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Abstract

A neonatal mouse model of intermittent hypoxia (IH) simulating the recurring hypoxia/
reoxygenation episodes of apnea of prematurity (AOP) was developed. C57BL/6 P2 pups were
culled for exposure to either intermittent hypoxia or intermittent air as control. The IH paradigms
consisted of alternation cycles of 20.9% O, and either 8.0% or 5.7% O, every 120 or 140 seconds
for 6 hours a day during daylight hours from day 2 to day 10 postnatally, i.e., roughly equivalent
to human brain development in the perinatal period. IH exposures elicited modest to severe
decrease in oxygen saturation along with bradycardia in neonatal mice, which were severity-
dependent. Hypomyelination in both central and peripheral nervous systems was observed despite
the absence of visible growth retardation. The neonatal mouse model of IH in this study partially
fulfills the current diagnostic criteria with features of AOP, and provides opportunities to
reproduce in rodents some of the pathophysiological changes associated with this disorder, such as
alterations in myelination.
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1. INTRODUCTION

Preterm birth occurs in about 12% of all pregnancies in the United States, when defined as
any birth occurring at <37 weeks of postconceptional age. Premature infants are at greater
risk for short-term and long-term complications, including disabilities and impediments in
growth and mental development. Apnea of prematurity (AOP) correlates with a higher
occurrence in preterm infants due to the disturbed control of breathing, leading to apnea,
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intermittent hypoxia, and bradycardia. The frequency and severity of AOP has been linked
to a variety of adverse outcomes including abnormal myelin, synaptic connections, and
mental development (Abu-Shaweesh and Martin, 2008, Janvier et al., 2004).

In an effort to further elucidate the role of AOP in brain development it becomes imperative
to develop an animal model, the latter then enabling exploration of mechanisms of
morbidity, feasibility and validity of therapeutic interventions aiming to ameliorate
outcomes in premature babies. The ‘perfect’ mock model is assumed to simulate the
pathogenesis of the apneic disorder, manifest the clinical features, and result in similar
consequences as those occurring in human disease; another requirement would dictate that
the technical process of implementing such model in mammals should be simple and readily
feasible. To date however, no single animal model of sleep apnea (SA) has satisfied all of
those stipulated requirements. A more realistic and useful alternative approach has consisted
in development of multiple partial models, each of which would address a subset of the
features characteristically encountered in SA. Among those partial models, rodent models of
intermittent hypoxia (IH) during sleep have been widely employed (Table 1), not only
because hypoxia/reoxygenation events play a crucial role in producing most of the morbid
outcomes in patients, but also for the technical simplicity of implementing IH, and the
additional advantage of enabling use of transgenic approaches for functional analyses.
Accordingly, an extensive amount of work spanning the last decade has shown that such
partial rodent models of sleep apnea-associated reproduce many of the features occurring in
SA: IH during sleep, sleep disturbances, and sleep fragmentation. Importantly, most of the
known end-organ morbidities observed in patients with SA were also reproduced in this
model, including alterations in respiratory control, hypertension, insulin resistance,
metabolic syndrome, cardiovascular impairments, atherosclerosis, erectile dysfunction, and
neurocognitive and behavioral disturbances. However, animal models to mock those clinical
features as seen in AOP, which occur during a critical brain development period, have not
well been developed.

In this study, we aimed to establish a neonatal mouse model of intermittent hypoxia that
would mimic the hypoxia/reoxygenation events in the developing “premature” mammal.
The mouse was therefore selected due to the unique immaturity of the brain at birth,
equivalent to that of the 30-week gestation newborn human (Hagberg et al., 2002; Marret et
al., 1995). Furthermore, specific precautions were implemented to avoid some of the
potential confounders of IH. This model of neonatal IH-exposed mouse manifested a modest
to severe decrease in oxygen saturation that was accompanied by slow heart rate, and was
ultimately associated with hypomyelination in the nervous system.

2. MATERIALS AND METHODS

2.1 Animals

P2 wild-type C57BL/6 pups and nursing dam(s) (Jackson Laboratory, Bar Harbor, ME)
were housed in an isolated room equipped with computer-controlled hypoxic chambers. All
procedures were supervised by the UofL. Research Resources Center - an AALAC approved
facility and performed in accordance with the guidelines of the Animal Care and Use
Committee of University of Louisville School of Medicine, and the NIH requirements for
care and use of laboratory animals.

