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Abstract

Obesity and male sex are main risk factors for sleep-disordered breathing (SDB). We have shown that male diet-induced obesity
(DIO) mice develop hypoventilation, sleep apnea, and sleep fragmentation. The effects of DIO on breathing and sleep architecture
in females have not been investigated. We hypothesized that female mice are less susceptible to the detrimental effects of DIO on
sleep and SDB compared to males. Female DIO-C57BL/6] and lean C57BL/6] mice underwent 24-hour metabolic studies and were
exposed to 8% CO, to measure the hypercapnic ventilatory response (HCVR), and sleep studies. Ventilatory response to arousals
was calculated as ratio of the average and peak minute ventilation (V,) during each arousal relative to the baseline V,. Breathing
stability was measured with Poincaré plots of V,. Female obesity was associated with decreased metabolism, indicated by reduced
oxygen consumption (VO,) and CO, production (VCO,). V, in 8% CO, and HCVR were significantly attenuated during wakefulness.
NREM sleep duration was reduced in DIO mice, but REM sleep was preserved. Ventilation during NREM and REM sleep was aug-
mented compared to lean mice. Arousal frequency was similar between groups. Obesity increased the frequency of spontaneous
arousals, whereas the apnea index was 4-fold reduced in DIO compared to lean mice. Obesity decreased pre- and post-apnea arous-
als. Obese mice had more stable breathing with reduced ventilatory response to arousals, compared to lean females. We conclude
that obese female mice are protected against SDB, which appears to be related to an attenuated CO, responsiveness, compared to
the lean state.
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Graphical Abstract

The effect of diet-induced obesity on sleep
and breathing in female mice
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Statement of Significance

Diet-induced obesity (DIO) in male mice is associated with sleep-disordered breathing (SDB) and sleep fragmentation. The effects
of DIO on sleep and breathing of female mice have not been investigated. We showed that female mice were less susceptible to the
detrimental effects of DIO on sleep and SDB. Female DIO mice showed reduced apnea severity and more stable breathing during
sleep compared to lean mice. Obesity in females did not exacerbate sleep fragmentation, but it shifted the etiology of arousals as
obese mice had more spontaneous arousals compared to lean females. CO, sensitivity and ventilatory responses to arousals were
attenuated in obese females. Our data suggested potential sex differences in the effects of DIO on sleep and SDB in mice.

Introduction

Obesity is a public health problem and a major risk factor for
several chronic diseases, including sleep-disordered breathing
(SDB) [1-3]. SDB in patients with obesity is frequently manifested
as obstructive sleep apnea (OSA). OSA is characterized by recur-
rent episodes of upper airway collapse and hypoventilation during
sleep. OSA affects approximately 41%-50% of men and 23%—26%
of women in the general adult population [4, 5] with the preva-
lence exceeding 80% in obese men and 50% in obese women [4].
Female sex appears to protect against SDB development in obe-
sity, although clinical and epidemiological data are confounded by
multiple variables, including higher prevalence of cardiometabolic
disorders and visceral type of fat distribution in obese males [6-8].

Our group has extensively studied a mouse model of obesi-
ty-induced SDB. We have shown that male diet-induced obesity
(DIO) mice develop SDB [9, 10]. Male DIO mice have higher partial
pressure of arterial CO, (PaCO,), sleep hypoventilation, increased
apnea severity, unstable breathing, and more frequent arousals
from sleep compared to lean males. These findings resemble the
effects of obesity on sleep and SDB in obese men. The effect of
DIO on sleep and breathing in female mice is unknown.

In this study, our main goal was to examine whether DIO
female mice develop SDB. We hypothesized that female mice are
less susceptible to the detrimental effects of DIO on breathing
and sleep compared to males. We analyzed breathing patterns
and sleep architecture in female DIO and lean mice on the same
genetic background, using four approaches. First, we evaluated
metabolism and respiratory CO, sensitivity. Second, we examined
the macrostructure of sleep and sleep fragmentation. Third, we
quantified ventilation during sleep and analyzed SDB severity
using conventional apnea metrics and an objective measure-
ment of breathing stability. Fourth, we examined the relationship
between arousals and ventilation by assessing the time relation-
ships between arousals and respiratory events.

