless signal, and the solid line represents the ad-
vance of the experimental process.
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outlet voltage, 14 V; collision-induced pyrolysis voltage, 7 psi. The 
optimized Multiple Reaction Monitoring (MRM) parameters ob-
tained from the separation analysis in Analyst Software 1.6.2.

Statistical analysis

Face validity results were evaluated by student’s t test; Construct 
and predictive results were evaluated by Two-way analysis of vari-
ance (ANOVA) followed by Tukey’s for detection of differences 
between groups. All statistical tests have been tested for multiple 
comparisons with Bonferroni correction. Data are represented as 
means±SEM. Software used in analysis was GraphPad Prism 8.3.0. 
*p<0.05 was required to rate differences as statistically significant, 
**p<0.01 and ***p<0.001 were the very significant difference.

RESULTS

Face validity of the animal model of  

thyrotoxicosis-associated insomnia induced by thyroxine

The face validity of thyrotoxicosis-associated insomnia disorder 
animal model implies compliance with the model based on its 
behavioral manifestations. It can be observed that these animals 
showed an increase in metabolism and a decrease in learning and 
memory ability. According to the analysis of the results in Fig. 3, he 
weight gain of the model group decreased significantly (Fig. 3A), 
but the food intake increased significantly (Fig. 3B), so the Diet/
weight in the model group was significantly higher than that in 
the control group (Fig. 3C), and the difference gradually increased 
with the increase of modeling time. In the early training of the 
water maze, the escape latency of the model group was higher than 
that of the control group (Fig. 3D). On the sixth day, the spatial 
probe test was carried out to evaluate short-term spatial memory. 
Compared with the control group, the time of staying in the target 
quadrant and the number of crossing the platform in the model 
group were significantly less than those in the control group (Fig. 
3E, 3F). At the same time, the trajectory map and hot zone map 
showed that the remotecontrol range of the control group was 
more concentrated in the target quadrant (Fig. 3G). The analysis 
of the results of EEG showed that the hypnogram of control group 
was different from that of model group, indicating that injection of 
thyroxine could change the sleep habits of rats. At the same time, 
the total duration of Non-Rapid Eye Movement (NREM) sleep in 
model group was significantly shortened, and the total duration of 
awake was significantly increased (Fig. 4A, 4B). The spectral analy-
sis showed that long-term injection of thyroxine had an effect on 
EEG rhythm. From the power spectrum distribution results of 
each group, it can be seen that the dominant frequencies of each 
group are distributed in the delta with lower frequency, and there 

is a significant difference between the blank group and the model 
group. At the same time, in the theta frequency band and the alpha 
frequency band, the frequency percentage of the model group is 
higher than that of the control group (Fig. 4C). In the REM stage, 
the model group showed a decrease in the delta rhythm activity 
level and a significant increase in the alpha rhythm of the high-
frequency rhythm activity (Fig. 4D). At the same time, during the 
NREM stage, the delta rhythm activity level was also decreased 
and the beta rhythm activity level increased significantly (Fig. 4E), 
suggesting that the rats in the model group had excessive arousal. 
Analysis of the duration of sleep/wake episodes revealed that in 
the dark phase (08PM~07AM), the wake time and REM time of 
the model group were prolonged, while the NREM time was sig-
nificantly decreased. In the light phase (08AM~07AM), the REM 
time of the model group was significantly increased, but there 
was no significant difference between the awakening time and 
the NREM time (Fig. 4F~4H). From the change of 24-hour body 
temperature, the body temperature of the model group was higher 
than that of the control group during sleep (Fig. 4I). In order to 
evaluate the effect of chronically elevated thyroxine on the cardio-
vascular system, ECG parameters were measured. ECG-related re-
sults showed that PR interval and RR interval were shortened and 
HR was increased in the model group, indicating the symptoms 
of tachycardia in the model group (Fig. 4J~4L). Heart Rate Vari-
ability (HRV) is a commonly quantitative indicator to determine 
the function of the cardiac autonomic nerve, Low Frequency/
How Frequency (LF/HF) with heart rate variability can reflect the 
balance regulation between the sympathetic nerve and the vagus 
nerve to express the regulating ability of the autonomic nervous 
system. When LF/HF increased, it showed that the balance be-
tween sympathetic nerve and vagus nerve decreased, the balance 
regulation ability of autonomic nervous system decreased, and 
sympathetic nerve was relatively excited. It turns out that the HRV 
of the model group was apparently higher than that of the con-
trol group during sleep (Fig. 4M), indicating that the sympathetic 
activity of the model group was enhanced, and that there was the 
excessive awakening of physiological activities. Together, these 
results demonstrate that long-term injection of thyroid hormone 
induces insomnia-like behavior in the same rat, contemplating the 
face validity for a fit animal model of insomnia.