2.2 Short-term neonatal IH exposures

Neonatal C57BL/6 P2 pups with 1.2-1.8g body weight were culled before exposures. Eight
pups were divided into two groups—intermittent hypoxia group (IH) and intermittent air
control group (1A). Food and water were provided ad libitum within the chamber. The IH
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paradigm was adopted as alternations of 20.9% O, and 8.0% or 5.7% O, leading to 120 s or
140 s cycles (25-30 episodes per hour) for 6 hours a day during daylight hours (Figure 1).
The nadir of ambient oxygen level in the chamber was continuously monitored with an
oxygen sensor and periodically calibrated via another oxygen analyzer placed at the mouse
nose level next to the den area in the cage. The IH exposure window was selected as the
period between P2 to P10 neonatal stages, since such period is roughly equivalent to that of
human brain development in the perinatal period; just prior to the intense myelination,
axonal maturation and synapse formation that occurs immediately thereafter (Hagberg et al.,
2002; Marret et al., 1995). The pups under either 1A or IH exposure were nursed by a
pseudo foster mother in a separate cage with home-cage bedding for 6 hours, and then
stayed with their genetic mother for the rest of the day. The non-pregnant pseudo dam had
been housed with a lactating dam before the experimentally exposed pups were born and
during the 12-hour dark cycle in the days of IA/IH exposures. All animals were assigned to
identical custom-designed chambers (15”x16”x16"”, Oxycycler model A84XQV,
BioSpherix, Lacona, NY) to be operated under 12-hour light-dark cycle (10:00am—
10:00pm). Humidity, ambient CO, (<0.03%) and environmental temperature (26°C) in the
chambers were periodically monitored and maintained during exposures. After IH
exposures, pups were transferred to room air conditions with the lactating dam until sacrifice
for tissue collection.

2.3 Arterial oxygen saturation, breath and heart rate measurements

Avrterial oxygen saturation (S,0>), respiratory rate, and cardiac pulse rate were recorded on
unanesthetized P2 to P7 1A- or IH-treated pups using the MouseOx Pulse Oximeter (STARR
Life Sciences Corp., Oakmont PA). One sentinel pup from each exposure group was
instrumented for two hours and the mouse pup collar clip (XS size for 1-15¢g body weight)
with sensor probe (4 mm) was positioned on the temporal regions of the head. Data were
collected before, during and after intermittent hypoxia exposure, and were analyzed with
WinDaq Waveform Browser software only during error code-free periods.

2.4 Electron microscopy

Three P10 IH-insulted pups and their 1A counterparts were anesthetized by pentobarbital
and perfused intracardially with 3% glutaraldehyde in 0.1 M cacodylate buffer (pH7.2) at
room temperature. The optic (CNS) and trochlear (PNS) nerves were removed and postfixed
in 1% osmium tetroxide in cacodylate buffer. Tissues were rinsed in buffer, dehydrated in
graded ethanol and propylene oxide, and embedded in Embed812 epoxy resin (Electron
Microscopy Sciences, Fort Washington, PA). Ultrathin sections were prepared from distal
ends of the nerves and stained with uranyl acetate/lead citrate. The micrographs were
randomly captured from three different fields of the section per animal under a Philips
CM10 transmission electron microscope (2—4 optic axons/field, 5-7 trochlear axons/field).
The diameters of axons and myelinated fibers were measured via NIH ImageJ software,
followed by g-ration (ratio of axonal diameter to fiber diameter) calculation.

2.5 Statistical analyses

All data were shown as mean+SD. The comparisons of three types of exposures (air, 8% Oo,
5.7% O,) at different postnatal stages were performed using two-way ANOVA followed by
post-hoc tests. Differences were considered as statistically significant for p values <0.05.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2012 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

CAletal. Page 4

3. RESULTS

3.1 Somatic growth of naive, 6-hr daily fast, and 6-hr IA treated newborn pups

Considering some of the potential confounding factors, including lower lactation capacity
and/or nutrients intake due to stress, psychological or airflow noise stress, and fast during
the 6-hrs of 1A or IH exposures, we compared the body weights of naive pups with those of
pups exposed to 6-hr daily fast, and to those exposed to 6-hr I A exposures (Figure 2A).
Significant differences in body weight were observed at the different ages. At the same
postnatal stage, there were no significant differences in body weight among the three
different treatment groups after 4 days (P6) or 8 days (P10) of treatment (Figure 2B,
p>0.05), suggesting that 6-hr daily fast and 6-hr A exposures for eight days were unlikely to
cause malnutrition and growth retardation of pups. Consequently, IA exposures were
retained as an adequate control condition for subsequent experiments involving IH
exposures.