Methods

Animals and study design

Female C57BL/6] mice were purchased at 8-10 weeks of age
from Jackson Laboratory (#000664, Bar Harbor, MA). Twenty-four
mice were fed with regular chow diet (3.0 kcal/g, 13% kcal from
fat) and 30 mice were fed a high-fat diet (60% of kcal from fat,



D12492, Research Diets, New Brunswick, NJ) for 12 weeks. Out of
the 30 females kept on high-fat diet, 19 mice showed significant
weight gain and DIO (63.3%), and were included in the protocols.
The remaining 11 females were excluded from the study. When
mice reached 20 weeks of age, they underwent the following pro-
tocols: (1) 24-hour metabolic studies, (2) acute exposure to 8%
CO, to examine the hypercapnic sensitivity during wakefulness,
and (3) full-polysomnography to assess sleep architecture and
breathing during sleep. Water and food were provided ad libitum
to both groups. Mice were housed under thermoneutral condi-
tions (~28-30°C room temperature) in a 12:12-hour light/dark
cycle with lights-on at 07:00 am. Mice were euthanized by anes-
thetic overdose and cervical dislocation following the completion
of the protocols. All experimental procedures were approved by
the Johns Hopkins University Animal Care and Use Committee
(#MO21M165) and complied with the policies of American
Physiological Society Guidelines for Animal Studies and ARRIVE
guidelines.

Estrous cycle assessment

All mice were subjected to vaginal lavages at the day of the
experiments to determine their estrous phase. All vaginal smears
were performed in the morning between 09:00 am and 10:00 am.
Samples were collected using a micropipette and sterile pipette
tips filled with 100 pL of autoclaved distilled water. Mice were
restrained and the pipette tips were gently placed on the opening
of vaginal canal. Smears were obtained by releasing the distilled
water into the vagina and pushing it back up to the pipette 34
times. The 100 pL samples were spread on Superfrost plus slides
(Thermo Scientific, Waltham, MA) and stained with 0.1% crystal
violet solution [11]. Slides were covered with glycerin and glass
cover slips, and the smears were examined under light micros-
copy using 10x magnification. The phases of estrous cycle were
determined based on the type of cells predominating on the
slides as previously reported [12]. Briefly, proestrus was deter-
mined by the predominance of nucleated epithelial cells. Estrus
was characterized by the presence of cornified epithelial cells
with no noticeable nucleus. Metestrus was defined as a stage
with predominance of leukocytes and the presence of cornified
epithelial cells. Diestrus was determined by the predominance of
leukocytes and few epithelial cells.

Metabolic studies

Ten mice (5 mice per group) underwent 24-hour metabolic stud-
les as previously reported [13-15]. The percentage of fat/lean
mass was assessed in all animals by placing each mouse into
a nuclear magnetic resonance spectroscopy system (Echo MRI
3-in-1 analyzer, Houston, TX). Mice were individually housed in
Comprehensive Laboratory Animal Monitoring System (CLAMS)
units and metabolism was measured by indirect calorimetry.
Mice were placed in the CLAMS units at 11:00 am and the fol-
lowing 24 hours were used as acclimation. Recordings started at
11:00 am of the next day and lasted for 24 hours. CLAMS units
were set at ~30°C (thermoneutral) and airflow of 600mL/min. All
mice received water and food ad libitum during the entire study.
Daily food intake was estimated by subtracting the weight of the
food holder before and after the studies, and dividing it by 2 to
account for the 48 hours that the mice were housed in the CLAMS
units. Oxygen consumption (VO,), CO, production (VCO,), and res-
piratory exchange ratio (RER) were sampled every 11 minutes of
recording and averaged by light-phase and dark-phase. VO, and
VCO, were normalized by body weight. Infrared beam sensors in
the CLAMS units were used to estimate total locomotor activity.
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Ventilatory responses to CO,

We analyzed hypercapnic sensitivity during wakefulness in five
DIO mice (same mice from metabolic studies) and nine lean
females (five from metabolic studies) as described by our group
[13, 16]. Measurements were performed in a whole-body plethys-
mography (WBP) chamber using LabChart 7 Pro (ADInstruments,
CO) after one day of acclimation. Mice were exposed to three
cycles of hypercapnia (8% CO, at 20.9% FiO, balanced in N,) of 5
minutes/each. CO, exposures were alternated with 20 minutes of
recordings under room air conditions. Breaths were selected from
sections of quiet wakefulness, which were defined as epochs in
the absence of moving artifacts in the flow channel. Tidal vol-
ume (V,) and respiratory rate (RR) were measured and V, was
calculated as V, = V. x RR. V, was normalized by body weight.
Hypercapnic ventilatory response (HCVR) was calculated by the
slope between V, and percentage of CO, via a linear least-squares
regression analysis.

