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Metoprolol prevents neuronal dendrite remodeling in a canine
model of chronic obstructive sleep apnea

Lin Yang', Jing Zhao?, Yang Qu', Qiang Sun', Ting-ting Li', Mei-ling Yan', Ming-jing Duan’', Ke-xin Li', Yan-ru Wang’, Si-yu Huang’,

Shuai Zhang', Yue Li? and Jing Ai

Obstructive sleep apnea (OSA) is closely associated with central nervous system diseases and could lead to autonomic nerve
dysfunction, which is often seen in neurodegenerative diseases. Previous studies have shown that metoprolol prevents several
chronic OSA-induced cardiovascular diseases through inhibiting autonomic nerve hyperactivity. It remains unclear whether chronic
OSA can lead to dendritic remodeling in the brain, and whether metoprolol affects the dendritic remodeling. In this study we
investigated the effect of metoprolol on dendrite morphology in a canine model of chronic OSA, which was established in beagles
through clamping and reopening the endotracheal tube for 4 h every other day for 12 weeks. OSA beagles were administered
metoprolol (5 mg-kg~'-d™"). The dendritic number, length, crossings and spine density of neurons in hippocampi and prefrontal
cortices were assessed by Golgi staining. And the protein levels of hypoxia-inducible factor-1a (HIF-1a) and brain-derived
neurotrophic factor (BDNF) were measured by Western blotting. We showed that chronic OSA successfully induced significant brain
hypoxia evidenced by increased HIF-1a levels in CA1 region and dentate gyrus of hippocampi, as well as in prefrontal cortex.
Furthermore, OSA led to markedly decreased dendrite number, length and intersections, spine loss as well as reduced BDNF levels.
Administration of metoprolol effectively prevented the dendritic remodeling and spine loss induced by chronic OSA. In addition,
administration of metoprolol reversed the decreased BDNF, which might be associated with the metoprolol-induced neuronal
protection. In conclusion, metoprolol protects against neuronal dendritic remodeling in hippocampi and prefrontal cortices

induced by chronic OSA in canine.
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INTRODUCTION
Obstructive sleep apnea (OSA) is frequently seen in sleep-
disordered breathing, which is found in 10% of people aged
30-70 years. OSA is characterized by repeated partial or complete
obstruction of the upper airway that leads to arousal during sleep
due to reduced airflow [1-3]. A large number of studies
demonstrated that OSA is closely related to cardiovascular
diseases (CVDs), such as hypertension [4], arrhythmia [5], heart
failure (HF) [6], and coronary artery disease [7]. At the same time,
abundant evidence shows that OSA patients are more likely to
develop cerebrovascular disease or dementia [8, 9]. It has been
reported in a clinical study that OSA patients with subjective
cognitive impairment display worse memory, attention and
intelligence performance than patients with subjective cognitive
impairment alone [10]. The mean survival for OSA patients with
amyotrophic lateral sclerosis (ALS) was dramatically shorter than
that for patients without OSA [11]. In addition, depression is also a
common comorbidity of OSA [12]. However, how OSA induces
these pathological processes is largely unknown.

Dendritic degeneration and synapse loss are the pathological
hallmarks contributing to Huntington’s disease (HD), Alzheimer’s

disease (AD), ALS, and depression [13-16]. Typically, intermittent
hypoxia (IH) simulating repetitive hypoxia and reoxygenation is an
approach to mimic the features of OSA [17]. A previous study
reported that the exposure of 10-day-old rats to IH chambers for
2 weeks resulted in decreased neuron dendritic branching in the
frontal cortex during adulthood [18]. Exposure of adult mice to IH
also induced memory decline, accompanied by reduced spine
number in the CA1 [19]. These studies suggested that IH exposure
at the developmental stage or in adulthood resulted in long-term
neuronal damage and neurobehavioral deficits. Apart from the
rodent model of OSA, dogs are also extensively utilized in this field
[20]. Repeated airway occlusion in canines is a successful approach
to examine the mechanism underlying OSA [21], and provides a
reliable and modifiable model of OSA, thereby allowing simulta-
neous neural manipulation and hemodynamic measurements [20].
To date, it is still unclear whether chronic OSA causes dendritic
remodeling in canine models.

