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Abstract

The relationship between cardiovascular disease and abnormalities in sleep architecture is

complex and bi-directional. Sleep disordered breathing (SDB) often confounds human stud-

ies examining sleep in the setting of heart failure, and the independent impact of isolated

right or left heart failure on sleep is difficult to assess. We utilized an animal model of right

heart failure using pulmonary artery banding (PAB) in mice to examine the causal effect of

right heart failure on sleep architecture. Four weeks after PAB or sham (control) surgery,

sleep was measured by polysomnography for 48 hours and right ventricular (RV) hypertro-

phy confirmed prior to sacrifice. PAB resulted in right ventricular hypertrophy based on a

30% increase in the Fulton Index (p < 0.01). After PAB, mice spent significantly more time in

NREM sleep compared to the control group over a 24 hour period (53.5 ± 1.5% vs. 46.6 ±
1.4%; p < 0.01) and exhibited an inability to both cycle into REM sleep and decrease delta

density across the light/sleep period. Our results support a phenotype of impaired sleep

cycling and increased ‘sleepiness’ in a mouse model of RV dysfunction.

Introduction

The relationship between cardiovascular disease and abnormalities in sleep architecture is

complex and bi-directional. Although it is well-described that insufficient sleep can cause

weight gain [1], induce a pro-inflammatory state [2, 3], and create metabolic disturbances [4–

6], the impact of abnormal sleep on cardiovascular disease is not well-defined. Patients with

heart failure tend to have a greater occurrence of cardiovascular events in the early morning

[7–9] and the presence of heart failure is associated with greater degrees of sleep disordered

breathing (SDB) [10, 11] and consequent sleep disruption. Moreover, even in the absence of

significant SDB, heart failure per se has been shown to interfere with the timing and staging of

sleep architecture [12]. The presence of comorbidities in the clinical setting of heart failure fur-

ther confounds our understanding of the complex interactions between cardiac disease and

sleep.
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We do know that sleep-wake pattern, even in the absence of confounding SDB, can be

adversely impacted in the setting of congestive heart failure although the results are mixed

[12–14]. Patients with left ventricular (LV) systolic heart failure (ejection fraction of< 45%)

exhibit less subjective sleepiness despite reduced total sleep time compared to a control popu-

lation, independent of SDB severity [15]. Polysomnography results demonstrated significantly

greater sleep onset latency, less overall sleep time, and a reduced sleep efficiency in the LV

heart failure group [15]. In contrast, there are reports consistent with a “sleepy” phenotype of

heart failure characterized by increased sleep time and reduced daytime activity as described

by Hastings et al with use of actigraphy [14]. 24 hour actigraphy monitoring on patients with

mild to moderate congestive heart failure, with and without SDB, demonstrated that the group

with SDB had increased time in bed, poorer sleep quality, and objective findings consistent

with a sleepier phenotype despite subjective complaints. More recently, the discordance

between objective and subjective parameters of sleepiness in patients with systolic heart failure

were reported by Mehra and colleagues [13]. Thus, in the complex clinical setting of LV heart

failure there is no definitive sleep phenotype.

Even less is known about the impact of right ventricular (RV) dysfunction on sleep. Given

that LV failure can adversely affect RV function, any effects of RV dysfunction per se on sleep

are likely less confounded than in the setting of LV failure. Thus, as a first step in developing

an animal model to examine the relationship between right heart dysfunction and sleep we uti-

lized pulmonary artery banding (PAB) in mice to study the independent effect of RV failure

on sleep architecture in the absence of the effects of obesity, SDB, and other co-morbidities of

clinical heart failure. PAB is an experimental intervention [16, 17] to increase pulmonary

artery pressure, induce right heart remodeling, and simulate the development of chronic RV

dysfunction in rodents. Use of the PAB model, in combination with a well-validated polysom-

nography technique in mice, allowed us to test the hypothesis that isolated pulmonary artery

hypertension and RV dysfunction significantly impairs sleep architecture compared to sham-

operated control mice. Such differences in sleep architecture may have clinical implications in

terms of the impact on quality of life and the development of comorbid medical conditions in

patients with RV failure.

Methods

Animals

Experiments were performed in adult male C57BL/6J mice at ~13 weeks of age (12.6 ± 0.3 vs.