EEG and EMG electrodes implantation

Fourteen DIO and 15 lean females were implanted with EEG elec-
trodes and EMG leads as previously described [9, 10, 13-15, 17].
Animals were initially weighted and anesthetized with 2% iso-
flurane. Subsequently, mice were placed in a stereotaxic frame
and received 1.0%-1.5% isoflurane during the surgery through
a nasal mask at 2L/min flow. All surgical procedures were per-
formed under aseptic conditions. Mice had their head shaved and
cleaned up with betadyne scrub solution. A midline incision was
performed and connective tissues were gently removed from the
surface of the skull using sterile cotton tips. A four-pin EEG head-
mount (Pinnacle Technology, Lawrence, KS) was glued above the
bregma and 2 holes were gently made into the skull in the pari-
etal and frontal areas, bilaterally, using a 22G needle. Two pairs of
EEG electrodes were securely screwed to the holes coated with sil-
ver conductive epoxy. One insulated EMG lead was inserted over
the nuchal muscle, bilaterally, and secured using 6-0 silk suture.
The area surrounding the headmount was closed with dental
acrylic. The animals received 0.05mg/kg buprenorphine (s.c.) at
the end of the surgery and for atleast 3 days post-surgery or until
no signs of pain were observed. Mice recovered for 2 weeks until
the sleep studies.

Full-polysomnography

Mice underwent full-polysomnographies in a WBP chamber as
extensively reported by our group [9, 10, 13-15, 17]. Oxyhemoglobin
saturation (SpO,) was measured using a pulse oximetry collar
(STARR Life Sciences Corp., PA). All mice were acclimated to the
WBP and to the SpO, collar for at least 1 day before the sleep stud-
ies. Sleep studies were performed during light-phase, totalizing 6
hours of recording (from 10:00 am to 04:00 pm). Measurements
were conducted under thermoneutral condition (~28-30°C) and
at a humidity of 90% inside of the WBP chamber. Rectal body tem-
perature was measured before and after the studies. Temperature
inside of the WBP chamber was assessed at the end of the record-
ings. Studies were recorded in LabChart 7 Pro (ADInstruments,
CO) and sampled at a rate of 1000 Hz. The WBP tidal volume was
obtained from the pressure signals inside of the WBP chamber
using the Drorbaugh and Fenn equation [18]. Required param-
eters for this equation included mice body temperature, cham-
ber temperature, barometric and water pressures, and chamber
gas constant. Respiratory effort was assessed with sensor blad-
ders placed above and under the platform of the WBP chamber.
The sensor bladders were attached to pressure transducers and
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estimated respiratory efforts based on mechanical deformations
of the mice’s torso [15, 19].

Sleep-wake stages were scored in 5 second-epochs using
visual analysis of the EEG signals. Stages were assigned when
they comprised >50% of each epoch (>2.5 second). NREM sleep
was determined as the predominance of high amplitude and
low-frequency band (~2-5 Hz) in the EEG. REM sleep was defined
as the predominance of low amplitude and mixed frequencies in
the EEG (~5-10 Hz) [10, 13, 14]. Sleep efficiency was calculated as
the ratio between the total sleep time and time after sleep onset.

Sleep ventilatory analysis

We performed breath detection analyses to assess ventila-
tion during sleep as previously described [9, 10, 13-17]. Briefly,
stretches of ~20 seconds of breaths during NREM sleep were man-
ually sampled every 30 minutes of sleep recording. Considering
the short duration of REM episodes in mice within the 6 hours of
recording [9, 10], all breaths during REM sleep were examined. RR
and maximal inspiratory airflow (Vmax) were measured. V, was
calculated by integrating the flow over the duration of each inspi-
ration. V, was calculated as V, =V./T, where T is the duration
of breath from inspiration to end expiration. V, was normalized
by body weight. Analyses were performed in R version 4.2.2.