It has been reported that sleep disorder is associated with the
deregulation of the autonomic nervous system [22]. Indeed, our
previous study demonstrated that the canine model of chronic
OSA displayed autonomic nerve hyperinnervation [23]. Autonomic
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nerve dysfunction is also a cardinal feature of AD, Parkinson's
disease (PD) and depression [24-26]. Nevertheless, it remains
unclear whether the autonomic nervous system is involved in
OSA-associated CNS disorders.

Metoprolol, a selective B1-adrenergic receptor antagonist,
prevented chronic OSA-induced atrial fibrillation by inhibiting
autonomic nerve hyperactivity [27], and it inhibited cardiac
apoptosis as well as interstitial fibrosis in a canine model of
chronic OSA [28]. Furthermore, metoprolol prevented profibrotic
remodeling of epicardial adipose tissues in a canine model of
chronic OSA [29]. In addition to the multiple therapeutic functions
of metoprolol in OSA-induced cardiovascular lesions, metoprolol
also works in CNS disorders [30]. Specifically, a transient reduction
in PD symptoms (rigidity) is recorded when suppressing the
subthalamic nucleus spiking activity in PD patients after meto-
prolol application [30]. Although the underlying mechanism of
action of metoprolol remains unclear, the potential use of
metoprolol in PD is supported. To the best of our knowledge,
there is no report about the effects of metoprolol on neuronal
dendritic remodeling in any OSA animal model. Therefore, this
study aimed to address this question by evaluating the role of
metoprolol in dendritic morphological changes in the chronic OSA
canine model. We first found that metoprolol effectively
ameliorated dendritic degeneration and spine loss in chronic
OSA and that BDNF might be involved in this process.

MATERIALS AND METHODS

Animals and the chronic OSA protocol

All experiments in this study were approved by the ethics
committees of Harbin Medical University, and were performed in
compliance with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (8th
edition, 2011). Twelve male beagles (weight 15-20 kg, from the

Metoptolol prevents neuronal dendritic remodeling
L Yang et al.

Experimental Animal Center of the First Affiliated Hospital of
Harbin Medical University) were housed in cages under standard
laboratory conditions. Beagles were anesthetized with intravenous
ketamine (5.3 mg-kg~"), diazepam (0.25 mg-kg™"), and xylazine
(1 mg-kg ™). The adequacy of anesthesia was monitored in light of
the disappearance of the corneal reflex and jaw tone. The sham
group underwent anesthesia and tracheal intubation only. For
OSA beagles, under anesthesia, the tubes were clamped to elicit
apnea at the end of the exhalation after the tracheal tubes were
intubated into the trachea. The protocol for chronic OSA was
performed according to previous studies [23, 28, 29]. Briefly,
chronic OSA stimulation was maintained for 12 weeks. In the first
week, the duration of 1 min was set as the trachea blockage time
frame, and 9 min was set as the ventilation time frame. In the next
3 weeks, the duration of ventilation was 1 min shorter progres-
sively than the previous week. In the following 8 weeks, the
duration of trachea blockage was 1 min, and trachea ventilation
was 5 min. During the 12 weeks, OSA stimulation was performed
once every 2 days and was maintained for 4h each day. All
beagles were kept under anesthesia for 4 h during the chronic
OSA periods and were drug-free for the remainder of the time. The
details of the OSA stimulation protocol are shown in Fig. 1a. A
total of 12 animals were randomly divided into three groups (four
beagles for each group): the sham group, the OSA group and the
OSA treated with metoprolol group (AstraZeneca, ZOK 50, 5 mg:
kg~'-d™"). The selection of the dosage of metoprolol was based
on a previous study and the introduction of dose conversion
between humans and beagles [27, 29, 31].

