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Patients with obstructive sleep apnea syndrome (OSAS) are at an increased risk of cardiovascular disease. The
aims of this study were to develop a rat model of OSAS and to validate the use of the model by investigating
respiratory and cardiovascular physiological parameters and morphological changes by light microscopy and
electron microscopy.

Sixty 3-month-old Sprague-Dawley rats were assigned to the model group (n=30) and the control group (n=30).
The rats in the OSAS model group were injected with 0.1 ml sodium hyaluronate solution into the upper re-
spiratory tract at the junction between the hard and soft palate. After one month, the model and normal rats
were compared using tests of respiratory and cardiac function, and histology and electron microscopy of the
lung and cardiac tissue.

In the rat model of OSAS, airway obstruction resulted in the collapse of the upper airway. Tests of respiratory
function showed that the oxygen partial pressure, oxygen concentration, and oxygen saturation in the model
group were significantly lower when compared with the control group. In the model group, histology of the
heart showed cardiac myocyte disarray, and electron microscopy showed vacuolar degeneration and mitochon-
drial abnormalities. The rat model of upper airway occlusion showed pulmonary and cardiac changes that have
been described in OSAS.

A rat model of upper airway occlusion resulted in physiological and morphological changes in the lung and
heart due to hypoxia, and may be used for future studies on OSAS.
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Background

Obstructive sleep apnea syndrome (OSAS) is a common condi-
tion type of sleep-disordered breathing more commonly affects
middle-aged people with a reported prevalence of between
5-14% [1]. The pathophysiology of OSAS includes recurrent
partial and complete upper airway obstruction during sleep,
which result in hypoventilation, apnea, intermittent hypoxia,
and hypercapnia [2]. The effects of OSAS result in increased
respiratory effort, increased sympathetic excitability, changes
in sleep structure, and hypoxia, which can result in cardiovas-
cular and cerebrovascular events, metabolic disorders, neuro-
cognitive dysfunction, and other diseases [3,4].

Although progress has been made in the study of OSAS, there
are aspects of the pathophysiology that remain to be inves-
tigated as there can be a difference in the clinical manifesta-
tions and comorbidities in different individuals [5]. There is no
safe and effective drug treatment for OSAS [6]. However, the
currently recommended first-line treatment for OSAS is the
use of continuous positive airway pressure (CPAP), which al-
though effective, is limited by poor patient compliance, which
is reported to range from 17-54% [6]. Although pharyngeal
occlusion during sleep is the main cause of upper airway col-
lapse, limited understanding of the pathophysiology of OSAS
is an important factor that affects the progress of developing
new treatments [7]. Therefore, animal models have an im-
portant role in investigating the pathophysiological mecha-
nisms, clinical features, complications, and new treatment
approaches for OSAS.

Currently, animal models of OSAS can be divided into sponta-
neous and inducible models. In spontaneous animal models,
respiratory disturbance may be caused during sleep due to
congenital malformation or inherent characteristics [8]. The
English bulldog has been reported to the closest animal model
to human sleep-disordered breathing and OSAS, with abnor-
mal upper airway anatomy, including enlargement of the soft
palate, oropharyngeal stenosis, and central or obstructive ap-
nea during rapid eye movement (REM) sleep, and an arterial
oxygen saturation (Sa0,) of below 90% [9]. Brennick et al.
reported that mutant New Zealand obese mice with meta-
bolic syndrome and leptin resistance could be used to study
the association between OSAS and obesity or metabolic syn-
drome [10]. Also, a variety of pig with congenital abnormal anat-
omy of the upper airway has been reported to be suitable for
research in OSAS [11]. A Sprague-Dawley rat model that also
develops spontaneous hypertension has been used to study
sleep apnea [12]. Animal models have been developed using
genetic modification, and include the monoamine oxidase A
gene knockout mouse model that has been used to study the
association between serotonin and OSAS [13]. Although spon-
taneous animal models of OSAS have shown changes of sleep
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apnea, the results from studies using these models have been
inconsistent, and so increasing numbers of studies have begun
to focus on the induced animal models of OSAS.