SDB parameters

SDB in female mice was examined using the following param-
eters: (1) apnea index, (2) mean levels of SpO,, (3) percentage of
flow limitation, and (4) breathing stability during sleep. Apneas
during sleep were manually scored as breathing interruptions
(290% flow reduction) for at least 2 breath cycles or >0.7 sec-
onds. Apnea index was calculated by the total number of apneas
divided by the total sleep time in hours. Mean SpO, values were
calculated in NREM and REM sleep. Inspiratory flow limitation
(IFL) was assessed based on an algorithm developed by our
group using airflow characteristics and respiratory effort sig-
nals [15, 19]. IFL was defined as breaths with early inspiratory
plateau detected in the flow associated with continued increase
in the respiratory effort. Percentage of IFL was determined by
dividing the flow-limited breaths by the total number of breaths
obtained from the breath detection analysis. Breathing stability
was examined using Poincaré method as previously described by
our group [10]. In order to examine variability in breathing across
the entire sleep recording, we assessed V, in all NREM and REM
sleep epochs. V, was calculated by the rectified moving average
of the airflow using Matlab (Mathworks, Natick, MA, USA). We
applied a commonly used method to analyze periodic signals
called demodulation. In this method, the ventilatory flow signal
is rectified then smoothed. Integrating flow over a time interval
and dividing by that duration mathematically equivalent to the
mean of the flow over this window. Since rectifying the ventila-
tory signal counts both inspiration and expiration, we divided
the value by 2. V, was averaged every 0.5 seconds to provide
individual data points throughout sleep and normalized by the
mice’s body weight on the day of the sleep study. As previously
reported [10], the 0.5 seconds duration was arbitrarily chosen for
being in a range of ~2 breaths in mice, allowing to analyze the
associations between respiratory stability and apneas defined
as breathing interruptions for >2 breath cycles. The individual
0.5 seconds V, data points were plotted against the preceding V,
data point using a scatterplot graph. Breathing variability dur-
ing sleep was estimated by calculating the standard deviation
of the distance perpendicular to the line of identity (short-term

variability, SD1) or in parallel to the line of identity (long-term
variability, SD2). SD1 estimates fast breathing oscillations (e.g.
“breath-to-breath”), while SD2 represents ventilatory variations
across sleep. Increased breathing instability was defined as
higher SD1 and SD2 values.

Sleep fragmentation and ventilatory responses to
arousals

Arousals from sleep were manually scored as abrupt increases in
the frequency of EEG signals for at least 0.5 seconds and less than
2.5 seconds (<50% of each sleep epoch). Arousals were marked in
one of the EEG channels when they were preceded by at least 2.5
seconds of stable sleep. In REM sleep, EEG arousals were scored
when associated with increases in EMG activity. Arousal index
was calculated as the total number of arousals divided by the
total sleep time in hours.

We examined the etiology of the arousals based on whether
they were preceded by an apnea, which could indicate that the
arousal was provoked by a respiratory disturbance. As previously
reported by our group [10], the probability of the onset of an apnea
was increased for approximately 5 seconds after the onset of an
arousal until falling back to baseline values. Mice exhibited a 2.5
seconds interval between the peak of V, during arousal (time from
arousal 0 seconds) and the return to the baseline V, values. Based
on these intervals, we classified arousals as pre-apnea, post-apnea
(i.e. respiratory arousal), or spontaneous. Pre-apnea and post-ap-
nea arousals were defined as events in which apneas were fol-
lowing or preceding an arousal, respectively, within a window of
2.5 seconds from the onset of the apnea. Arousals not associated
with apneas were classified as spontaneous. We calculated the
peak V, at an arousal and the average V, during an arousal (0.0-2.5
seconds after the arousal) for each arousal in all mice from the
rectified moving average of the flow (as described for the Poincaré
analysis). We used this approach in order to analyze the tempo-
ral relationship between arousals and V, across the entire record-
ing. Because of the high number of arousals, it was infeasible to
apply breath-by-breath methods to calculate the RR. Ventilatory
responses to arousals were estimated by calculating two V| ratios
in each mouse: (1) ratio between the average V, during arousal (2.5
seconds duration) relative to baseline V,; and (2) ratio between the
averaged peak V, at an arousal and the baseline V,. Baseline V,
was calculated from all breaths (NREM and REM sleep) selected in
our breath detection analysis as described above. V, ratio values
>1 indicated increases in ventilation relative to baseline. Analyses
were performed in Matlab (Mathworks, Natick, MA, USA).

Leptin levels

Blood samples were collected after the completion of the protocols
and immediately centrifuged at 3500 rpm for 15 minutes at 4°C.
Plasma samples were stored at —80°C. Circulating levels of leptin
were measured by ELISA (Millipore, MA) in 8 DIO and 9 lean females.

Statistical analyses

All analyses were performed using R version 4.2.2. Data were
tested for normality and homogeneity of variance using
Shapiro-Wilk test and F-test, respectively. Independent t-test
and Mann-Whitney U test were used to compared normally and
non-normally distributed variables, respectively. Distribution of
estrous cycle stages was analyzed by chi-squared test. Data were
plotted using boxplots (median + 1.5'IQR). Descriptive statistics
were presented as mean + standard error of the mean (SEM). p <
0.05 was considered statistically significant.