3.2 Effect of intermittent hypoxia on neonatal body and brain weights

Previous studies have shown that gestational intermittent hypoxia leads to restricted fetal
and neonatal somatic growth and brain development in rodents (Gozal, et al., 2003;
Schwartz et al., 1998). Thus, we examined if neonatal IH would affect somatic and brain
weights during development. Compared to 1A-treated pups, 1H-exposed pups showed
slightly less body weight. However, such changes did not reach statistical significance after
8 days of treatment or 20 days of post-exposure, independent of whether 8.0% or 5.7% nadir
fraction of inspired oxygen (F,O,) were employed (Figure 3, p>0.05). No differences in
brain weight emerged after 8 days exposure to IH cycles and twenty days after cessation of
IH exposures (Figure 4, p>0.05). Thus, IH exposures using either 8% or 5.7% F,O5, as the
nadir concentration suggest that this exposure paradigm of neonatal I1H fails to induce
evidence of severe gross retardation in somatic and brain development.

3.3 Effect of intermittent hypoxia on neonatal oxygen saturation, heart and breath rates

Pulse oximetry, heart and respiratory rates were measured on conscious pups within the
chamber before, during, and after IA or IH (5.7% or 8% nadir F|O5) exposures. The resting
heart and respiratory rates significantly increased during the development (Figure 5A-D,
Table 2). Under the room air or 1A exposures, the declined heart beating usually elicited an
oxyhemoglobin desaturation on neonatal pups (Figure 5A, B, D, E, H, I, and L; black
arrowheads). During the IH exposures, pulse oxyhemoglobin saturation (SpO,) changed in a
recurrent manner that paralleled the deoxygenation/reoxygenation cycles (Figure 5F, G, J,
and K). Either a modest (8% F;O,) or a more severe (5.7% F|O,) oxygen desaturation
returned to normoxic levels similar to 1A controls during the 20.9% F,0O, portion of the
exposure cycle and after four days exposures (Table 2). Noticeably, heart rate significantly
declined during the hypoxic part of the cycle at P2 (Figure 5F and J, white arrowheads) but
not at P6 (Figure 5G and K, Table 2). Instead, the breath frequency was increased in
response to hypoxia-induced oxyhemoglobin desaturation at P6 (Figure 5G and K, arrows;
Table 2). Tachycardia was found in post-hypoxic mice, especially in the IH-exposed group
of 5.7% F|O, (Table 2), while bradycardia episodes occurred sporadically when the
respiratory reflex missing (Figure 5D, H and L, black arrowheads).

3.4 Intermittent hypoxia-induced hypomyelination in neonatal mice

Previous reports of brain imaging studies conducted on adult sleep apnea or congenital
central hypoventilation syndrome (CCHS) patients reported extensive axon and myelin
alternations in the brain (Macey et al., 2008; Kumar et al., 2008, 2010). Furthermore,

peripheral evidence would suggest improved CNS structural development in premature
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infants who were treated with caffeine for AOP (Doyle et al., 2010). To determine if
neonatal IH exposures would cause dysplastic changes in the mouse nervous system, we
examined the ultra-structural morphology of the optic nerve and cranial nerves (e.g.
trochlear nerve) using electron microscopy (EM) in P10 IH-exposed pups. Such unbiased
assessments, which were conducted by an investigator blinded to the nature of the exposure,
revealed that IH-exposed axons of optic nerves were myelinated scatteredly and had much
thinner myelin lamination than 1A-treated fibers (Figure 6A, C, p<0.01). Furthermore,
although the size of axons did not differ between IA- and IH-treated groups in the trochlear
nerves, the thickness of the myelin sheath relative to the axon diameter was significantly
reduced in IH-exposed mice (Figure 6B, C, p<0.01), suggesting that neonatal apnea-
associated IH may induce hypomyelination in the developing nervous system.

4. DISCUSSION

In this study, intermittent hypoxia was targeted as the hallmark feature of the model such as
to resemble AOP. The severity of the hypoxic stress is dependent on the nadir of F|O, in the
chamber, the duration of F|O5 at the nadir, the number of hypoxic events per hour, the
number and timing of hypoxic episodes within a day, and the number of days or weeks of
total exposure period. The rodent neonatal models of IH have been reported to adopt 5%
(rat) or 11% (mouse) F,O, with the duration at the nadir from 18 (rat) or 576 (mouse)
minutes a day (Fan et al., 2005; Pawar et al., 2008). We set up two hypoxic treatments, 5.7%
F10, and 8% F,0,, for comparing the different levels of IH impact on gross and neural
development. The nadir FjO, was maintained at 5.7% or 8% for 20 seconds. The paradigm
we applied in this study was between 50 to 60 minutes a day, which is much milder than the
previous reports. For experimental feasibility and simplicity purposes, we concentrated the
hypoxia/reoxygenation episodes into a 6 hours period during daylight. Although there is no
consensus regarding the average frequency of apneic events in premature infants, severe
events occurring approximately 4-6 times an hour interspersed with more common short
apneic episodes (i.e., respiratory pauses > 3 seconds but < 20 seconds without bradycardia
and oxygen desaturation) have been observed (Bader et al., 1998; Berterottiere et al., 1990;
Henderson-Smart and Steer 2010; Nock et al., 2004). These events may alter carotid body
activity and further increase apnea frequency (Al-Matary et al., 2004; Cardot et al., 2007;
Nock et al., 2004). In view of these clinical observations and the known higher hypoxic
tolerance in mice, we opted for 25~30 hypoxic episodes per hour in our model (Figure 1).
Perhaps more importantly, the retained IH profile induced bradycardia and intermittent
oxygen desaturation as those found in AOP (Figure 5, Table 2).