Negative intra-airway pressure measurement

To record the negative intra-airway pressure, animals were
anesthetized. First, the baseline intra-airway pressure was
monitored in at least two complete respiratory cycles under
quiet, supine respiration status. We next recorded the negative
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Construction of the OSA canine model. a Schematic diagram of the chronic OSA beagle model. At the first week, the apnea AHI was

set as 6. The duration of trachea blockage was 1 min, and ventilation was 9 min. In the next 3 weeks, the ventilation duration was progressively
1 min shorter than the previous week. In the last 8 weeks, the duration of tracheal ventilation was 5 min, and the AHI was 10. The ventilation
and blockage were exchanged for 4 h every other day in the whole process. b Negative intra-airway pressure at baseline and apnea for 30 and
60s. **P < 0.01 vs. baseline, n =4 for each group, and each value represents the mean + SEM. ¢ HIF-1a expression level in the hippocampal
CA1 and DG as well as in the prefrontal cortex (for CA1: n=7; DG: n = 5; prefrontal cortex: n =5, with four beagles per group). **P < 0.01 vs.

sham control group, values are expressed as the mean + SEM.
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intra-airway pressures by closing the exit valve for either 30 or 60 s
at the normal end-tidal expiration.

Western blotting

Brain tissue samples were harvested and stored at —80 °C. Total
protein samples for Western blot analysis were extracted from the
CA1 and DG of the hippocampus or superficial prefrontal cortex of
the beagle, and the detailed preparation protocol was as follows.
Frozen brain tissues were lysed in a solution containing 40% SDS,
60% RIPA, and 1% protease inhibitor. The homogenate was then
centrifuged at 16 700 x g at 4 °C for 30 min, and the supernatants
(containing cytosolic and membrane fractions) were collected. The
concentration of proteins was detected spectrophotometrically
using a BCA kit (Universal Microplate Spectrometer; Bio-Tek
Instruments, Winooski, VT, USA). Protein samples were fractio-
nated by 10% SDS-PAGE gels and then transferred onto a
nitrocellulose membrane. Anti-BDNF (1:1000, ab108319, Abcam,
MA, USA) and anti-HIF-1a (1:1000, 12-2180, Assay Biotechnology,
CA) were used as primary antibodies. 3-Actin (1:1000, AT-09, ZSGB-
BIO, China) was selected as an internal control. Blots were
detected using an Odyssey Infrared Imaging System (Licor,
Lincoln, NE, USA) and were quantified with Odyssey
v1.2 software by measuring the protein intensity (area x optical
density) in each group. The final results were expressed as fold
changes compared with the control values.

Golgi staining and Sholl analysis

The fresh brains were removed and immediately processed
using the FD Rapid Golgi Stain Kit (FD Neurotechnologies,
Columbia, SC, USA) according to the manufacturer’'s protocol.
The different regions of brain tissues were immersed in the 1:1
mixture of solutions A and B and stored at room temperature
avoiding light for 1 day, followed by replacement with fresh
solution and storage for another 2 weeks. Under the same
conditions, the brain tissues were then transferred into solution
C for 1 day, followed by incubation for another 3 days in
fresh solution C. After this process, the brain tissues were cut
into 120 um slices, rinsed two times in Milli-Q water for 4 min,
and then placed into a mixed solution composed of solution D,
solution E and Milli-Q water at a ratio of 1:1:2 for 10 min. The
brain slices were rinsed twice with Milli-Q water for 4 min. Next,
the brain slices were placed in a series of 50%, 75% and 95%
ethanol for 4 min each and rinsed four times with absolute
ethanol for 4 min for dehydration. Finally, slices were placed in
xylene for 4 min and washed three times for clearing and cover-
slipping with Permount. For image collection, bright-field
microscopy was used with an x10 or x63 objectives using a
Zeiss Axio Scope A1 microscope. Neurons in the CA1 and DG
regions of the hippocampi and in layer II/lll of the prefrontal
cortices in each group were randomly selected from four brains,
and 3 slices/brain were quantified. For dendritic spine analysis,
dendrites from 2 cells/slice randomly observed in 3 slices/brain
were included in each group. Dendritic spines were counted
using the following criteria: the primary basal dendrites were
defined at the middle between the soma and distal termination,
and the secondary apical dendrites were sampled from the
midpieces of dendritic ramifications from the primary dendrites.
For each selected sample, the analyzed branch length was at
least 10 um. The spine number was counted within the
corresponding segment dendritic branch. The dendritic spine
density was evaluated as the ratio of the spine number/the
length of the dendritic branch. The selected neurons were
traced and reconstructed after switching to 8 bit using Image-
Pro Plus software. The dendritic complexity was determined by
Sholl analysis, in which, with the neuronal body as the origin,
concentric circles 10 um apart were drawn until reaching the
end of the farthest dendrite and the dendrite crossings on every
circle were then recorded (Fig. 2h).
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Statistical analysis

