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Abstract

This study aimed to evaluate the impact of Intermittent Hypoxia (IH) on neuronal activity and apoptosis
in embryonic rat cortical neurons in vitro. The cultured cortical neurons were randomly divided into
four experimental groups: IH group, Intermittent Normal Oxygen group (INO), Persistent Hypoxia
group (PH), and Controls (CON). The IH group was further divided into five subgroups according to the
degree and time points of hypoxia. Using the MTT cell proliferation assay and 4', 6-diamidino-2-
phenylindole staining to evaluate neuronal cell proliferation and apoptosis, we observed significant
differences between the different IH subgroups and the PH group (P<0.01). No significant difference was
found among the IH subgroups (P>0.05). Under the same hypoxia degree and accumulative time,
intermittent oxygen supply exhibited a higher impact on neuronal activities and apoptosis than
sustained oxygen supply. Thus, IH could cause significant changes of neuronal activities and apoptosis.
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Introduction

Obstructive Sleep Apnea Hypopnea Syndrome (OSAHS) is a
chronic disease characterized by repeated upper-airway
complete (apnea) or partial (hypopnea) obstruction during
sleep-caused hypoxemia and repeated nocturnal awakening.
This syndrome often causes multi-organ and multi-system
damages, including cognitive impairments [1,2]. Particular
attention has been directed at the cognitive impairment and
behavioral disorders in children with OSAHS [2,3]. The typical
pathophysiological features of OSAHS are Intermittent
Hypoxia (IH) and sleep fragmentation, which have been both
reported to cause damage independently in brain regions
associated with cognitive functions [1]. Nevertheless, it was
also considered that the cognitive impairment in patients with
OSAHS can be caused by synergism between IH and sleep
fragmentation [4], despite the complex relationship of one
multi-factor [5]. Currently, the majority of studies addressing
the cognitive impairment associated with OSAHS have used
IH as the exposure factor [6]. The brain is extremely sensitive
to hypoxia, suggesting that the impact of IH on brain tissues
might be the underlying mechanism for the cognitive
impairment in OSAHS. In one study, the brain environment in
OSAHS was simulated in rats and confirmed that IH can
induce neuronal apoptosis much easier than slow hypoxia, in
particular in the hippocampus and cortex [7,8]. Based on this,
several attempts have been made to simulate the pathological
process of OSAHS using different IH modes [9,10]. In this in
vitro study, we cultured primary embryonic rat cortical
neurons, and induced different IH modes of OSAHS, aiming to
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observe the changes in neuronal activity and apoptosis
following exposure to IH and to explore the possible causes of
OSAHS-associated cognitive impairments.

Materials and Methods

Materials

Embryonic d 17 (E17) Wistar rats were provided by the
Experimental Animal Center of School of Medicine, Shandong
University. Neurobasal medium, nerve growth factor B-27, and
0.25% trypsin were purchased from Gibco Co. Dulbecco's
Modified Eagle Medium (DMEM) high glucose culture
medium was purchased from Whittaker Bioproducts. In
addition, 1% penicillin-streptomycin, poly-L-lysin (PLL),
cytarabine, and fluorescein isothiocyanate (FITC)-labeled
fluorescent secondary antibodies were purchased from Sigma.
Goat serum and 10% Fetal Bovine Serum (FBS) were
purchased from Hyclone. Finally, the anti-tubulin B III
monoclonal antibody was purchased from Abcam Co.

Primary culture of embryonic rats’ cortical neurons
and immunofluorescence analysis

Neuronal primary cultures were prepared based on the method
described elsewhere [11,12], with some modifications. Under
sterile conditions, the cerebral cortex was isolated from E17
rats, and then placed in 4°C Hank’s Balanced Salt Solution.
After removing the leptomeninges and vessels and washing,
the cortex was cut into pieces and digested for 20 min using
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0.125% trypsin at room temperature, shaking intermediately
twice. DMEM containing 10% FBS was subsequently added to
terminate the digestion, and one pipette was repeatedly used to
pipet the clumps gently into the cell suspension. After
centrifugation at 1,000 revolutions per min for 5 min, the
supernatant was discarded to harvest the cells. Subsequently,
cells were re-suspended using neurobasal medium containing
2% B-27 and 1% penicillin-streptomycin and the cell density
was adjusted to 1 x 10%/ml. The cells were then seeded in PLL-
coated 6-well plates (2 ml/well) and cultured at 5% CO, and
37°C. Twenty-four hours later, the medium was replaced with
neurobasal+B-27 serum-free culture medium and changed once
every 3 d [13,14]. On the third day of in vitro culture,
cytarabine (final concentration 10 umol/l) was added to inhibit
the proliferation of the glial cells (removed 24 h later). The cell
growth was regularly observed using an optical microscope,
and immunofluorescence was performed on culture d 6 [15].