The perinatal period is a very susceptible and vulnerable window to environmental
perturbations, in which maternal nursing patterns are considered to impose a major adverse
impact on long-term development. Exposure of the maternal dam to hypoxic conditions
more than two hours a day decreased maternal weight gain and food intake significantly
(Schwartz et al., 1998). Repeated episodes of hypoxia and other stressors may also decrease
lactation capacity and alter milk composition in the foster dam by activating the
hypothalamus-pituitary-adrenal (HPA) axis (Catalani et al., 2010; Ma et al., 2008), where
corticosterone is released and then taken by the suckling pups via the milk (Angelucci et al.,
1983; Yorty et al., 2004). Additionally, maternal-pup separation and exposure to a new
environment can elicit the stress response in both the dam and/or the pups (Moles et al.,
2004; Sung et al., 2010). All of the above-mentioned considerations could then result in
developmental delay in the offspring, and confound the phenotype elicited by IH. To
overcome these limitations, only the original C57BL/6 lactating dam was housed to provide
breast milk to the pups under room air conditions (Figure 2). Pup litters were culled to a
standard number to ensure adequate nutrition and minimize their somatic growth
differences. A female mouse substitute, housing with the lactating dam during the period
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without 1A and IH exposures, acted as a nursing dam to keep mother-offspring interaction in
a separate cage containing home-cage bedding when pups were receiving IA or IH
treatments, and thus reduce the stress in pups from maternal-pup separation and unfamiliar
odor stimuli (pseudo dam and nest). Following these precautionary procedures with our
milder IH paradigm, neither body weights (Figure 3), nor brain weights of pups (Figure 4)
were significantly reduced in their gross development as a consequence of IH. Nevertheless,
the developmental retardation may still occur after a longer period of IH insults due to
cumulative effects of hypoxic stress as reported before (Farahani et al., 2008; Soukhova-
O’Hare et al., 2006). We should also remark that excessive auditory stimulation may create
negative physiologic responses such as apnea, bradycardia, increased blood pressure,
changes in oxygen saturation, and alterations in sleep-wake states. However, the rodent
auditory system is not mature until P10, since the auditory brainstem response is not yet
established or functional (Ehret 1985; Freeman et al., 1999). Therefore, we assumed that the
airflow-induced noise in the chambers did not elicit a severe stress response and was not
eventually associated with any gross developmental stunt (Figure 3 and 4).

Oxyhemoglobin desaturation and bradycardia are two major signs in AOP. Apena or
hypoventilation initially causes a fall in oxygen saturation, which in turn triggers a reflex
bradycardia (Adams et al, 1997; Henderson-Smart et al., 1986; Miller and Martin, 1998).
The neonatal model of IH in this study demonstrated that both oxygen saturation and heat
rate significantly declined in general during IH exposures (Table 2). Recurrent oxygen
desaturation was in concert with FjO5 switching (Figure 5F, G, J, and K). At P2, the
respiratory center located in the medulla oblongata and respiratory muscles had not fully
developed, thus a breathing response to falling oxygen saturation through the peripheral
chemoreceptor reflex was still absent or ineffective and induced severe bradycardia events
emerging around the nadir of hypoxia/oxygen desaturation episodes (Figure 5F and J, white
arrowheads). After four days development, the respiratory frequency was augmented
without obvious change in heart rate when oxygen desaturation occurred (Figure 5J and K,
arrows), indicating that breathing response is becoming mature and respiratory
compensation functions. However, one day later after IH treatment was withdrawn (P7), an
accelerated heart beat was observed in IH-treated groups and RR was maintained as the
same levels as those in 1A controls, suggesting that intermittent hypoxia could elicit long-
lasting alterations in cardiac function. Newborn mice show a respiratory pattern of instable
breathing similar to that of preterm infants. The number and duration of apneas and periodic
breathing episodes are indicators of respiratory instability. Worthy of mention, we selected
the C57BL/6 strain in this study for its genetic predisposition of the ventilator instability.
Inbred C57BL/6 mice spontaneously exhibit central apneas and post-hypoxic frequency
decline and periodic breathing (Han et al., 2002; Stettner et al., 2008), which may compound
IH-induced pathophysiologic consequences and lead to a long-term adverse impact on
neurodevelopment even after hypoxic insult has been rectified.