Data are described as the mean + standard error of the mean
(SEM). Each data set was analyzed for the equality of the variance.
The independent sample test was calculated using the Levene
variance equality test. If P> 0.05, an independent Student’s t test
was used for the comparison between two groups; if P < 0.05, the
Kruskal—Wallis rank sum test was performed. Statistical analysis
was performed using one-way ANOVA with post hoc tests by
using Fisher's test of least significant difference (LSD-t) for
comparisons of more than two groups. For Sholl analysis, the
effects of group and distance from the soma on dendritic
complexity were analyzed by using the general linear model
(GLM), with repeated measures for distance from the soma,
followed by LSD-t. P < 0.05 was considered statistically significant.
SPSS22.0 was used for all statistical analyses, and graphs were
generated using GraphPad Prism 5.0 software (La Jolla, CA, USA).

RESULTS

Development of the chronic OSA model in canines

To establish the chronic OSA model in canines, the tracheas of
beagles were clamped using a tracheal tube to alternately
obstruct and ventilate the airway for 4 h/day maintained for
12 weeks (Fig. 1a). Successful development of the OSA model in
canines was evaluated by successfully eliciting the gradually
increased negative intra-airway pressure. As illustrated in Fig. 1b,
compared with baseline intra-airway pressure in the sham group
(—107.75 £ 2.25 mmHg), the intra-airway pressure progressively
decreased to —218.75 +30.16 mmHg and —363.75 + 61.83 mmHg
after valve occlusion for 30 and 60 s, respectively. To double-check
the establishment of the OSA canine model, we detected the
expression of HIF-1a, which is an oxygen-sensitive heterodimeric
transcription factor considered a common indicator of hypoxia
[32]. As predicted, the expression of HIF-1a was increased in the
hippocampal CA1 and DG as well as in the prefrontal cortices of
the chronic OSA group in comparison to the sham group (Fig. 1c).
These data suggest that the OSA model in canines had been
successfully established.

Metoprolol rescues dendritic remodeling of the hippocampal CA1
pyramidal cells of chronic OSA beagles

Dendrites, emerging from the soma of neurons, play a very
important role in the central nervous system [33]. To observe the
effects of chronic OSA on neuronal dendrite morphology in the
hippocampal CA1 of beagles, we performed Golgi staining as
previously reported [34, 35]. We found that chronic OSA induced a
dramatic reduction in the length and number of total, secondary
and tertiary dendrites from pyramidal neurons in the hippocampal
CA1 of OSA beagles without changes in primary dendrites
(Fig. 2a—c). Although the function of both apical and basal
dendrites is to ensure that pyramidal cells could receive synaptic
inputs from afferent sources and integrate into circuits to spread
neuronal communications, they accept information from different
afferent sources because they develop from different sides of the
cone-shaped soma of pyramidal cells [36]. This means that the
morphological remodeling of these two regions would induce
different pathophysiological changes. Therefore, we evaluated
apical and basal dendrites separately. We found that, compared
with the sham group, chronic OSA dramatically decreased the
length and number of apical dendrites in total and tertiary
dendrites without changing primary and secondary dendrites
(Fig. 2d, f). For basal dendrites, chronic OSA reduced the length
and number of not only total and tertiary dendrites but also
secondary dendrites (Fig. 2e, g). A previous study reported that
obstructed respiration increased the susceptibility to atrial
fibrillation by autonomic nerve activation [37]. Blocking autonomic
nerve hyperinnervation by metoprolol prevented OSA-induced
hypertension [38]. Surprisingly, we found that metoprolol
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Fig. 2 Metoprolol rescues the degeneration of pyramidal neurons in the hippocampal CA1 of the OSA canine model. a Representative
photomicrograph (left) and tracing image (right) of pyramidal neurons in the hippocampal CA1 from the sham control group (upper), OSA
group (middle) and OSA treated with metoprolol group (below), scale bar = 100 pm. b—g Quantification of total dendrite length (b), total
dendrite number (c), apical dendrite length (d), basal dendrite length (e), apical dendrite number (f), and basal dendrite number (g) in
hippocampal pyramidal neurons. h Schematic experimental diagram of Sholl analysis. i—k Sholl analysis of the intersection number of total
dendrites (10-200 pm) (i), apical dendrites (10-200 pm) (j) and basal dendrites (10-120 um) (k). *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham
control group, *P<0.05, **P < 0.01, *#P < 0.001 vs. OSA group, values are expressed as the mean + SEM.