The primary neurons cultured for 6 d were fixed in 4%
paraformaldehyde at room temperature for 30 min, incubated
with 3% H,O, to block endogenous peroxidase, followed by
incubation with 5% goat serum for 1 h. The tubulin B III rabbit
anti-mouse monoclonal primary antibody for neuronal labeling
(1:200) was then added for overnight incubation at 4°C.
Subsequently, after washing in phosphate-buffered saline on
the next day, the FITC fluorescence-labeled secondary
antibody (1:400) was added for 1 h incubation in darkness at
room temperature, followed by mounting and microscopic
examination.

Exposure to different IH modes

The IH equipment was self-made and described elsewhere
[16]. Briefly, it consisted of a low oxygen chamber, gas
transmission pipelines, programmable devices, and gas
supplies. The airtight plexiglass box was self-made and
contained holes for air exchange, and a one-way gas outlet
valve. Nitrogen was connected to both ends (Jinan oxygen-
producing plant) and medical compressed air (Atman-6500 air
pump) was connected via the gas transmission pipelines.
Another hole was connected to the S-450 Oxygen Detection
alarm (IST-AM Co., USA). The IH chamber was filled with
nitrogen and compressed air in turn with the oxygen detector to
monitor the oxygen concentration. There was a 30 s elution
time between the IH (1.5% O,) and normal oxygen conditions
(normoxia, 21% O,), and both conditions were attained by
adjusting the gas flow.

The primary cells cultured for 7 d were placed into the IH
chamber, and were assigned to either Intermittent Hypoxia
(IH), Persistent Hypoxia (PH), Intermittent Normal Oxygen
(INO), or control (CON) groups. (1) In the IH group, hypoxia
(1.5% 0O,) was induced either for 15 s with normoxia (21% O,)
for 1 min 45 s (IH subgroup (sub-IH) A; IH frequency [times
per h], 20.00), 3 min 45 s (sub-IH B; IH frequency, 12.00), 5
min 45 s (sub-IH C; IH frequency, 9.23), or 8 min 45 s (sub-IH
D; IH frequency, 6.32) or for 30 s in sub-IH E (1.5% O, and 3
min 45 s normoxia (21% O,) in each cycle for a total of 60
cycles. (2) In the PH group, we performed PH (1.5% O,) for
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15 min. (3) In the INO group, we performed 15 s and 3 min 45
s normoxia (21% O,) in each cycle for a total of 60 cycles,
which is the same frequency as in the sub-IH B. (4) In the
CON group, cells were placed in a standard incubator for 6 h.

Determination of neuronal activities (MTT assay)

After the exposure to the different experimental conditions,
MTT (5 mg/ml) was added into the wells of all the
experimental plates from the first hour, which was then
wrapped with aluminum foil for 4 h at 37°C and 50 ml/l CO,.
Subsequently, DMSO was added to dissolve the crystals for the
detection of D570. The D570 value was detected sequentially
for 6 h to infer the relationship between the exposure time and
the absorbance; the trend of D570 was also observed. The
value in the CON group was used as the control value to
calculate the cell viability in each group based on the following
equation: cell viability (%)=D570 of the experimental group/
D570 of the CON group x 100%.

Detection of neuronal apoptosis

The 4', 6-diamidino-2-phenylindole (DAPI) staining assay was
used to detect apoptosis in the neuronal cells. The cell-
climbing slides were fixed at 4°C for 5 min, followed by DAPI
staining (incubation for 10 min). Slides were subsequently
mounted, dried, and analysed using fluorescence microscopy.
Cells with three or more DNA fragments were defined as
apoptotic, and the apoptosis percentage was calculated.

Statistical analysis

SPSS13.0 software was used for the statistical analysis. The
data were expressed as mean =+ s, and the independent sample
T test was used for intergroup comparisons, with P<0.05
considered as statistically significant.

Results

Primary culture and identification of embryonic rats’
cortical neurons

The cells became wall adherent 4 h after inoculation, and few
cells exhibited processes 24 h later (Figure 1). On culture d 6,
the neuronal bodies were full with clear halo and long and
thick processes, forming a dense neural network (Figure 2).
Furthermore, fluorescence microscopy revealed the expression
of the neuronal marker B-tubulin III in neurons (Figure 3).

Detection of neuronal activity in each group by MTT
assay

The cell viability rates of the different experimental groups are
summarized in Table 1. Compared with the PH group, the cell
viability in sub-IH groups A-E were significantly decreased
(P<0.01), indicating that under the same IH degree and
accumulative time, IH exerted a more significant impact on the
neuronal activity than PH. Furthermore, there was no
significant difference among the sub-IH groups A-D, or
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between sub-IH groups B and E (P>0.05). An obvious
difference could be seen between sub-IH B and INO group
(P<0.01), indicating that the same IH frequency, but different
degrees, might affect the neuronal survival rate. Figure 4
shows the D570 values of neurons in the different groups at
different times; the changing trends in sub-IH groups A and B
were chiefly the same, but that in sub-IH group E exhibited a
more obvious declining trend.