Construct validity of the animal model of  

thyrotoxicosis-associated insomnia induced by thyroxine

The construct validity of the animal model suggests that the 
modeled insomnia features should be unambiguously interpreted 
and regarded as homologous, and should be related to insomnia 
both empirically and theoretically. To evaluate the structural validi-
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Fig. 3. Effects of thyroxine on face validity after chronic exogenous intraperitoneal injection in rats. (A) Mean body weight during the stress; (B) Diet 
during the stress; (C) Diet/weight during the stress; (D) Located voyage escape latency in experimental rats (Day 1~5); (E) Target quadrant residence time 
of experimental rats in space exploration experiment (Day 6); (F) The number of cross to platforms in the space exploration experiment of experimental 
rats (Day 6); (G) The trajectory map and hot zone map of rat space exploration experiments; Data are represented as means±SEM, *p<0.05, **p<0.01, 
***p<0.001 were considered to indicate significant difference between Control and Model. #p<0.05, ##p<0.01 were considered to indicate significant dif-
ference between Diazepam and Model.

Control Model Diazepam

A B

C D

E F

G
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A B

C D E

F G H

I J K

L M

Fig. 4. Effects of thyroxine on EEG and ECG after chronic exogenous intraperitoneal injection in rats. (A) Representatives hypnograms of control, 
model and diazepam groups. (B) The effect of chronic thyroxine disorder on 24-hour sleep awakening patterns. (C) Effect of chronic thyroxine disorder 
on the percentage of power spectrum distribution. (D) Total EEG spectral density of each frequency band in REM period. (E) Total EEG spectral density 
of each frequency band in NREM period. (F) Recording 24-hour continuous wake duration (minutes) changes. (G) Recording 24-hour continuous 
REM duration (minutes) changes. (H) Recording 24-hour continuous NREM duration (minutes) changes. (I) Effect of chronic thyroxine on body tem-
perature of experimental rats. (J) Recording 24-hour continuous PR changes. (K) Recording 24-hour continuous HR changes. (L) Recording 24-hour 
continuous RR changes. (M) 24-hour changes of LF/HF in heart rate variability. Data are represented as means±SEM, *p<0.05, **p<0.01 and ***p<0.001 
were considered to indicate significant difference between Control and Model. #p<0.05, ##p<0.01, ###p<0.001 were considered to indicate significant dif-
ference between Diazepam and Model. W, Wake; A, Active Wake; P, Paradoxical sleep; S, Slow-Wave Sleep; REM, Rapid Eye Movement; NREM, Non-
Rapid Eye Movement; HR, Heart Rate; PR, the P-R interval, from the beginning of P wave to the beginning of R wave in QRS complex in ECG; RR, the 
distance between R wave and R wave on ECG; LF, Low Frequency in heart rate variability; HF, High Frequency in heart rate variability.



394 www.enjournal.org https://doi.org/10.5607/en21023

Zhifu Ai, et al.

ty of an animal model of insomnia induced by long-term injection 
of thyroid hormone, we evaluated the changes of biomarkers ob-
served in patients with insomnia, such as melatonin receptor, HPA 
axis, and insomnia-related neurotransmitters. The well-known 
function of melatonin is to improve the latency, duration, and 
quality of sleep, and focus on the maintenance of circadian rhythm 
and sleep regulation. These effects are mainly accomplished by 
feedback from the hypothalamic suprachiasmatic nucleus, so we 
analyze the expression of melatonin receptors in the hypothala-
mus by immunofluorescence technique. The results show that the 
expression of melatonin receptors in the model group is signifi-
cantly lower than that in the control group (Fig. 5A, 5B). HPA axis 
plays an important role in regulating the changes of Sleep, in which 
awakening is closely related to the increase of corticosterone levels. 
In this experiment, the concentration of corticosterone in each 
brain region of the model group increased in varying degrees (Fig. 
5C), especially in the cerebral cortex and brainstem. The changes 
of neurotransmitters and amino acids in brain structure can re-
flect the corresponding neuronal activity. Therefore, we measured 
the changes of neurotransmitters and corresponding amino acids 