Results

Obesity reduces metabolism in female mice

Body weight in female DIO mice was on average 63% greater
than in lean mice (Table 1), which was similar to the levels of
obesity observed in our male DIO model [10]. Obesity in females
was also characterized by increased percentage of body fat mass
and robust hyperleptinemia (leptin levels >30 ng/mL). Food con-
sumption by weight was similar between groups, but the daily
intake of calories was significantly higher in DIO mice (Table
1). No significant differences were observed in the body tem-
perature and the distribution of estrous cycle stages between
lean and obese mice. Based on vaginal smears, the majority
of obese and lean females were in proestrus and estrus on
the day of the experimental procedures. Figure 1 depicts the
results from the 24-hour metabolic studies. Compared to lean
females, DIO females showed significant reduction in metab-
olism. During light phase, VO, and VCO, were decreased by
16% and 26%, respectively, and RER was also reduced (Figure
1A). During dark-phase, VO, and VCO, were decreased by 33%
and 45% respectively, but the differences in RER did not reach
statistical significance (Figure 1B). No significant differences
were observed in total locomotor activity. We performed addi-
tional analyses normalizing VO, and VCO, by lean body mass
instead of body weight. Overall, no significant differences were
observed in VO, during dark-phase and VCO, during both light-
and dark-phase. However, VO, during light-phase was signifi-
cantly increased in DIO mice compared to lean females (3.4 =
0.2 vs. 2.8 £ 0.1 mL/kg/h; p = 0.016). Thus, relative hypometabo-
lism in female DIO mice appears to be related to increased fat
body mass.

Obesity attenuates CO, sensitivity in females

We examined ventilatory responses to 8% CO, in awake females.
Normalized V, under room air was similar between groups,
but significantly reduced at 8% CO, in DIO mice compared to
lean females (Figure 2A). However, V and RR were significantly
higher in DIO under room air and at 8% CO, (Figure 2B-C), which
suggests that increases in ventilation are proportional to weight

Table 1. Basic Characteristics of Female DIO and Lean C57BL/6] Mice.
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gain in females. HCVR defined by the slope of V, was reduced
in obese females compared to lean mice (Figure 2D), suggest-
ing that obesity in females is associated with an attenuated CO,
sensitivity.

Female obesity reduces sleep duration, but does
not cause sleep fragmentation

Total sleep duration was significantly decreased in DIO mice com-
pared to lean C57BL/6] group (Figure 3A), which was attributed to
a reduction in NREM sleep (Figure 3B), but not in REM sleep (Figure
3C). Overall, obesity was not associated with major changes in
macrostructure of sleep indicated by similar values of sleep effi-
ciency (Figure 3D), number of sleep bouts (Figure 3E-F), and aver-
aged duration of bouts (Figure 3G-H) between groups. The level of
sleep fragmentation was also similar between DIO and lean ani-
mals as both groups showed an arousal index of approximately
78 events/hour (Figure 3I). We performed additional analyses
removing the mice in diestrus and metestrus phases on the day
of the sleep study and the arousal index remained unchanged
between groups. These findings may suggest that obesity leads to
shorter sleep duration, but does not induce sleep fragmentation
in female mice.

Obesity is associated with augmented breathing
during sleep and decreased SDB severity in
female mice

Female DIO mice showed an increase in their V; during sleep,
which was proportional to weight gain in both NREM and REM
sleep (Figure 4A-B), similar to the results observed in the HCVR
measurements (Figure 2A-C). Augmented V, was associated with
increases in both RR and V. in DIO mice during NREM and REM
sleep (Figure 4A-B). In obese females compared to lean C57BL/6]
mice, Vmax was 27% and 41% higher in NREM and REM sleep,
respectively (Figure 4A-B). DIO in females was associated with
a decreased SDB severity. DIO mice showed >4-fold reduction in
the apnea index compared to lean mice (14.7 + 3.9 vs. 74.2 + 11.9
events/hour; Figure SA) with apneas being significantly shorter
(Figure 5B). We performed additional analyses removing the mice
in diestrus and metestrus phases on the day of the sleep study

Lean C57BL/6] mice DIO mice P-value

N 15 14
Body weight (g) 233+04 38.0+1.0 <0.001
Body temperature (°C) 35.9+0.2 359+0.3 0.818
Estrous cycle stage (%)

Proestrus 6 (40.0%) 4 (28.6%) 0.277

Estrus 8 (53.3%) 5 (35.7%)

Metestrus 0 (0.0%) 1(7.1%)

Diestrus 1(6.7%) 4 (28.6%)
N 5 5
Fat mass (% of body weight) 16.2+3.7 425+15 <0.001
Lean mass (% of body weight) 755+3.1 540+14 0.008
Daily food intake (g) 1.4+02 1.7+04 0.833
Daily calories intake (kcal) 42+04 86+23 0.035
N 9 8
Plasma leptin (ng/mL) 34+06 345+47 <0.001
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Figure 1. Metabolism over 24 hours in female DIO and lean C57BL/6] mice. Obesity significantly reduced metabolism during (A) light-phase and (B)
dark-phase. Data are shown as median + 1.5 IQR. Mann-Whitney U test. VO,: oxygen consumption; VCO,: CO, production.