Induced animal models of OSAS can be divided into intermit-
tent hypoxia models and airway obstruction models. The inter-
mittent hypoxia animal model is easy to develop and can also
simulate an important aspect of human OSAS, which is repeated
hypoxia and re-oxygenation during sleep [14]. Depending on
the species, previous studies with induced animal models of
OSAS have used animals, such as piglets, equipped with ven-
tilated masks or animals, such as mice, placed in a special
chamber [15,16]. In these induced animal models of OSAS, the
animals intermittently inhale inert gases, such as nitrogen, to
cause hypoxia, and alternately breathe oxygen or air at the
stage of re-oxygenation. Due to the influence of different gas
volume and flow rate, intermittent hypoxia cycle duration, and
the rise and fall rate of the fraction of inspiration of O, (FiO,)
have been shown to be important factors in the differences
between different intermittent animal models of hypoxia [17].

However, previous studies that have included induced ani-
mal models of OSAS have not been able to simulate human
OSAS during apnea due to upper airway occlusion against ef-
forts to rapidly increase and change negative pressure in the
chest. Therefore, studies have begun to establish animal mod-
els of airway obstruction using a variety of methods. A previ-
ously published study showed that tracheotomy, followed by
the use of an endotracheal tube to apply intermittent airway
pressure could be used [18]. Recent studies have shown that
a similar procedure can be used in rats, but required more ex-
tensive surgery [18]. The bilateral injection of polyacrylamide
hydrogel into the pharyngeal tissue and tongue base of rats
induced upper airway stenosis and simulated the anatomical
features of human OSAS [18]. However, tissue compatibility
with the hydrogel was poor, which resulted in inflammatory
nodules that blocked the upper airway [18]. However, sodium
hyaluronate gel injection has been shown to have better tis-
sue compatibility and has been used in several types of sur-
gery, including cosmetic surgery [19,20].

Therefore, the aims of this study were to develop a rat model
of OSAS using sodium hyaluronate gel injection and to validate
the use of the model by investigating respiratory and cardio-
vascular physiological parameters and morphological changes
by light microscopy and electron microscopy. The junction be-
tween the hard and soft palate of the Sprague-Dawley rat was
previously shown to be the optimal injection site to produce
OSAS without completely occluding the respiratory tract, re-
sulting in apnea, intermittent hypoxia, and awakening during
sleep, and inducing the same negative intrathoracic pressure
changes that occur in human OSAS.
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Material and Methods

Laboratory animals and reagents

Sprague-Dawley rats were purchased from the Animal
Experimental Center of Jiangsu University. The selected rats
were 3-months-old and with a similar weight (mean, 200+10 g),
and were randomly assigned to the model group (n=30) and the
control group (n=30). Sodium hyaluronate and other chemical
reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA) or a domestic provider in China, if not otherwise stated.
The independent Ethics Committee of Jiangsu University ap-
proved the study before it began.

Surgical and injection procedures used in the rat model of
obstructive sleep apnea syndrome (OSAS)

Rats in the control group were not treated. Rats in the OSAS
model group were given an intraperitoneal injection of 0.2 ml
quinolone. Following anesthesia, 0.1 ml of sodium hyaluro-
nate gel (15 mg/mL) was injected into the junction between
the soft and hard palate. The two groups of rats were reared
separately with the same feeding conditions, to avoid the in-
fluence of other factors on the experimental results.

Monitoring of anesthesia and sleep respiration in the rat
groups

Three months after modeling, the rats in both study groups
were anesthetized in the supine position. Pressure sensors were
fixed with a bandage on the abdomen of the rats. Biological
measurements of respiration and pressure were collected by
using MD3000 Biological Signal Acquisition and Processing
System (Huaibei Zhenghua Biologic Apparatus Facilities Ltd.,
Huaibei, China). Before each rat was tested, the instrument
was adjusted to zero, and the respiration curve during 1 min
was measured continuously after respiration was stabilized. To
better analyze the respiratory pressure patterns in the model
group, 10 rats with confirmed OSAS were studied further. In
the sleep state, the upper airway and abdominal respiratory
pressure were studied in the 10 model rats.