Imaging studies have pointed to the occurrence of diffuse injuries in neonatal white matter
microstructure in preterm infants (EI-Dib et al., 2010; Ment et al., 2009), and multifocal
white matter lesions have also been described in CCHS patients (Kumar et al., 2008, 2010).
In our mouse model of neonatal IH, hypomyelination was found in both central and
peripheral nervous systems of the brain (Figure 6A and B). IH-exposed optic and trochlear
nerves had thinner myelin sheaths than the same structures in 1A-treated mice without
variation of axon size after 8 days exposures (Figure 6C). These findings indicate not only
that the selected FjO, was effective, but also suggested that infantile apnea-associated
intermittent hypoxia may adversely involve myelin-forming process in preterm infants. The
mechanisms underlying the disrupted myelinogenesis associated with IH insult have not
been extensively investigated. It has been reported that chronic sustained hypoxia (SH)
during murine perinatal development revealed a diffusive reduction of oligodendrocyte

Respir Physiol Neurobiol. Author manuscript; available in PMC 2012 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

CAletal.

Page 7

progenitors and disrupted white matter maturation through mechanisms that involve
activation of Al adenosine receptors (Back et al., 2006; Curristin et al., 2002). However, SH
and IH induce differential gene activation either in vitro or in vivo (Ryan et al., 2005; Zhou
et al., 2008), suggesting that IH may activate different signaling pathways on hypoxia-
induced white matter injury. Exploration of white matter impairments in other brain areas
and IH-specific pathological mechanisms will definitely require further studies.

5. CONCLUSIONS

We have here reported on a mouse model of intermittent hypoxia aiming to simulate the
hypoxia/reoxygenation events occurring in AOP. The model fulfills the current diagnostic
criteria for AOP, and reliably reproduced similar pathophysiological alterations, such as
intermittent oxyhemoglobin desaturations and bradycardia. Such events over a relatively
short period of critical CNS development yielded evidence for abnormal myelination
processes, and thus provide a useful experimental tool for future studies on infantile apnea
and preterm birth.
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Experimental paradigm of a neonatal mouse model of intermittent air (I1A) and intermittent

hypoxia (IH) exposures. A. Diagram of neonatal groups for IH or 1A treatment; B.

Schematic profile of 1A and IH exposures. F|O5: fraction of inspired oxygen.
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Figure 2.

Growth in newborn C57BL/6 mice. A. Diagram of experimental procedure for 6-hr daily
fast and 6-hr intermittent air exposures; B. Body weights at P2, P6, and P10 in naive (24-hr
nursing by lactating dam), 6-hr daily fast, and 6-hr 1A treated pups (p>0.05, n=12/each

group).
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Figure 3.

Body weight of neonatal pups after 4-day and 8-day intermittent hypoxia exposures with a
nadir of 5.7% F,0, and 8% F,0,. Body weights were measured at P2, P6, P10, and P30 in 6-
hr A and 6-hr IH treated pups (p>0.05, n=24 for IA groups, n=12 for IH groups).
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Whole brain weights after 8-day 1A or IH (5.7% F;O, and 8% F,0,) exposures and 20 days
later after cessation of exposures (p>0.05, n=12/each group).
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Figure 5.

o 100 200 300

Effect of IH on pulse oxygen saturation (SpOy), heart (HR) and respiratory (RR) before,
during and after exposures in P2, P6 and P7 neonates. Representative graphs of SpO,, HR,
and RR under IA (A-D) and IH (E-L) exposures with a nadir of 8% (E-H) or 5.7% F,0, (I-

L) were shown at lower time scales.
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Figure 6.

Representative electron micrographs of myelin ultra-structure in transverse sections of P10
optic and trochlear nerves under 1A or IH (8% F,O,) exposures, respectively. The transverse
sections for EM examination were prepared from distal optic nerve (A) and trochlear nerve
(B). (C) The average of axon diameters and g-ratios categorized by axon diameter range in
IA- and IH-exposed groups. N: the number of total axons randomly captured from three
different fields of each section per pup and three pups for each group. Error bar: standard
deviation. Scale bar: um. * represents p<0.01
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