P=0.004 P=0.007
. 8 P<0.001 0% o = 350 % s Sos rm
o == £ pe0.00s =o= =% 3 % >
c = =0.
€ @ € o3 r —/ ° g_ 250 < 08
5 a 8 P=0.076 = ‘
E 02 == x [ —

E = @ o R & 200 a . < o4
= 2 e > 04 N 150 % =5 &

0 0.0 L o2

Room air | 8% CO,| 'Roomair|  [8% CO,] Roomair| 8% CO,|

[ & c57BL/6J (n=9) & DIO (n=5) |

Figure 2. Obesity reduced CO, sensitivity during wakefulness in female mice. (A) Normalized minute ventilation (V,) under room air condition was
similar between DIO and lean C57BL/6] mice. However, normalized V, at 8% CO, + 20.9% O, was significantly reduced in DIO mice. (B) Tidal volume
(V,) and (C) RR were significantly increased in obese females compared to lean mice under room air and at 8% CO,, which may suggest that increases
in ventilation are proportional to weight gain in females. (D) DIO mice showed a reduced hypercapnic ventilatory response (HCVR) compared to lean
mice. Data are shown as median + 1.5*IQR. Independent t-test and Mann-Whitney U test.

and the apnea index remained unchanged between groups. The
degree of upper airway obstruction did not differ between DIO
and lean mice, indicated by similar percentage of IFL breaths dur-
ing NREM and REM sleep in both groups (Figure 5C-D). Mean SpO,
levels did not also differ between groups (Figure 5E-F). Compared
to lean mice, DIO females had more stable breathing during sleep
indicated by lower values of short-term (SD1) and long-term
(SD2) V, variability in the Poincaré analysis during NREM (Figure
6A) and REM sleep (Figure 6B). Thus, these findings suggest that
DIO in female mice stabilizes breathing during sleep and leads to
a reduced SDB severity.

Ventilatory response to arousals is attenuated in
obese females and sleep fragmentation is mainly
attributed to non-respiratory arousals

As shown in Figure 7A, we classified arousals as spontane-
ous, pre-apnea, and post-apnea depending on the presence or
absence of apneas preceding and following the arousals. Overall,

frequency of arousals was similar in both groups (Figure 3I). In
both groups, sleep fragmentation was mainly attributed to spon-
taneous arousals, accounting for 66.5% and 89.4% of all arous-
als in lean and DIO mice, respectively. However, we observed a
shift in the etiology of arousals and the frequency of sponta-
neous arousals was significantly increased in DIO mice (Figure
7B). The proportion of arousals related to apneas was elevated
in lean females due to higher apnea frequency (Figure 7C-D).
These findings suggest that the increased apnea severity in lean
females was more likely driven by arousals. Next, we examined
the ventilatory response to arousals in both groups. Baseline V,,
calculated from breaths sampled in both NREM and REM sleep,
was similar between DIO and lean females (Figure 8A). V, during
arousals (2.5 seconds window) and peak V, at arousals were both
significantly reduced in obese mice compared to lean females
(Figure 8B-C). Averaged ventilatory response to arousals across
sleep was reduced in DIO females, indicated by a 30% decreased
V, ratio (during arousal V, relative to baseline) in the obese group
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Figure 3. Sleep architecture of female DIO and lean C57BL/6] mice. Obesity significantly decreased (A) total sleep time, which was attributed to a
reduction in the duration of (B) NREM sleep, but not (C) REM sleep. Overall quality of sleep was similar between groups since no significant differences
were observed in (D) sleep efficiency, (E-F) number of sleep bouts, and (G-H) average duration of sleep bouts. (I) Arousal index was similar between
groups, which suggests that obesity did not affect sleep fragmentation in female mice. Data are shown as median + 1.5*IQR. Independent t-test and
Mann-Whitney U test.
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Figure 4. Ventilation during sleep in female DIO and lean C57BL/6] mice. Obesity augmented breathing during both (A) NREM and (B) REM sleep.
Increases in minute ventilation (V,) were proportional to the levels of obesity indicated by similar values after body weight normalization between
groups. V_: tidal volume; Vi max: maximal inspiratory airflow. Data are shown as median + 1.5 IQR. Independent t-test.