Blood gas analysis

The rats were anesthetized, and the abdominal aorta was ex-
posed and dissected. Arterial blood was collected with hepa-
rin as the anticoagulant, using a method that avoided mixing
air oxygen with the arterial blood. The specimens were im-
mediately tested, and the blood gases were analyzed using
routine methods.
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Histology of the tissues in the rat model of 0SAS

The rats were euthanized by carotid artery bleeding and were
dissected to collect the upper airway, lungs, blood vessels,
heart, and soft palate. The tissues were fixed in 10% neu-
tral buffered formalin, dehydrated in graded ethanol, par-
affin-embedded and sectioned at 4 mm onto glass slides.
Sections then stained routinely with hematoxylin and eosin
(H&E) and with elastin van Giesen (EVG) to detect the elastic
fibers. Tissue sections were examined using the HPIAS BX51
optical microscope (Olympus, Tokyo, Japan). The HPIAS-1000
High-Resolution Pathological Image and Word Analysis System
(HPIAS-1000) (Wuhan Qianping Image Technology Co. Ltd.,
Wuhan, China) was used for quantitative comparative analy-
sis of the tissue histology.

Transmission electron microscopy of the tissues in the rat
model of OSAS

Tissues from the upper airway, lungs, blood vessels, heart, and
soft palate were fixed with glutaraldehyde for 3 hours. Section
were cut at 100-200 microns using a microtome. Selected sec-
tions were fixed in osmium tetroxide for 1 hour, then rinsed
with phosphate-buffered saline (PBS) for 30 minutes. Gradient
dehydration included rinsing the tissue sections with graded
alcohol, and rinsed in 100% alcohol for 30 minutes, followed by
acetone dehydration for 30 minutes. The tissue was placed in
a 1: 1 mixture of acetone and embedding agent for 4-6 hours,
followed by embedding at room temperature overnight. Tissues
were then stained with uranyl acetate and lead citrate. The
fixed and stained tissue sections were observed with a JEM-
1011 electron microscopy (JEOL Ltd., Tokyo, Japan).

Statistical analysis

Data were shown as the mean * standard deviation (SD).
Statistical significance between the model group and the control
group in each experiment was evaluated using the Student’s
t-test and using Predictive Analytics SoftWare (PASW) SPSS
version 18 multilingual (SPSS Inc., Chicago, IL, USA). A p-value
of <0.05 was considered as statistically significant.

Results

Airway obstruction induced disorder breathing in the rat
model of obstructive sleep apnea syndrome (OSAS)

Under anesthesia, the rats in control group showed uni-
form respiratory amplitude, the respiratory rate was 50-60
breaths per min, the abdominal respiratory pressure was
—-3-4 Pa, and the heart rate was 200-240 beats per min, with
sinus rhythm. The results of cardiac testing showed that the
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Table 1. Comparison of blood oxygen results between the rats in the model group and the control group.

Oxygen partial Oxygen Oxygen Oxygenated Oxygen
pressure content saturation hemoglobin capacity
mmHg mmol/L % % mmol/L
Model group (n=30) 85.0+3.4 8.7+1.7 84.0+3.5 83.8+2.9 10.2+2.1
Control group (n=30) 102.04+5.6 10.2+1.6 94.0+2.7 94.0+2.4 10.6+1.4
P-value 0.01 0.02 0.02 0.01 0.58

electrocardiography (ECG) waves were regular with regular
morphology and rhythm, and the amplitude of the R wave
was no more than 1 mV (Figure 1A).

The model rats showed lethargy and mental fatigue, accom-
panied by snoring during sleep. Under anesthesia, the model
group had irregular breathing, and the negative pressure du-
ration was higher than the positive pressure duration. During
breathing, frequent apnea events occur with a frequency of
4-10 events per hour. A large breathing movement followed
each apnea event. Before the onset of the apnea event, the rats
were in sinus rhythm with a regular rhythm of 300-360/min
and the maximum amplitude of R wave was less than 200 mV.
During the onset of hypopnea events, fast and uneven QRS
waves were visible, and sinus frequency was 450-500/min,
reduced P-waves, and an R-wave amplitude of up to 800 mV,
as shown in Figure 1B.