in brain regions to understand the specific biological function of 
chronic thyroxine stress. Fig. 5D shows that the concentration of 
5-hydroxytryptamine (5-HT) in the brain stem and hippocampus 
of model groups increases significantly, it is suggested that chronic 
thyroxine imbalance can increase the activity of serotonin neurons 
in the brain stem and hippocampus. 5-HT, glutamic acid (Glu), 
γ-aminobutyric acid (GABA), and other neurotransmitters and 
amino acids are closely related to sleep-awakening process. After 
long-term injection of thyroid hormone, the concentration of 
5-HT in the brain stem and hippocampus of model rats increased 
significantly (Fig. 5D), and the concentration of Glu in the cerebral 
cortex and hippocampus also increased significantly (Fig. 5E). At 
the same time, the concentration of GABA decreased significantly 
in the cerebral cortex, brain stem, hippocampus, and hypothala-
mus (Fig. 5F). Together these results demonstrate that long-term 
injection of thyroid hormone has construct validated because the 
concentrations of neurotransmitters and amino acids in different 
brain regions observed in patients with insomnia change.

A B

C D E F

Fig. 5. Effects of thyroxine on construct validity after chronic exogenous intraperitoneal injection in rats. (A, B) Effect of chronic elevation of thyroxine 
on the expression of melatonin receptor in hypothalamus of experimental rats. Immunofluorescence assay of MT (green) and DAPI (blue) expression 
in hypothalamus. Scale bar: 50 μm. (C) Distribution of corticosterone in the structure of functional brain regions. (D) Changes of 5-HT concentration 
in different brain regions. (E) Changes of Glu concentration in different brain regions. (F) Changes of GABA concentration in different brain regions. 
Data are represented as means±SEM, *p<0.05, **p<0.01, ***p<0.001 were considered to indicate significant difference between Control and Model. MT, 
melatonin receptor; DAPI, 4’,6-diamidino-2-phenylindole; 5-HT, 5-hydroxytryptamine; Glu, glutamic acid; GABA, γ-aminobutyric acid. 
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Predictive validity of the animal model of  

thyrotoxicosis-associated insomnia induced by thyroxine

For the model of insomnia-like behavior in animals, the predic-
tive validity primarily means a response to anti-insomnia therapy. 
As described previously in the Figure, the weight of rats treated 
with diazepam increased significantly (Fig. 3A), but there was 
no significant change in diet (Fig. 3B), so the Diet/weight in the 
diazepam group was slightly lower than that in the model group 
(Fig. 3C). At the same time, the daytime body temperature of the 
diazepam group decreased significantly (Fig. 4I), indicating that its 
metabolic ability decreased. In the early training of the water maze, 
the escape latency of the diazepam group was lower than that of 
the model group, especially on the 4th and 5th day, there was a sig-
nificant difference between the two groups (Fig. 3D). Compared 
with the model group, the diazepam group stayed more time in the 
target quadrant and crossed the platform more often (Fig. 3E, 3F). 
At the same time, the trajectory map and hot zone map showed 
that the remote range of the diazepam group was more concen-
trated in the target quadrant (Fig. 3G). Such alterations in REM, 
NREM, and AWAKE sleep parameters may provide useful data 
about outcomes of certain therapeutics. After treatment, the total 
duration of NREM sleep in the diazepam group was significantly 
increased, the total duration of REM sleep had no significant 
change, and the total duration of awake was significantly short-
ened in the diazepam group (Fig. 4A, 4B). The results of the spec-
tral analysis showed that the percentage of delta band increased 
significantly and the percentage of theta band decreased signifi-
cantly after diazepam treatment (Fig. 4C). In REM and NREM 
stages, delta, theta, and alpha all showed a tendency to pull back, 
but there was no significant difference (Fig. 4D, 4E). The awaken-
ing time of rats decreased significantly in the dark phase, and there 
was no significant change in REM and NREM time. In the light 
phase, only REM time increased significantly (Fig. 4F~4H). The 
related parameters of ECG showed that diazepam decreased the 
accelerated heart rate caused by a long-term injection of thyroid 
hormone in the model group and effectively slowed down the 
tachycardia in the model group (Fig. 4J~4L). From the results of 
HRV (Fig. 4M), it can be seen that diazepam can reduce the heart 
rate variability of rats, especially during sleep. The results of immu-
nofluorescence analysis showed that the expression of melatonin 
receptors in the diazepam group was significantly higher than that 
in the model group (Fig. 5A, 5B). From the results of the changes 
of corticosterone concentration in each brain region (Fig. 5C), it 
can be seen that the corticosterone concentration decreased in the 
rats treated with diazepam, especially in the brainstem. After treat-
ment with diazepam, the concentration of neurotransmitters in 
all brain regions changed, the concentration of 5-HT in the brain 