compared to lean mice (Figure 8D). A reduction of 39% in the ven-
tilatory response to arousals of DIO females was observed when
calculating V, ratio based on the peak V, during arousal (Figure
8E). Data remained the same after removing mice in diestrus and

metestrus phases at the day of the sleep study. Thus, changes
in ventilation elicited by arousals are attenuated in DIO females,
which could be associated with the augmented breathing stabil-
ity and decreased apnea frequency.
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Discussion

We have previously shown that DIO in male mice leads to SDB
and sleep fragmentation [9, 10]. We now examined the effects of
obesity on breathing and sleep of female mice. In contrast to male
mice, DIO did not lead to SDB in females. Overall, our study had
four major findings. First, obese females had reduced metabolism

and showed decreased CO, sensitivity during wakefulness.
Second, unlike males [10], DIO did not increase arousal frequency
in females, but shifted the etiology such that sleep fragmentation
was mainly attributed to non-respiratory arousals. Third, sur-
prisingly, compared to lean females, obese females were able to
protect their ventilation, had decreased apnea severity, and more
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Figure 8. Obesity attenuated ventilatory responses to arousals in females. (A) Baseline minute ventilation (V,), averaged from both NREM and REM
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stable breathing during sleep. Fourth, obesity attenuated the ven-
tilatory response to arousals.

Sex differences in DIO have been previously shown. Female
mice manifest a delay in weight gain and resistance to meta-
bolic dysfunctions associated with DIO [20-23]. Nevertheless,
female mice eventually develop obesity after chronic high-
fat feeding [21, 22]. In our study, 63% of females showed sig-
nificant weight gain on a high-fat diet, reaching similar levels
of obesity to male DIO mice [10]. Female DIO mice showed a
robust increase in the percentage of body fat mass and severe
hyperleptinemia compared to lean females, which are key fea-
tures of human obesity. DIO in females significantly decreased
metabolism, indicated by reduced VO, and VCO,. However, over-
all metabolism in female DIO mice was higher than the values
previously observed in male DIO [13]. Huang et al. [22] observed
similar findings, in which female DIO-C57BL/6] mice showed
increased energy expenditure compared to obese males. Taken
together, these results suggest that females are relatively pro-
tected from the detrimental effects of DIO on metabolism com-
pared to males.

Our findings suggest potential sex differences in the effects
of DIO on sleep architecture and SDB in mice on the C57BL/6]
background. In humans, obesity is associated with a poor qual-
ity of sleep, sleep fragmentation, and increased SDB severity [2,
24]. We have previously shown that male DIO mice manifest
the same features. DIO in male mice induced a 45% increase in
the arousal frequency, augmented apnea severity, and breathing
instability during sleep [10]. In females, we showed that obesity
did not exacerbate sleep fragmentation and was associated with
a decreased SDB severity. Arousal frequency was similar between
DIO and lean females (~78 arousals/hour). However, arousal fre-
quency was much higher and sleep fragmentation was more
severe in female mice compared to males, regardless of the obese
state [10]. These findings suggest that female sex was associated
with a hyperarousal state.

Arousals from sleep lead to transient increases in ventilation,
which predispose to augmented breathing instability and central
apneas [25-27]. Hyperventilation during arousals can be induced
by an increased PaCO, during sleep and differences in chemo-
sensitivity between sleep—wake states [25]. However, Horner et
al. [27] have shown that >50% of ventilatory increases related
to arousals are driven by neural mechanisms associated with
arousals per se (“waking reflex”). We have previously reported
that sleep fragmentation in male DIO mice was mainly attributed
to non-respiratory events as only 15% of arousals were preceded
by reductions in ventilation [10]. Here, we had similar findings in

obese females with only ~11% of total arousals associated with
apneas. In fact, most of the apneas followed the arousals, which
suggests that the primary cause of SDB in mice is sleep fragmen-
tation rather than vice versa.

We leveraged our arousals analyses [10] to examine the venti-
latory responses to arousals from sleep. To the best of our knowl-
edge, this is the first study to examine the temporal relationship
between arousals and ventilation in DIO females. We showed that
obesity attenuated the ventilatory response to arousals by 30%-—
39% compared to lean females. Reduced ventilatory responses to
arousals were associated with a more stable breathing, preserved
ventilation, and reduced number of apneas during sleep in obese
females. Thus, the reduced SDB severity observed in female DIO
mice could be in part explained by the attenuated ventilatory
response to arousals.