dramatically reversed all the dendritic remodeling induced by
chronic OSA (Fig. 2b—g). Neuronal dendritic complexity reflects
the function of the neural network. Next, we analyzed the
dendritic complexity using Sholl analysis (Fig. 2h). The intersection
numbers of overall dendrites (Fig. 2i), apical dendrites (Fig. 2j) and
basal dendrites (Fig. 2k) were all significantly reduced in chronic
OSA beagles. Identically, metoprolol markedly reversed all the
decreased dendritic complexity (Fig. 2i—k). These findings
suggested that metoprolol could rescue the neuronal dendritic
regression induced by chronic OSA in hippocampal CA1 pyramidal
neurons.

Metoprolol reverses the dendritic degeneration of prefrontal
cortical pyramidal neurons induced by OSA

In addition to the hippocampus, the prefrontal cortex is an
important brain area encoding learning and memory information.
Next, we quantified the dendrite number and length by tracing
the pyramidal neuronal dendrites in layer II/ll of the prefrontal
cortex. Representative graphs and tracing images are shown in
Fig. 3a. Compared with the control group, the overall number and
length of total, secondary and tertiary dendrites were markedly
reduced in chronic OSA beagles without changes in primary
dendrites, and metoprolol treatment powerfully rescued the
dendritic regression (Fig. 3b, c). Similar results were observed in
apical dendrites (Fig. 3d, f) and basal dendrites (Fig. 3e, g).
Furthermore, Sholl analysis results indicated that metoprolol
attenuated the decreased dendritic complexity of total (Fig. 3h),

Acta Pharmacologica Sinica (2020) 41:620 - 628

apical (Fig. 3i) and basal dendrites (Fig. 3j) in chronic OSA beagles.
These results indicated that metoprolol could also prevent chronic
OSA-induced pyramidal neuronal dendritic degeneration in the
prefrontal cortex.

Metoprolol treatment ameliorates the degeneration of granular
cells in the hippocampal DG and nonpyramidal cells in the
prefrontal cortices of chronic OSA beagles

Granular cells are the principal neurons in the hippocampal DG
receiving the primary input from the cortex via the perforant path,
and their axons form mossy fibers, which play an important role in
spatial memory formation [39]. To investigate whether OSA leads
to dentate granular cell degeneration, we also analyzed the
morphological changes of granular neurons in the hippocampal
DG by Golgi staining (Fig. 4a). We found that chronic OSA
decreased the length and number of granular dendrites in total,
secondary and tertiary dendrites without changing primary
dendrites, and metoprolol administration could rescue all these
changes (Fig. 4b, c). Histologically, the cerebral cortex is generally
divided into six layers, and the neurons mainly distributed across
all the layers are pyramidal and nonpyramidal neurons. The
excitatory pyramidal neurons and the inhibitory nonpyramidal
interneurons contribute to the microcircuits of the cortex [40].
Prefrontal layer II/Ill neurons are closely associated with stress and
cognition, and most studies focused on examining morphological
changes in these two layers [41-44]. Therefore, we observed the
morphological changes of nonpyramidal neurons in layer II/Ill of
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Fig. 3 Metoprolol reverses the degeneration of prefrontal pyramidal neurons in the OSA canine model. a Representative
photomicrograph (left) and tracing image (right) of pyramidal neurons in prefrontal cortices from the sham control group (top), OSA
group (middle) and OSA with metoprolol treatment group (bottom), scale bar = 100 um. b—g Quantification of prefrontal pyramidal overall
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dendrite number (g). h—j Sholl analysis of the intersection number of total dendrites (10-200 um) (h), apical dendrites (10-200 pm) (i) and
basal dendrites (10-120 pm) (j). *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham control group, *P < 0.05, #P < 0.01, **#P < 0.001 vs. OSA group, values