12.7 ± 0.6 weeks, p = 0.93; n = 7 mice in the control group and n = 10 mice in the pulmonary

artery banding (PAB) group). Animal handling and experimentation was conducted ethically

and in accordance with approved Institutional Animal Care and Use Committee (IACUC)

protocols at the University of Pittsburgh. The University of Pittsburgh IACUC specifically

approved this study (Animal Welfare Assurance number A3187-01).

Housing

Mice were maintained on a 12:12 hour light-dark cycle and were housed in a customized pyra-

midal cage [7@ (W) x 9@ (H) x 7@ (L)] with continuous access to food and water. The cage was

contained inside a light-controlled and sound-dampening chamber [22@ (L) x 16.5@ (H) x 14@

(W)] (BRS/LVE, Laurel, MD). Mice were housed in the same chambers throughout the entire

adaptation and experimental period to control for environmental exposure. The polysomno-

graphic tether exited through a 1” diameter hole in the top of the chamber and connected to

low friction swivel and an amplifier.

Sleep architecture in a mouse model of right ventricular dysfunction
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Protocol and timeline

Mice underwent open thoracotomy at 13 weeks of age for placement of a PAB or sham proce-

dure. Following a 3 week recovery period, the mice underwent surgical implantation of poly-

somnographic electrodes on day 21, were habituated to the housing environment for one

week, and then were tethered to the recording system for 24 hours. Subsequently, EEG and

EMG signals were recorded for two consecutive 24-hour periods in each mouse. One week fol-

lowing completion of sleep data recording, each mouse underwent hemodynamic assessment

prior to sacrifice.

Surgical instrumentation

Animals were anesthetized using 1–2% isoflurane for all surgical procedures. Animals, were

administered pain medication after surgery (0.3 mg/ml Buprenorphine), and monitored daily

during the post-operative period. For PAB, the mice were anesthetized, intubated, and placed

on a ventilator (Type845; Harvard Apparatus, Holliston, MA) using a tidal volume of *225 μl

and a respiratory rate of *200 breaths/min. Mice were then placed supine on a heated pad to

maintain a body temperature of 37˚-39˚C (monitored via rectal probe thermometer; THM100;

Indus Instruments, Houston, TX). A left thoracotomy was performed and the pulmonary

artery (PA) carefully dissected free from the aorta. A surgical clip (Weck 005200; Research

Triangle Park, North Carolina, NC) that had been calibrated to a 27-gauge diameter was

placed around the PA to create pressure afterload on the RV, as described previously [18].

After banding, the thoracic cavity was closed in layers, and the mice were placed on a heating

pad until they regained their righting reflex and became ambulatory. The banding diameter

was designed to produce a pressure overload of the RV with an RV end-systolic pressure of

*30–35 mmHg as per the protocol described by Frazziano et al [18]. The chest was closed and

sutured, and the animal was extubated and observed continuously for 2 hours post-procedure

and daily afterwards for the first week. Sham control mice underwent the same procedure

without placement of the surgical clip around the pulmonary artery.

EEG and sleep monitoring

Electroencephalographic electrodes (EEG; E363/1, Plastics One, Roanoke, VA) and nuchal

electromyographic electrodes (EMG; E363/76, Plastics One) were implanted as previously

described [19, 20]. In brief, a midline incision was made to expose the skull and muscles and

the underlying fascia was gently cleared from the skull surface, four small burr holes were

drilled through the skull in the frontal and parietal regions, and four EEG electrodes were fas-

tened via jewel screws (diameter of 1.6 mm). The first and second electrodes were placed 2–3

mm caudal to bregma and 1–2 mm lateral of the midsagittal suture. The third and fourth elec-

trodes were placed 2–3 mm rostral to bregma and 1–2 mm lateral of the midsagittal suture.

Two nuchal EMG electrodes were stitched flat onto the surface of the neck muscle. The EEG

and EMG electrodes were inserted into a pedestal (MS363, Plastics One) and secured to the

skull with dental acrylic. After recovery from surgery, a connector cable was placed onto the

head pedestal and attached to a low-friction mercury swivel allowing unrestricted movement

of the tethered mouse.