Blood gas analysis in the rat model of 0SAS

Upper airway collapse severely affected the normal breathing
of rats, especially the exchange of oxygen. Blood gas analy-
sis showed differences in blood oxygen content between the
control group and the model group (Table 1). The oxygen par-
tial pressure, oxygen content, and oxygen saturation in the
model group were significantly lower compared with those in

the control group (P<0.05). The two indexes of oxygen partial
pressure, oxygen concentration ratio and the arterial-alveo-
lar oxygen tension ratio were lower in the model group com-
pared with the control group, but the alveolar-arterial oxygen
tension and respiratory index were significantly higher com-
pared with the control group.

Changes in the upper airway wall in the rat model of OSAS

After construction of the rat upper airway stenosis model,
the recurrent respiratory changes were consistent with OSAS,
which resulted in pathological changes in the respiratory sys-
tem and the collapse of the upper airway tissue.

Light microscopy and electron microscopy (Figure 2), showed
that the surface of the trachea was covered by complex co-
lumnar ciliated epithelial cells. The subcutaneous mucosa was
mildly edematous, and the surrounding tracheal glands (serous
glands) were increased, with retained secretion.

Histological changes in the heart in the rat model of OSAS

Reduced blood oxygen can affect the heart, and so after the
rats were anesthetized, the heart rate and heart rate vari-
ability (HRV) parameters were compared, including the stan-
dard deviation of the normal-to-normal (SDNN) intervals, the
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Control group Model group

Figure 2. Photomicrographs of the histology of the structure of the tracheal wall of the rats in the model group. Histology of the
epithelium of the bronchial mucosa in the rat model of obstructive sleep apnea syndrome (OSAS) shows apoptotic cells and
loss of the epithelium, and some epithelial cells are atypical (black arrowhead). Hematoxylin and eosin (H&E). Magnification
x400.

Table 2. Comparison of heart rate and heart rate variation parameters between rats in the model group and control group during

sleep.
Group SDNN/ms PNN 50% LF/ms? HF/ms?
Model group (n=30) 45+7 1.2+0.5 73.4%6.2 101.7+8.6
Control group (n=30) 21+4 0.5+0.2 61.2+5.7 49.5+7.4
P-value 0.007 0.024 0.046 0.003

Heart rate variability (HRV) parameters, include the standard deviation of the normal-to-normal (SDNN) intervals, the proportion of the
normal-to-normal (PNN) intervals, low-frequency band (LF), and high-frequency band (HF).

Control group Model group

Figure 3. Photomicrographs of the histology of the myocardium of the rats in the model group. Histology of the myocardium in
the rat model of obstructive sleep apnea syndrome (OSAS) shows disarray of cardiac myocytes and some of the cardiac
myocytes are vacuolated and show degenerative change and myonecrosis (red arrow). Some cardiac myocyte myofibrils are
concentrated in the cytoplasm with loss of the transverse lines, and coagulative necrosis (blue arrow). Hematoxylin and eosin
(H&E). Magnification x400.
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Control group

Model group

Figure 4. Transmission electron micrographs of the ultrastructure of the myocardium of the rats in the model group. (A, B) Images of
the ultrastructure of the cardiac myocytes in the rat model of obstructive sleep apnea syndrome (OSAS) shows an irregular
arrangement of cardiac muscle fibers, swollen cardiac myocytes, and the focal loss of filaments (red arrows). Magnification
x5,000. (C, D) In some regions the myofibril structure is unclear, and the density is increased, which was due to sarcoplasmic
coagulation necrosis. The mitochondrial cristae (folds in the inner membrane) contain breaks and vacuolization (blue

arrows). Magnification x 20,000.

proportion of the normal-to-normal (PNN) intervals, low-fre-
quency band (LF), and high-frequency band (HF). Cardiac func-
tion of the model group was significantly impaired when com-
pared with the control group, as shown in Table 2.

To confirm these effects of OSAS on myocardial structure, light
microscopy and electron microscopy changes were found in the
heart, as shown in Figure 3. The rats in the OSAS model group

showed a disorderly arrangement of cardiac myocytes, with
vacuolar degeneration, and some cardiac myocytes showed
condensation and coagulative necrosis with diffuse swelling,
sarcoplasmic lysis, unclear transverse striations, congested in-
terstitial vessels, but no inflammatory cell infiltrates (Figure 3).
These results indicated the OSAS could seriously affect the
physiological function of the heart. The electron microscopy
changes seen in the cardiac tissue from the rats in the model
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group are shown in Figure 4. There was diffuse myosin dis-
integration, cytoplasmic vacuoles, and the myofibril structure
was unclear, with sarcoplasmic coagulation necrosis, dam-
age to the mitochondrial cristae, which indicated myocardial
myofibril damage.