stem decreased significantly (Fig. 5D), and the concentration of 
glutamate in the cerebral cortex decreased significantly (Fig. 5E). 
It is worth noting that the concentration of GABA in the cerebral 
cortex, brainstem, and hypothalamus increased significantly (Fig. 
5F). Therefore, to sum up, it can be considered that diazepam has a 
therapeutic effect on thyroxine-induced thyrotoxicosis-associated 
insomnia disorder in rats, contemplating the predictive validity of 
the model.

DISCUSSION

No single animal model can account for the entire disease it 
purports to represent. Therefore, the validation criteria that each 
model is expected to fulfill in order to demonstrate its validity 
are, for practical purposes, largely determined by the objective 
of the model and its intended use. Simulating specific behavioral 
symptoms can help us understand the pathogenesis of the disease 
and can be used in translational research. In this experiment, we 
established the thyrotoxicosis-associated insomnia model to fully 
simulate the chronic development process and pathophysiological 
changes of clinical insomnia patients, and provide a more effective 
and less side effects diagnosis and treatment scheme for clinical 
insomnia patients. On the one hand, attention should be paid to 
the observation and analysis of animal behavior and general state 
in the research, and a variety of analytical indicators should be 
established to reproduce the clinical manifestations of insomnia 
as completely as possible. Reliability, on the other hand, reliability 
requires that the behavior of the model is effective and repeatable. 
Finally, concerning predictive validity, anti-insomnia drugs, such 
as diazepam, have been shown to improve the symptoms of in-
somnia.

Insomnia is a kind of organic insomnia syndrome, which is 
related to the dysfunction of neuronal circuits involved in sleep 
regulation and excessive activation of sympathetic nerves [12-15]. 
A large number of cross-sectional case-control studies have found 
that increased activity of the HPA axis (such as corticosterone) 
[16-18] and autonomic nervous system (such as heart rate and 
heart rate variability) [19-21] can indicate an increase in the level 
of arousal. As everyone knows, Insomnia is also closely related 
to the neuromodulation of the sleep awakening cycle, mainly 
through the interaction of neurons in the brain circuit that system-
atically release neurotransmitters. Its neurotransmitters include 
the awakening neurotransmitters serotonin [22] and glutamate, 
and the sleep-stimulating neurotransmitter γ-aminobutyric acid 
[23]. 

After studying the long-term clinical observation and empirical 
findings of insomnia, it is found that insomniacs show signs of in-
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creased arousal at the behavioral, cognitive, autonomic, or central 
nervous system level [24-26]. The results of various measurements 
of physiological arousal in patients with insomnia also support 
that hyperarousal is the main pathophysiological mechanism of 
insomnia [27, 28]. In some studies, insomnia is also associated 
with body temperature [29], metabolic rate [27, 30, 31], heart rate 
[32] and corticosterone levels [33]. At the same time, a large num-
ber of studies have reported an increase in body temperature, met-
abolic rate, heart rate, and corticosterone concentration in patients 
with chronic insomnia. To sum up, this abnormal performance is 
consistent with the state of high physiological awakening [34]. A 
common mechanism behind all these physiological disorders is 
the sympathetic nervous system [35]. All these physiological disor-
ders are closely related to the sympathetic nervous system.