<

Figure 1. Neurons cultured for 24 h (X100).

Figure 2. Neurons cultured for 6 d (X100).

Detection of apoptotic neurons

Table 2 summarizes the different apoptotic rates under the
different experimental conditions. These results reveal how
under the same IH degree and cumulative time, IH and INO
could significantly increase the percentage of apoptotic
neurons compared with continuous oxygen supply (P<0.01).
These results were corroborated by the immunofluorescence
staining, as can be evidenced by the apoptotic neurons in the
sub-IH group B (Figure 5).
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Figure 3. Tubulin B IIl monoclonal antibody-labeled neurons (X100).
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Figure 4. Changing trend curves of D570 after different exposure
times.

Figure 5. Apoptotic neurons in the IH group (sub-IH group B).

Discussion

Cognitive impairments associated with OSAHS have been
widely recognized and attracted increasing attention. Studies
have indicated that the severity degrees of OSAHS and
cognitive impairment are relevant and plausibly associated.
Moreover, preliminary findings also found that children with
OSAHS were more vulnerable to developing cognitive
dysfunctions compared with healthy children. It has been
reported that the OSAHS indexes and related cognitive
functions could be significantly improved with the progression
of surgical treatment [17]. The currently reported OSAHS-
related cognitive impairments mainly appear in the aspect of
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implementation force and behavior, but their impact on
language is not significant [18-20]. Despite the significant
advances in understanding OSAHS-related cognitive
impairments, some important issues still remain unresolved.
The sample sizes in the current studies are very small, and the
measurements of the cognitive functions still lack
standardization and high efficiency. Therefore, the link
between the severity of OSAHS and the degree of cognitive
dysfunctions is still inconclusive. Currently, most reports
addressing cognitive impairments in OSAHS have mainly
focused on clinical studies and IH animal experiments [21,22].
Most of these studies focused on the upregulations or
downregulations in different cytokines or other enzymes/
factors to elucidate the underlying mechanisms of the
pathogenesis of OSAHS. However, many factors could affect
these results, and the results obtained so far are often caused by
the in vivo protective response over a time period and the
interactions among reactive responses. Therefore, these
previous results could not be used to determine clearly whether
the changes are caused by the exposure of the targeted factors,
thus resulting in a great reduction of the possible correlations.
Gradually, research at the cellular level in this area has
attracted attention.

OSAHS-specific hypoxia is chronic and intermittent, and the
hypoxia-reoxygenation  approach might bear similar
pathological changes during the ischemia/reperfusion process,
which could thus lead to brain damage and apoptosis in
hippocampal and cortical neurons [10]. Cell culture is an
important means to study the cell pathophysiology and
molecular cell biology, and the in vitro cell culture of primary
neurons is currently a widely used technique. Through
culturing different cerebral neurons, in vifro models of many
nervous system-related diseases have been established. Among
these, the most commonly used is the neuronal and neural-glial
cell cultures. Due to the features of high differentiation and
non-renewability of neurons, the primary culture method is
commonly used. The primary neuronal culture of neonatal rats
is typically used for investigating neurotransmitters and
neuronal plasticity. Moreover, 16-18 d-old neonatal rats are
relatively clean, and the cell viability is thus optimal,
suggesting this age as valid to study hypoxia or hypoxic
encephalopathy. In our present study, we aimed to demonstrate
the effects of IH in primary neuronal culture from E16-17 rats.
Furthermore, we used a conventional enzymatic digestion
method, during which IH was induced to influence neurons.
Subsequently, neuronal activity and apoptosis rates were
detected after different exposure periods. In a previous
electrophysiological study, hippocampal brain slices from
gerbils were first preconditioned to hypoxia, which indicated
that pre-hypoxia treatment in could produce a significant
hypoxia tolerance when subjected again to hypoxic stimulation
[23]. Pre-hypoxia treatment was also reported to increase
significantly the tolerance of overall cerebral anoxia in rats,
and inhibit the injuries in hippocampal neurons [24]. Hypoxic
preconditioning of brain tissues could exhibit a protective
effect against re-hypoxia injuries, while the endogenous
protective roles of hippocampal neurons seemed more
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“sensitive” than cortical neurons. For our in vifro primary
neuronal cultures, we derived cortical neurons from embryonic
rats, which were relatively clean and had good cell viability.
Furthermore, we assumed that cortical neurons could reflect
the effects of IH more accurately than hippocampal neurons. It
is currently considered that chronic IH might cause more
severe cognitive dysfunctions and nervous system damages
compared with sustained hypoxia. However, our present
findings indicated that, under the same hypoxia degree and
accumulative time, IH exerted a more significant impact on
neuronal activity and apoptosis than continuous oxygen supply,
which is consistent with previous rat studies [10,25].