Discussion

Obstructive sleep apnea syndrome (OSAS) is a form of sleep-
disordered breathing that has serious clinical consequences
and can result in anatomical changes in the lungs, heart and
other major organs [1]. Imaging studies have identified pha-
ryngeal anatomical abnormalities in patients with OSAS [21].
Previous studies have shown that a narrow pharyngeal airway
and anatomical changes of the pharyngeal lumen were associ-
ated with pharyngeal collapse during sleep, which is the main
cause of OSAS [22]. Pharyngeal structural abnormalities that
contribute to upper airway obstruction and collapse involve
the dilator muscles of the soft palate, lateral pharyngeal wall,
and the epiglottis [23].

A previous rat model of OSAS used multiple injections of the
oropharynx with sodium hyaluronate [24]. This method was
easy to use to create the rat model, but resulted in acute la-
ryngeal obstruction and post-traumatic infection after multi-
ple injections, and was considered to be an excessive model
of acute hypoxia with a low success rate [24]. However, in the
present study, the creation of the rat model of OSAS with the
use of sodium hyaluronate injections under the submucosa
at the junction of the hard and soft palate resulted in steno-
sis of the rat airway, and the model was successful without
complications such as infection or nodule formation. Also, the
rat model of OSAS resulted in respiratory characteristics that
were similar to human OSAS, which indicated the hypoven-
tilation caused by collapse of the upper airway might be the
main cause of OSAS. To investigate the effect of OSAS on re-
spiratory function, the tracheal wall structure and upper air-
way of rats in the OSAS model group was shown to collapse,
which seriously affected the breathing rhythm of the model
group, resulting in reduced blood oxygen levels. Chronic hypox-
emia combined with hypercapnia might explain the association
between OSAS and the occurrence of cardiovascular disease.

In the present study, blood gas measurements showed that in
the OSAS rat model, oxygen saturation, oxygenated hemoglobin,
and oxygen capacity were reduced when compared with the
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control group. The resulting hypoxia resulted in similar symp-
toms to those found in human OSAS, and long-term hypoven-
tilation would explain the chronic respiratory and circulatory
diseases associated with OSAS clinically.

The cardiac effects of OSAS in humans have shown to result
in changes in cardiac morphology, that were associated with
changes in cardiac function [25]. Cardiac myocytes in patients
with OSAS have been shown to become disorderly, with vac-
uolar degeneration, indicating lack of oxygen due to myocar-
dial ischemia which may explain the clinical association be-
tween OSAS and cardiac disease, including heart failure. These
cardiac morphological findings were also present in the rate
model of OSAS, which showed variability in the heart rate and
changes in the cardiac indices when compared with the rats
in the normal control group. Therefore, the rat model of OSAS
developed in this study appeared to provide a good animal
model for the study of systemic pathological changes associ-
ated with OSAS.

In conclusion, in a rat model of OSAS that used the injection
of sodium hyaluronate gel into the upper airway, significant
alteration in the mechanical characteristics of the upper air-
way included airway collapse, which resulted in sleep-disor-
dered breathing. Morphological changes observed by light mi-
croscopy and electron microscopy showed that changes in the
cardiac structure of rats in the model were early pathologi-
cal indicators of OSAS, and these cardiac changes require fur-
ther study. This animal model appeared to closely replicate the
changes described clinically in OSAS and might provide a useful
animal model for future studies on the pathogenesis of OSAS.

Conclusions

A rat model of obstructive sleep apnea syndrome (OSAS) was
developed using injection of sodium hyaluronate gel at the
junction of the hard and soft palate, resulting in upper air-
way collapse and shear stress on pharyngeal tissues. Rats in
the OSAS model developed cardiac changes that were consis-
tent with hypoxia. It is hoped that this animal model may be
used for future studies on OSAS
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