are expressed as the mean + SEM.

the prefrontal cortex. The length and number of prefrontal
nonpyramidal dendrites in all dendrites were significantly
decreased in the chronic OSA beagles, and this was dramatically
prevented by metoprolol (Fig. 4d—f). Taken together, metoprolol
treatment could effectively rescue granular dendrite regression in
the hippocampal DG and inhibit nonpyramidal degeneration in
the prefrontal cortex of the OSA canine model.

Metoprolol prevents dendritic spine loss in the OSA canine model
Dendritic spines are dynamic structures, and their addition and
elimination are interpreted as excitatory synapse gain and loss,
which is considered excitatory circuit remodeling [45]. Next, we
detected the dendritic spine density in the hippocampi and
prefrontal cortices from the sham group, OSA group and OSA
treated with metoprolol group (Fig. 5). The results demonstrated
that chronic OSA dramatically decreased the spine density of the
apical and basal dendrites in both hippocampi (Fig. 5e, f) and
prefrontal cortices (Fig. 5g, h) in comparison to the sham group.
Surprisingly, metoprolol treatment significantly reversed the spine
loss induced by chronic OSA (Fig. 5). These data demonstrated
that metoprolol could effectively alleviate spine loss in the
hippocampus and prefrontal cortex in chronic OSA.

Metoprolol alleviates the dendritic remodeling induced by chronic
OSA via the upregulation of BDNF

BDNF supports a variety of functions, including the regulation of
neuronal morphology and synaptic plasticity [46]. A previous
study indicated that BDNF-mutant mice displayed a significant
reduction in dendritic development, synaptic formation and
maturation in postnatal-born granule neurons [47]. Decreased
levels of BDNF have been reported in neurodegenerative diseases,
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including AD, PD, and HD, which are closely associated with
neuron degeneration [48, 49]. We hence evaluated the expression
of BDNF protein as collateral evidence to evaluate OSA-induced
dendritic remodeling. As illustrated in Fig. 6, BDNF was
significantly decreased in the hippocampal CA1 and DG regions
as well as in the prefrontal cortex of the chronic OSA group
compared with those in the control group. These results provide
further evidence that OSA can induce dendritic spine degenera-
tion. Strikingly, metoprolol treatment dramatically rescued the
decrease in BDNF expression in the brain of OSA beagles (Fig. 6).
These findings suggest that the ameliorative effects of metoprolol
on OSA-induced dendritic degeneration involve the upregulation
of BDNF expression.

DISCUSSION

OSA is a common comorbidity in CVDs [4-7] and CNS diseases
[9, 11-13]. Dendrite degeneration and dendritic spine loss are
considered hallmarks of the pathology of many CNS diseases, such
as HD, AD, ALS and depressive disorder [13-16]. However,
whether a canine model of chronic OSA can lead to neuronal
dendritic degeneration remains largely unclear. In the present
study, we first reported that chronic OSA (12 weeks) beagles
displayed marked dendritic remodeling and spine loss in their
hippocampi and prefrontal cortices. Surprisingly, metoprolol could
effectively prevent the dendrite regression and spine loss induced
by chronic OSA.