This study set four sub-IH groups with different IH frequencies
and two sub-IH groups with different IH time periods for the
comparison. Between 1-6 h after IH exposure, the neuronal
activities and the percentages of apoptotic neurons among the
different IH subgroups were comparable. The corresponding
oxygen partial pressures in the culture mediums with the same
IH degree and different IH times showed obvious differences.
In this study, when the IH degree and duration were kept the
same among sub-IH groups A-D, the oxygen partial pressures
in their culture mediums could basically return to the same
level detected at the end of hypoxia. Moreover, although the
reoxygenation times were different, the oxygen partial
pressures in the culture mediums could basically return to the
same levels at the end of reoxygenation. This may explain our
present results where no obvious difference was observed in
relation to the different IH frequencies (same IH duration and
different reoxygenation duration) on the neuronal activities.
Several animal experiments have demonstrated an association
between the IH degree and time and the extent of the cognitive
dysfunctions and nervous system damages [26-29]. In contrast,
our results indicated that different IH durations (different
hypoxia duration with same reoxygenation duration) exerted
no obvious effects on the neuronal activities. One explanation
of this discrepancy may be that, after IH exposure in animals,
the reactive responses begins, thus manifesting the declining
cognitive functions. However, with extending time, a series of
in vivo protective mechanisms might take place, and the final
results might be actually the interactions of many factors in a
certain time. The interactions between the reactive and
protective responses may be counteractive, and the final effect
could appear as a no change over time. Due to the neuronal
injuries caused by IH, as well as the limitations of factors such
as the declined neuronal activities with prolonged culture
times, longitudinal cell experiments normally could not obtain
objective test results due to their inconsistent experimental
standards. Indeed, in our present study, we could not perform
long-term longitudinal evaluation as in other animal studies.
However, in vitro experiments normally have less impacting
factors than in vivo experiments, which simulate more realistic
reactions to the exposure conditions. It should also be noticed
that judging from the declining trend of D570, longer IH
exposure might result in more obvious decline of D570 in
cells. Based on our results, we believe that the significant
declining part reflected the significant changes of oxygen
partial pressure in the medium with longer IH time, although it
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did not reach a detectable or calculable difference. Moreover,
the self-designed device could not strictly control the CO,
concentration in the chamber. Therefore, the medium pH
changes with exposure time extension might have caused
certain bias to our results.

This study aimed to evaluate the impact of different IH modes
in OSHAS on the neuronal activity and apoptosis in vitro. The
established OSAHS-related cognitive impairment cytological
model had advantages over in vivo analysis such as (1) fewer
influencing factors, (2) direct representation of the exposure

factors, and (3) higher accuracy. Studies addressing the
OSAHS-related cognitive impairments could thus use this
model to detect the correlated factors and signaling pathways
of the OSAHS pathology in order to achieve multiple
correlation results of a trend. Furthermore, it could also
advance experiments to verify the reactions of the entire
pathway and to speculate the results of a specific role in order
to explore the specific pathophysiological mechanisms of
OSAHS-related cognitive impairments.

Table 1. Cell viabilities of different groups at different times (%, n=4, X s).

Group Time after hypoxic culture
0 1 2 3 4 5 6
A 85.49 £5.72 84.14 £6.34 77.13+2.11 73.09 £5.41 67.32 £ 3.99 62.12 £ 4.44
B 84.31+1.68 82.53 +2.26 75.44 £2.21 71.51 £ 1.47 65.51 +2.58 60.44 £ 8.50
C 83.37 £2.59 83.39+3.14 74.89 +£4.21 72.32+2.41 65.27 £ 1.93 61.65+ 0.98
D 83.55 £ 6.21 82.77 £ 3.90 73.29 £ 5.67 71.49+233 65.77 £ 3.26 60.99 + 3.26
E 82.94 +3.11 82.12+1.43 74.12+1.43 70.61 +0.91 64.47 £ 1.12 60.73 + 4.32
F 92.79+£2.48 92.73+1.26 93.13 £ 1.86 91.53 £ 3.56 92.84 £ 2.16 91.17 £3.71
G 99.84 + 0.53 99.36 £ 1.15 99.64 + 0.36 99.27 £ 0.93 99.56 + 1.05 99.21 £ 1.36
H 100
Table 2. Percentages of apoptotic neurons at different times (%, n=4, X s).
Group Time after hypoxic culture
0 1 2 3 4 5 6
B 6.81 +3.01 9.55+4.19 11.23 £ 3.21 33.51£9.742 41.33 £ 6.59 45.64 + 8.57
F 3.01+1.48 4.81+2.26 3.74 + 1.86 2.93 + 3.56 3.84+1.16 317 £1.71
H 100
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