Thyrotoxicosis is often associated with symptoms resembling 
sympathetic activation and psychiatric illness, such as a manic epi-
sode of bipolar I disorder. A decreased need for sleep is one of the 
common symptoms of manic episodes. In addition, the increased 
number of serotonin neurons may support the possibility of 
manic change in the mood state [36]. Therefore, before the formal 
experiment, we need to make it clear that these animals are models 
of insomnia rather than mania. First of all, the main manifesta-
tions of mania can include hyperactivity, emotional elevation or 
excitement, irritability, reckless behavior, and little need for sleep. 
In the preliminary experiments, we conducted behavioral tests in-
cluding open field test and elevated plus-maze test, and there was 
no significant difference between the model group and the control 
group, so we did not discuss it. If the animal model is manic, its 
open field test and elevated plus-maze test will show high activity 
and desire to explore. At the same time, it is reported that [37, 38] 
the basis of mania is excessive dopamine, and the results of quan-
titative analysis of targeted metabolomics of the brain showed that 
there was no significant change in dopamine concentration in the 
model group. Therefore, we did not discuss this result in the article. 
Combined with the above experimental results, it can be inferred 
that the model does not belong to the manic state model.

Thyroid hormones play an important role in nervous system 
development, energetic metabolism, and thermogenesis. At the 
same time, it also regulates metabolism and the cardiovascular 
system [39]. The circadian rhythm disorders of insomnia mainly 
include delayed or early body temperature rhythm and average 
body temperature increase during sleep [40]. In order to explore 
the effect of long-term injection of thyroxine on insomnia model, 
we evaluate the sleep changes of animal model. It is worth noting 
that most studies have identified hyperarousal by comparing the 
differences between the model group and the control group, rather 
than basing on a specific threshold [27]. First of all, we evaluated 

the behavior and found that the metabolic ability and body tem-
perature increased in the model group after long-term injection 
of thyroxine, In the meantime, the cognitive learning ability of the 
organism was weakened, and the above behavior was reversed 
after diazepam treatment. It has been proved that thyroxine has 
an important effect on cardiovascular function [31], and changes 
in cardiovascular function will also affect sleep regulation [41, 42], 
at the same time, the circadian changes of sleep are closely related 
to the regulation of the autonomic nervous system. Therefore, we 
can explore the effect of long-term injection of thyroid hormone 
on sleep through the changes of ECG parameters. Among them, 
the LF/HF of ECG parameter heart rate variability represents the 
activity of the sympathetic nerve and vagus nerve. According to 
the results of ECG analysis, it is suggested that the increase of thy-
roxine level can enhance sympathetic activity, affect the balance of 
the autonomic nervous system, and accelerate the process of atrial 
depolarization, ventricular repolarization and cardiac cycle. For 
the cardiovascular system, LF/HF with heart rate variability could 
reflect the balance regulation between the sympathetic nerve and 
vagus nerve to express the energy-saving ability of the autonomic 
nervous system. Therefore, it reflected from awakening to deep 
sleep sympathetic nerve excitability was relatively weakened, and 
vagal nerve excitability was relatively enhanced. From the LF/HF 
results of heart rate variability and heart rate parameters, it can be 
seen that the model rats showed a more excited states during sleep 
(daytime), but relatively quiet during awakening (night), and sleep-
awakening rhythm was disrupted. After treatment with diazepam, 
the heart rate and heart rate variability decreased significantly dur-
ing sleep, suggesting that the excited state of the sympathetic nerve 
was alleviated. Combining the results of ECG parameters, it can be 
concluded that thyroxine imbalance can accelerate cardiac repo-
larization, increase myocardial contractility, affect cardiovascular 
function, and eventually cause insomnia through sympathetic 
nervous system mediation, which can be improved by diazepam.

There is evidence that [33, 43, 44] patients with insomnia, es-
pecially those with short objective sleep time, have increased 
secretion of corticosterone, suggesting increased activity of the 
HPA axis. In the study of the changes of HPA axis in patients with 
insomnia, the majority of studies demonstrate that [33, 45, 46] the 
activity of HPA axis was overactive in patients with insomnia, in-
dicating that the activity of HPA axis was closely related to insom-
nia sensitivity. In our study, the concentration of corticosterone in 
the brain of model rats increased, especially in the brainstem and 
cerebral cortex, and decreased significantly after administration of 
diazepam, indicating that long-term injection of thyroid hormone 
could increase the concentration of corticosterone in brain and in-
crease the activity of HPA axis, and this change could be reversed 
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by diazepam. Then, through the analysis of the expression of 
melatonin receptors in the hypothalamus structure, it was found 
that the expression of melatonin receptors in the hypothalamus 
structure of model rats decreased, which indicated that the brain's 
utilization of melatonin decreased and the sleep-promoting ability 
was decreased. It has been reported that [47] the levels of melato-
nin is relevant to sleep-wake regulation. Melatonin is a hormone 
produced by the pineal gland, which is related to circadian rhythm, 
mainly through the hypothalamic suprachiasmatic nucleus to 
regulate the circadian rhythm process in the body. Similarly, the 
expression of melatonin receptors in the hypothalamus increased 
after diazepam treatment. 