Some experimental methods are used to establish animal
models of IH to simulate the repetitive hypoxic character of OSA.
For example, a common method was used to establish rodent
models of OSA to keep rodents in a special chamber where the

Acta Pharmacologica Sinica (2020) 41:620 - 628
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Fig. 4 Metoprolol alleviates granular cell degeneration in the hippocampal DG and nonpyramidal neuron regression in the prefrontal
cortex of the OSA model. a Representative photomicrograph (left) and tracing image (right) of granular neurons of the hippocampal DG
region from the sham control group (left)) OSA group (middle) and OSA treated with metoprolol group (right), scale bar=50pm.
b, ¢ Quantification of the dendrite length (b) and dendrite number (c) of hippocampal granular cells. d Representative photomicrograph (left)
and tracing image (right) of nonpyramidal neurons in the prefrontal cortex. e, f Quantification of the dendrite length (e) and dendrite number
(f) of prefrontal nonpyramidal cells. *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham control group, *P < 0.05, **P < 0.01, **#P <0.001 vs. OSA group,

values are expressed as the mean + SEM.

oxygen concentration could be controlled according to the
experimental design [17-19, 50-52]. In addition, controlling the
intrathoracic pressure by upper-airway obstruction through
placing a plastic cannula around the trachea, and keeping the
lower airway open by applying recurrent negative pressure swings
to the upper airway through attaching a customized mask to a
dual lumen cannula were also used in rodents [17]. As large
animals, beagles are also commonly used for OSA research
because their metabolic, physiological and anatomical character-
istics are closer to those of humans [20]. It has been reported that
tracheostomy by clamping a tube onto the trachea was a good
method to establish a canine OSA animal model because it could
elicit similar electroencephalographic (EEG) and nuchal electro-
myographic (EMG) characteristics to OSA patients [21, 53]. In this
protocol, we could regulate the duration of obstruction and
ventilation to control the number of apneas per hour during sleep
that could reflect the presence and severity of OSA [3]. Therefore,
we chose this method to establish the chronic OSA model in
beagles. The time-dependent decrease in negative intra-airway
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pressure after valve occlusion and the increased HIF-1a expression
indicated that we successfully established the beagle model
of OSA.

Neuronal circuitry integrity is the structural basis for maintain-
ing normal communication across neurons. The diversity of
dendritic structures enables neurons to implement their circuit
functions during learning and memory [33]. Spines, as the
dendritic protrusions, regulate synaptic plasticity functions
in learning and memory consolidation [45]. The alterations in
dendrites and spines could be the result of changes in
environment, lesions, stress, memory formation or hormone
changes during adulthood life [54]. By putting animals into an
oxygen-controlled chamber, previous studies reported that the
overall hippocampal spine density was dramatically decreased in
adult C57 mice [19] and Sprague—Dawley rats following IH
exposure for 1 week [50]. However, no study has focused on large
animals, which may reflect that their physiopathological status is
close to that of humans. In the present study, by performing
tracheostomy, we first reported that OSA for 3 months in beagles
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Fig. 5 Metoprolol ameliorates the reduction in dendritic spine density in the OSA canine model. a—d Representative photomicrograph
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0.001 vs. OSA group, values are expressed as the mean + SEM.

led to the marked morphological remodeling of dendrites in both
their hippocampi and prefrontal cortices. In more detail, dendritic
architecture consists of primary dendrites arising from the neuron
soma and higher order dendrites emerging from primary
dendrites [55]. The above study merely quantified the overall
apical and basal dendrite length without classifying the dendrites
into different orders [50]. In the present study, we found that, for
the pyramidal neurons, chronic OSA dramatically decreased the
length and number of the total, secondary and tertiary basal
dendrites in the hippocampi and prefrontal cortices, as well as in
the apical dendrites in the prefrontal cortices. However, chronic
OSA did not affect the secondary apical dendrites in the
hippocampal CA1 of OSA beagles. Interestingly, the primary
dendrites were not changed in any of the pyramidal neurons of
the hippocampi and prefrontal cortices. Moreover, although we
found that chronic OSA could induce a decrease in the length and
number of all primary, secondary and tertiary dendrites of the
nonpyramidal cells in the cortices, it affected the total, secondary
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and tertiary dendrites without changing the primary dendrites of
the granular neurons in the hippocampi. The results suggested
that the higher order dendrites (secondary and tertiary) were
more sensitive to chronic OSA. A previous study found that
chronic brain hypoperfusion induced dendritic degeneration,
displaying a dying-back process [34]. Here, we provide evidence
that chronic OSA may also lead to a dying-back process of
dendritic degeneration. Furthermore, we found that the number
and length of nonpyramidal neuron dendrites were decreased in
all dendrites, which suggested that the prefrontal cortex
nonpyramidal neurons may be more vulnerable to OSA. However,
the molecular mechanism of this kind of dying-back degeneration
of dendrites needs to be explored further.