Acquisition of hemodynamic data

Approximately one week after completion of sleep data recording, terminal invasive hemody-

namic measurements were performed to generate pressure–volume loops, which were used to

determine the RV systolic pressure. Induction of anesthesia was achieved in an induction
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chamber filled using vaporized 3% isoflurane gas. Sufficient level of anesthesia was verified by

lack of pedal and corneal reflex and/or lack of response to tail pinch. Animals were ventilated

via tracheostomy using positive pressure ventilation after induction of anesthesia with 3% iso-

flurane gas. A servo-controlled heating pad with rectal probe was used to maintain 37o body

temperature. The animals were positioned and secured to the surgical table and surface ECG

electrodes placed under each limb using subcutaneous 26G needle electrodes. Longitudinal

dissection of the sternum exposed the heart and great blood vessels. The RV was cannulated

with a calibrated 1.5F micro pressure-volume catheter (Transonic Systems Inc., Ithaca, NY).

The pressure tracing was examined after cannulation while the catheter was gently advanced

until the right ventricle systolic pressure (RVSP) was obtained. After data collection was com-

plete, animals were euthanized via terminal bleeding under isoflurane-anesthesia and the RV

carefully separated from the LV and septum to calculate the Fulton Index (RV wet weight/LV

+ septum wet weight) as described previously [18].

Data acquisition

A Grass Instruments amplifier (Quincy, MA) was used to record EEG activity (filtered 0.1–30

Hz) and EMG activity (filtered 10–100 Hz). Signals from the Grass recorder were collected

using Windaq Pro acquisition software (Dataq Instruments; Akron, OH), were digitized at 300

Hz (DI-720 data acquisition board; Dataq Instruments; Akron, OH) and were stored for subse-

quent analyses.

Sleep scoring

Sleep data were analyzed using a customized program that converted DATAQ digitized data

files into Stanford Sleep Structure Scoring System (SSSSS) format for characterization of sig-

nals using the rodent software developed by Joel H. Benington [21], subsequently validated in

mice by Veasey et al. [22], and described previously by McDowell et al. [20]. The program uti-

lizes Fourier spectral analysis of the EEG in the delta (0.5–4.0 Hz), sigma (10.0–14.0 Hz), and

theta (6.0–9.0 Hz) frequency bands in combination with the moving average of the EMG

amplitude to assess sleep/wake states in 10 sec epochs. Twenty-four hour periods of data were

plotted as sigma�theta power against EMG, and thresholds for the slope and intercept of the

relationship were used to distinguish between sleep and wake. A second plot of the delta/theta

power against EMG was used to distinguish non-rapid-eye movement (NREM) sleep from

rapid eye movement (REM) sleep on the basis of a delta/theta threshold.

Total time spent in each of the three sleep states (Awake, NREM and REM) was calculated

as a percentage of the number of epochs of that state over a 24hr period. The number and

duration of NREM sleep bouts and REM sleep bouts were determined according to the follow-

ing criteria: a NREM sleep bout began with three or more consecutive epochs of NREM sleep

and ended with three or more consecutive epochs of wake or two or more consecutive epochs

of REM sleep; a REM sleep bout started with two or more consecutive epochs of REM sleep

and ended with three or more consecutive epochs of wake or NREM sleep. Time to resume

sleep was defined as the length of time from the onset of three or more consecutive epochs of

wake to the next combination of any three consecutive epochs of NREM or REM sleep. An

arousal was defined as one or more epochs of wake following three or more consecutive peri-

ods of either REM or NREM sleep. Arousal frequency per hour of sleep was calculated as total

number of arousals / total sleep time in 24hrs. Delta density, marker for sleep pressure, is a

term which describes the average delta density during NREM sleep recorded over a set time-

frame throughout the sleep recording. It was calculated as power in the 0.5–4.0 Hz range of the

Fourier spectral analysis of the EEG during NREM sleep. Delta density was obtained in 2-hour
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increments within each mouse then reported based on a fraction of the time-point delta den-

sity over the average delta density for each mouse for a 24-hour period.

Statistics

All results are presented as means ± standard error of the mean (SEM) and statistical differ-

ences determined with a threshold for significance of> 0.05. Statistical differences between

experimental groups for hemodynamic parameters and 12-hr light phase and dark phase sleep

data were determined by unpaired Student t-test. Two-way repeated measures ANOVA was

used to test for an interaction between intervention and time in different measures of sleep

(Awake, REM sleep, NREM sleep, and Delta Density) in the light period and the dark period.

Mauchly’s test was applied to test for the assumption of sphericity, and a Geisser-Greenhouse

correction was applied if the sphericity assumption was violated. Simple main effects were

determined by Fischer’s least significant difference test when repeated measures ANOVA test-

ing revealed a statistically significant interaction. Sample size was not calculated based on an a-

priori power analysis.