In order to further understand the changes of sleep awakening in 
the body, we further evaluate the role of thyroxine from the chang-
es of EEG. Hyperarousal has been examined by using various EEG 
measures during sleep and wakefulness. The increase of REM is 
an indicator of hyperarousal. A large number of literatures have 
used the sleep parameters obtained by EEG to evaluate the sleep 
of patients with insomnia and healthy people with good sleep. 
The results of the meta-analysis showed that slow-wave sleep and 
NREM sleep decreased in patients with insomnia [48]. Steiger A 
[49] research shows that patients with hyperthyroidism are often 
accompanied by sleep disorders, such as difficulty in starting and 
maintaining sleep, and a reduction in slow-wave sleep. The EEG of 
this experiment illustrates that the chronic increase of thyroxine 
level shortens the sleep time of NREM and prolongs the awaken-
ing time of sleep in experimental rats, and substantial electrophysi-
ological effects of diazepam on sleep length seems to be effective 
enough, in addition to prolonging total sleep time, it can also sig-
nificantly increase NREM sleep time. As a common resting state 
EEG data, sleep EEG has made great progress in both medicine 
and engineering [50]. Collecting sleep EEG signals, analyzing their 
power spectrum characteristics, and exploring the distribution and 
activity of EEG in various frequency bands can objectively and ef-
fectively reflect brain activity and sleep state [51]. After modeling, 
the EEG signal is collected, and its time domain characteristics and 
power spectrum characteristics are analyzed, so that the change 
of EEG rhythm can be studied. Therefore, using this EEG analysis 
method as a research parameter to evaluate sleep quality and EEG 
rhythm changes has a certain degree of universality, international 
recognition, and greater literature support and reference value. The 
current study found that the increase of beta rhythm activity and 
the decrease of low-frequency rhythm activity (delta, theta, and al-
pha) in insomnia patients at the beginning of sleep or NREM sleep 
stage suggested that there was excessive awakening in the cerebral 
cortex of insomnia patients [52, 53]. In the REM stage, insomnia 
patients showed a decrease in delta and theta rhythm activity and 

a significant increase in high-frequency rhythm activity [54]. After 
injection of thyroxine into rats, the proportion of power spectrum 
in the delta band of the model group was significantly lower than 
that of the control group, the theta band was significantly higher 
than that of the control group, and the alpha, beta band of high 
frequency band was also relatively higher. The results showed that 
after the establishment of the model, the main peak of power shift-
ed to the right and the frequency of center of gravity increased, 
which showed not only the loss of slow-wave sleep, but also the ex-
cessive awakening of the cerebral cortex during NREM and REM 
sleep. Therefore, to sum up, it may be suggested that the effect of 
long-term intraperitoneal injection of thyroid hormone fully ac-
cords with the criteria of thyrotoxicosis-associated insomnia face 
validity, mimicking not only a series of manifestations such as the 
hyperarousal state of insomnia patients but also a sympathetic 
overexcitation observed in insomnia patients.