BDNF plays a positive role in regulating dendrite and spine
formation and remodeling in physiological and pathological
conditions [56]. Surprisingly, we found that the BDNF level was
decreased in the hippocampal CA1 and DG, as well as in the
prefrontal cortices of chronic OSA beagles, and that metoprolol
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administration significantly reversed the decrease in the level of
BDNF. This result suggested that BDNF might be involved in the
action of metoprolol on dendritic remodeling induced by chronic
OSA. However, there is no canine-specific BDNF-siRNA/shRNA on
the market, which limits experiments using a gene manipulation
strategy to identify whether BDNF is the target of metoprolol.
Notably, a previous study showed that hyperbaric oxygen therapy
could reduce dendritic/synaptic degeneration via the BDNF/TrkB
signaling pathways in spinal cord injury rats [57]. The BDNF
downstream signaling pathways, including Akt, PKC, and ERK,
were reported to be involved in running-exercise-delayed
neurodegeneration of AD (APP/PS1) transgenic mice [58]. We
hypothesized that BDNF/TrkB signaling might be involved in the
neuroprotection of metoprolol on dendritic remodeling induced
by chronic OSA, which needs to be explored further.

There is a close relationship between sleep and the autonomic
nervous system. OSA leads to the dysregulation of many biological
pathways, the most important of which is the deregulation of the
autonomic nervous system [22]. Autonomic nervous system
disorders are commonly seen in CNS diseases [24-26], and are
considered as potential biomarkers for premotor PD [26]. In early
case of AD patients, a loss of dendritic branching and a decrease
in dendritic spines were shown in the suprachiasmatic nuclei, the
supraoptic nuclei, and the paraventricular nuclei, which were
considered to be related to the disability of autonomic functions
[59]. However, whether sympathetic or parasympathetic hyper-
activation could directly induce dendritic remodeling remains
unclear. In a previous study, we found that the chronic OSA canine
model showed autonomic nervous system disturbance, including
sympathetic and parasympathetic hyperinnervation [23]. Here, we
first reported that the autonomic nervous system disability
induced by chronic OSA may be involved in neuronal dendrite
morphological remodeling. The inhibition of autonomic nerve
hyperactivity by metoprolol could prevent cardiac apoptosis, atrial
fibrillation and profibrotic remodeling of epicardial adipose tissue
in a canine model of chronic OSA [27-29], and could lower blood
pressure in hypertensive patients with OSA [38]. Herein, our
findings are the first to demonstrate that the inhibition of
autonomic nerve hyperactivity by metoprolol could also protect
against chronic OSA-induced neuronal dendritic remodeling in the
hippocampus and prefrontal cortex.

Taken together, our study demonstrated for the first time that
metoprolol could ameliorate dendritic degeneration and spine
loss in the hippocampi and prefrontal cortices of beagles
following chronic OSA. Our research provided direct evidence
that chronic OSA impaired dendritic integrity and spine density.
The findings of the present study imply that the autonomic
nervous system may participate in chronic OSA-induced neuronal

Acta Pharmacologica Sinica (2020) 41:620 - 628

dendritic remodeling, and that inhibiting autonomic nerve
hyperactivity by metoprolol may be one of the strategies to
prevent neurodegenerative disease with OSA.
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