Results

PAB increased right ventricular systolic pressure and induced right

ventricular hypertrophy

PAB resulted in right ventricular (RV) hypertrophy based on a 30% increase in the Fulton Index

(Fig 1A). Hemodynamic assessment of RV systolic pressure demonstrated a non-statistically sig-

nificant increase in the RV systolic pressure in the PAB mice compared to controls (Fig 1B,

33.3 ± 5.6 vs. 19.3 ± 1.7 mm Hg, p = 0.056). Body weight was measured at three time points across

the study and there was no evidence that the PAB intervention adversely impacted weight gain,

consistent with the experimental group not exhibiting any significant co-morbidities (Table 1).

The PAB group had significantly increased NREM sleep time over the 24

hour period compared to control mice

The PAB group spent significantly more time in NREM sleep compared to the control group

over a 24 hour period (Fig 2, 53.5 ± 1.5% vs. 46.6 ± 1.4%; p< 0.01). The increased NREM

Fig 1. The Fulton Index (A; weight of the right ventricle (RV) / weight of the left ventricle (LV) + septum) and RV systolic pressure (B) in mice after pulmonary

artery banding (PAB) or sham surgery (control). Data reported as mean ± SEM. Statistical differences determined by two-tailed unpaired Student’s t-test.

https://doi.org/10.1371/journal.pone.0208540.g001
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sleep time was noted in the setting of a significant decrease in Awake time for the PAB group

and a similar overall percentage of time in REM sleep between the two groups.

PAB increased NREM sleep time, impaired ability to cycle into REM sleep,

and shortened time to resume sleep in the light/sleep period

PAB mice exhibited increased NREM sleep time compared to the control mice during the

light/sleep period (64.8 ± 1.2%/12hr vs. 60.6 ± 2.0%/12hr; Fig 3B; F(1, 15) = 5.1; p< 0.05).

Despite increased NREM sleep time, PAB mice showed significant deficits in REM sleep time

during the second half of the 12-hour light/sleep period (Fig 3C; p< 0.05 at 3, 5, and 7 pm and

F(3.1, 46.5) = 3.6 for interaction term adjusted for sphericity; p< 0.05). The deficit in REM

sleep time in the PAB mice was due to a decrease in the number of REM sleep bouts, rather

than a decrease in the duration of REM sleep bouts (Table 2). Although arousals during the

Table 1. Weight trends in mice after pulmonary artery banding (PAB) or sham surgery (control).

Control Mice (n = 7) PAB Mice (n = 10) p value

Weight (g)

Time of PAB/sham surgery 25.1 ± 0.8 26.3 ± 0.8 0.31

Time of sleep study 25.9 ± 0.8 26.8 ± 1.2 0.54

Time of sacrifice 28.1 ± 0.6 27.8 ± 0.6 0.73

Data shown as mean ± SEM. Statistical differences determined by two-tailed unpaired Student’s t-test

https://doi.org/10.1371/journal.pone.0208540.t001

Fig 2. The 24-hour means ± SEM for percent time in Wake, NREM sleep, and REM sleep in mice after pulmonary artery banding (PAB) or sham

surgery (control). The y-axis on the left refers to percentage of time for Wake and NREM sleep and the y-axis on the right refers to percentage of time for

REM sleep. Statistical differences determined by two-tailed unpaired Student’s t-test.

https://doi.org/10.1371/journal.pone.0208540.g002
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light/sleep period were not significantly different between groups, the time to resume sleep fol-

lowing an arousal was significantly reduced in PAB mice compared to control mice (Table 2).

As expected, there was an overall reduction in delta density with time across the light/sleep

period (Fig 3D; F(2.5, 38.4) = 20.5 for time adjusted for sphericity; p< 0.001), and a significant

interaction between groups (Fig 3D; F(2.5, 38.4) = 4.2 adjusted for sphericity; p< 0.05) indi-

cated that PAB mice were less able to dissipate delta density across the light/sleep period com-

pared to control mice.