Mechanisms related to the effects of DIO on sleep and SDB
of female mice are still unknown. Here, we showed that obe-
sity in females was associated with a decreased CO, sensitivity
during wakefulness. CO, is the main stimulus to breathe during
sleep and a potent activator of arousal neural circuitry [28-30].
Previous studies have shown conflicting results regarding sex dif-
ferences in the respiratory responses to hypercapnia, and data on
the effects of ovarian hormones on CO, sensitivity is still incon-
clusive [31]. In this sense, differences in the sex hormones alone
may not account for all changes in sleep and breathing during
sleep in females. Kaur et al. [29, 32, 33] have shown that gluta-
matergic neurons in the external lateral parabrachial nucleus
(PBel) can directly sense CO, levels and extensively projects to
areas involved in arousals regulation. However, the underlying
mechanisms associated with the CO,-induced arousals, as well
as the influence of female sex in this pathway remain unclear.
Orexin may play a role in the effects of DIO on sleep and breath-
ing of female mice. Orexin neurons promote arousals and wake-
fulness, and are potent stimulators of breathing [34-36]. Previous
studies have indicated sex differences in the expression and
activity of orexin in humans and rodents. Prepro-orexin mRNA
levels and the expression of orexin receptors OX R and OX,R in
the hypothalamus, as well as the levels of orexin A in the cer-
ebrospinal fluid are significantly higher in females compared
to males [37-41]. Orexin also plays a critical role in the regula-
tion of metabolism and pathogenesis of obesity. Stimulation of
orexin signaling induces resistance to DIO in rodents by increas-
ing energy expenditure and improving leptin sensitivity [42-44].
Circulating levels of orexin A are significantly reduced in obese
and morbidly obese patients [45]. Orexin deficiency is associ-
ated with weight gain and obesity is more prominent in female
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mice [42]. Suppression of orexin signaling reduces HCVR during
wakefulness [46]. Modulation of CO, sensitivity by orexin neurons
appears to be regulated by ovarian hormones [47]. Thus, orexin
signaling could be involved in the metabolic and sleep changes
associated with DIO in female mice. Attenuated orexin activity
could be linked to the reduced CO, sensitivity during wakefulness
in obese females, decreasing the ventilatory responses to arous-
als and breathing instability during sleep. However, suppression
of orexin pathway cannot entirely explain the hyperarousal state
in female mice and, therefore, other mechanisms should be also
involved in the CO,-related arousals in female DIO, such as sero-
tonin neurons in the dorsal raphe [30].

Our study has limitations to be considered. First, we only ana-
lyzed female mice in this study, which could have impaired the
analysis of sex differences in DIO-induced SDB and sleep fragmen-
tation. We have previously reported data on sleep and SDB in male
DIO mice in a similar experimental design [9, 10], which allows us
to compare the overall results to female mice. Second, we were
not able to fully examine the effects of estrous cycle on sleep and
SDB of obese mice due to a limited number of mice that developed
DIO. However, we performed vaginal smears on the days of the
studies and found no differences in the frequency of estrous cycle
phase between lean and obese females. In both groups, the major-
ity of mice were in proestrus and estrus phases, and the removal
of mice in diestrus and metestrus did not affect the outcomes.
Chronic high-fat feeding can induce disruption in the female
reproductive cycle, characterized by elongation, and skipping of
phases [48]. Thus, the analysis of estrous cycle can be compro-
mised by DIO. Third, we did not measure ovarian hormone levels
in obese and lean females. It is known that DIO increases estrogen
levels in female mice [48]. However, the literature on the effects
of ovarian hormones on breathing and SDB is mixed [31] and may
not explain the differences observed in the present study. Fourth,
we performed sleep studies for only 6 hours during light-phase.
Longer recordings could have provided a more comprehensive
analysis of sleep architecture and sleep fragmentation of female
mice. Fifth, CO, sensitivity was only analyzed during wakefulness.
In our experience, HCVR measurements during sleep are difficult,
since mice are more likely to wake up with the 8% CO, flush.

Conclusions

Female sex appears to be associated with a hyperarousal state.
Female mice are more resistant to the detrimental effects of
DIO on SDB and sleep fragmentation. The mechanisms by which
obesity attenuates SDB severity in females are unknown, but an
attenuated CO, responsiveness related to a reduced ventilatory
response to arousals may be a candidate.
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