Different brain regions in the brain could be responded to differ-
ent physiological functions, and their physiological characteristics 
are mainly produced by the activity of neurons in corresponding 
brain regions. Specifically, changes in physiological activities of in-
somniacs during sleep-awakening can be observed in the follow-
ing brain regions [55-58]: brainstem, hypothalamus, hippocampus, 
and cerebral cortex, which maintain stability of sleep awakening 
through the comprehensive regulation of its neuronal system. 
At the same time, the cerebral cortex was also the largest part of 
the brain related to complex brain functions (such as thinking 
and action) and the hippocampus was an important part related 
to emotional response. The nervous system originated from the 
brainstem and the hypothalamus constitutes the ascending reticu-
lar activation system, which is closely related to the arousal system 
and the hyperactive brain. Studies have shown that GABA, Glu, 
and 5-HT are closely related to sleep [59-61]. GABA is an inhibi-
tory neurotransmitter widely found in the central nervous system, 
which can inhibit nervous system neurons, has neuroprotective 
effects and the functions of hypnosis, sedation, anti-anxiety and 
so on. Glu is an important excitatory amino acid transmitter in 
the brain, which acts on postsynaptic receptors and promotes the 
activity of cortical cells to maintain arousal. 5-HT, as an impor-
tant part of the uplink activation system, plays an important role 
in maintaining awakening and vigilance. Evidence from various 
experiments shows that 5-HT neurons promote wakefulness and 
are a component of the ascending reticular activating system. 
Similarly, many literatures show that 5-HT promotes sleep. Both 
sides have an experimental and theoretical basis, and our experi-
mental results prefer that the main function of 5-HT is to promote 
arousal in thyrotoxicosis-associated insomnia model. It is reported 
that there are physiological and neurochemical changes in patients 
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with insomnia. Therefore, a suitable animal model of insomnia 
should present this alteration. In the present study, we comprehen-
sively monitored the levels of neurotransmitters in different brain 
regions of rats to explore the effects of chronic thyroxine stress 
on the main neurons in the brain region of insomnia model. The 
results of targeted metabolomics showed that the activity of sero-
tonin neurons, glutamate neurons and other excitatory neurons 
in cerebral functional areas such as the cerebral cortex, brainstem, 
hippocampus, and hypothalamus were relatively enhanced, while 
the activity of aminobutyric acid neurons was relatively weakened. 
The excitability and awakening ability of the central nervous sys-
tem were enhanced. It is suggested that long-term intraperitoneal 
injection of thyroxine may lead to insomnia by enhancing the ac-
tivity of excitatory neurons in the corresponding functional brain 
regions. After treatment with diazepam, the concentrations of 
serotonin and glutamate in each brain region decreased, while the 
concentration of GABA increased, suggesting that diazepam may 
improve insomnia by adjusting sleep-related neurotransmitters 
in the brain. Once again, these research results support the animal 
model of insomnia to achieve the desired purpose, in line with 
the face, construct, and predictive validities required to a suitable 
animal model for insomnia. Data provided by the present research 
show the insomnia-like changes of rats injected with thyroxine, 
mimicking pathophysiological aspects in insomnia patients.

All in all, the data suggest that long-term use of thyroxine can 
constitute a suitable model of insomnia because injection of the 
drug can cause insomnia-like behavior in the same animal. This 
modeling method, like other chemical reagent modeling methods, 
has many shortcomings. Its pathological changes involve multiple 
organ systems, such as the heart, blood vessels, adipose tissue, mus-
cles, and bones. Due to the extensive impact of thyroid hormones 
on various body functions, It is hard to rule out the decreased 
NREM sleep was confounded by the effects on other organ sys-
tems. Although we are unable to clarify the specific mechanism of 
the occurrence and development of related insomnia symptoms 
such as NREM sleep reduction in this model, we experimentally 
verify that the insomnia of rats after thyroxine injection does exist, 
which reproduces the significant physiological and neurochemi-
cal changes of insomnia patients, including increased metabolism, 
heart rate variability, sleep cycle changes, HPA axis, and brain neu-
rotransmitters. Therefore, the insomnia animal model based on 
long-term intraperitoneal injection of thyroid hormone meets the 
requirements of three primary criteria (validities). It can be used to 
study the pathophysiology of insomnia and to screen promising 
candidates for mood stabilizers. In essence, because this model is 
more consistent with the slow onset of clinical chronic insomnia 
and is often accompanied by elevated thyroid hormones, this in-

somnia model not only improves animal welfare, and may help to 
promote clinical insomnia research and drug development. There-
fore, in view of the current problems regarding the efficiency of 
preclinical treatment and the challenge of proposing new and ef-
fective anti-insomnia drugs, the model of insomnia made by long-
term injection of thyroid hormone proposed here is studied by 
selectively simulating the hormone changes of clinical insomnia 
patients, which may have more advantages than other translation 
methods in the study of insomnia.
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