PAB increased NREM sleep bout duration in the dark/active period

PAB mice exhibited a non-statistically significant increase in NREM sleep during the dark/

active period compared to control mice (Fig 3B; 42.4 ± 3.1%/12hr vs. 33.3 ± 2.3%/12hr; F(1,

15) = 4.4; p = 0.053), associated with longer NREM sleep bouts compared to control mice

(Table 2; p< 0.02) but no difference in the number of NREM sleep bouts. Despite a reduction

in REM sleep during the light/sleep period, there was no evidence of REM sleep rebound dur-

ing the dark/active period in PAB mice (Fig 3C). Delta density, arousals per hour of sleep, and

time to resume sleep after arousal were not different between PAB and control mice (Fig 3D

and Table 2) in the dark/active period.

Discussion

Our study is the first to test in an animal model whether RV dysfunction can impair sleep

architecture independent of obesity, SDB, and on the basis of a normal weight gain trajectory

Fig 3. Circadian patterns for Wake (A), NREM sleep (B), REM sleep (C), and Delta Density (D) in mice after pulmonary artery banding (PAB) or sham surgery

(control). Data reported as the mean ± SEM on a 2 hourly basis throughout the circadian period. The light region of each graph depicts the light period and the dark

region of each graph depicts the dark period. Sleep stage is reported based on a percentage of time at each time-point. Delta density was averaged in two-hour

increments and reported as a fraction of the 24-hour average in each mouse. Statistical differences determined by two-way ANOVA are reported in the text.

https://doi.org/10.1371/journal.pone.0208540.g003
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or other significant co-morbidities. Our data suggest a unique and internally consistent sleep

phenotype in mice, which exhibit features of RV dysfunction in response to PAB. During the

light/sleep period, RV dysfunction caused an increase in total NREM sleep time that was asso-

ciated with a shorter time to resume sleep following an arousal and a decreased ability to cycle

into REM sleep. When the above findings are placed in context of an attenuated dissipation of

delta density, we conclude that chronic RV dysfunction impedes the transition from NREM to

REM sleep, resulting in a ‘sleepy’ phenotype.

Evidence linking heart failure to increased sleepiness has been inconsistent in human stud-

ies, particularly in the context of objective and subjective parameters of sleepiness. Objective

parameters measuring sleepiness and sleep architecture have demonstrated that patients with

LV heart failure are sleepier than control populations [14, 23, 24], despite no apparent differ-

ence in subjective measures of sleepiness as determined by the Epworth Sleepiness Scale (ESS).

Similarly, Javaheri et al. [25] and Kaneko et al. [26] report a lack of subjective sleepiness in

patients with heart failure. In contrast, Artz et al. [15] showed that patients with a reduced LV

ejection fraction have less subjective sleepiness, less sleep time, and a lower sleep efficiency

compared to subjects without heart failure, and that these findings were independent of

comorbid SDB. More recently, Mehra and colleagues [13] examined sleep in 26 subjects with

stable LV heart failure and SDB. The mean sleep onset latency was significantly shorter in the

heart failure group with SDB, despite no significant difference in subjective sleepiness; again

highlighting a pattern of objective, but not subjective, sleepiness in patients with heart failure

[13]. To our knowledge, no clinical studies have linked specific RV failure to disrupted sleep.

However, patients with pulmonary hypertension exhibit a phenotype of increased nocturnal

rest, as assessed by actigraphy [27], consistent with our findings of increased NREM sleep time

in PAB mice during the light/sleep period. The difficulty in examining RV heart failure in iso-

lation from other co-morbidities, and the disparity between objective versus subjective sleep

outcomes, has limited our insight from clinical studies of heart failure and sleep.

Table 2. Sleep architecture in mice after pulmonary artery banding (PAB) or sham surgery (control).

Control Mice PAB Mice

Light period

Number of NREM Sleep Bouts 69.6 ± 6.3 61.1 ± 1.5

Duration of NREM Sleep Bouts (min) 6.2 ± 0.5 7.3 ± 0.4

Number of REM Sleep Bouts 37.0 ± 2.6 27.2 ± 3.3�

Duration of REM Sleep Bouts (min) 0.9 ± 0.1 0.8 ± 0.1

Number of arousals per hour of sleep 17.9 ± 0.4 16.1 ± 2.0

Time to Resume Sleep After an Arousal (min) 3.2 ± 0.4 2.3 ± 0.2�

Dark period

Number of NREM Sleep Bouts 46.2 ± 5.8 46.4 ± 3.8

Duration of NREM Sleep Bouts (min) 4.2 ± 0.2 5.8 ± 0.5��

Number of REM Sleep Bouts 9.8 ± 1.6 13.4 ± 1.5

Duration of REM Sleep Bouts (min) 0.4 ± 0.1 0.5 ± 0.1

Number of arousals per hour of sleep 29.2 ± 3.5 25.0 ± 2.5

Time to Resume Sleep After an Arousal (min) 6.0 ± 1.2 6.6 ± 1.2

Data shown as mean ± SEM. NREM = Non-rapid eye movement sleep; REM = Rapid eye movement sleep. Statistical

differences determined by two-tailed unpaired Student’s t-test on categorical variables and two-way ANOVA on

continuous variables.

� p<0.05

�� p<0.02

https://doi.org/10.1371/journal.pone.0208540.t002
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Thus, our motivation was to use an animal model to determine the potential for a causal

link between right heart failure and impairments in sleep architecture. We adopted a PAB

intervention that induced elevated PA pressure and produced a RV-specific hypertrophy. An

alternative intervention using aortic banding would have impacted both LV and RV function,

potentially resulting in a more complex sleep phenotype. However, having now established

interesting and internally consistent impairments in sleep architecture with PAB banding,

there is now a framework for interpreting sleep responses in a model of aortic banding.

Although underlying mechanisms that link heart failure to impaired sleep architecture and

sleepiness are unknown, pro-inflammatory responses may play a role through at least two

pathways. First, in the form of a systemic inflammatory response of cardiac origin. Mehra et al.

[13] reported a significant positive correlation between cytokine levels (TNF-alpha and hs-IL-

6) and objective measures of sleepiness, consistent with pre-clinical studies showing TNF-

alpha increases non-REM sleep time [28, 29] and that inhibition of TNF-alpha and other pro-

inflammatory markers can reduce deep sleep time [30, 31]. Specifically with relevance to the

pre-clinical model used in our study, circulating levels of TNF-alpha are elevated in patients

with advanced right-sided heart failure and correlate with increasing severity of peripheral

edema [32]. A second possible pro-inflammatory mechanisms is that activation of sympathetic

afferents in the remodeling myocardium can impact cytokine and inflammatory responses in

the CNS. Indeed, Francis et al. [33] have shown that experimental myocardial infarction in

rats can increase pro-inflammatory cytokines in the hypothalamus, an important CNS struc-

ture involved in sleep-wake homeostasis. Lastly, the reduction in REM sleep during the latter

half of the light/sleeping period (together with the increase in NREM sleep) may be related to

increased cortisol levels in the PAB mice as described by Friess and colleagues in human stud-

ies [34]. Further studies investigating pro-inflammatory responses, or other potential mecha-

nisms, would be a productive corollary to our demonstration of a causal relationship between

RV dysfunction and a phenotype of impaired sleep architecture.

Limitations

There are several potential limitations in our study design. We did not perform an assessment

of inflammatory cytokines in this exploratory study. Lack of such data limits interpretability of

causal mechanisms as suggested above. We also did not measure the impact that pulmonary

artery banding had on the respiratory mechanics, control of breathing, or systemic hemody-

namics in our mouse model. There are a number of unanticipated hemodynamic changes

from pulmonary artery banding which may have had impact on the results. We did not per-

form hemodynamic assessments during the sleep studies nor did we assess for sleep-disor-

dered breathing to account for the potential role such differences may have in the sleep

architecture between the pulmonary artery banded and control mice. Additionally, the time

delay between sleep architecture assessment and sacrifice for hemodynamic assessment may

impact data obtained for RV dysfunction between the groups.

Clinical implications and conclusions

Sleep abnormalities and congestive heart failure are strongly linked and confounded by a num-

ber of variables. In our mouse model of RV failure, we establish a causal relationship between

isolated RV failure and increased non-REM sleep time, decreased ability to cycle into REM

sleep, and reduced time to resume sleep during the light/sleeping period, consistent with a

phenotype of increased ‘sleepiness.’ Our results highlight that even in the absence of SDB, or

other common clinical co-morbidities, RV failure impacts sleep architecture and daytime

sleepiness. Taking our data together with the available human studies, we propose that
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objective, rather than subjective, measures of sleepiness may better inform clinical decisions

regarding therapeutic interventions to normalize sleep in patients with heart failure, to

improve quality of life, and to protect against the development of sleep-dependent co-morbidi-

ties such as weight gain, pro-inflammatory states, and metabolic disturbances.

Supporting information

S1 Fig. Data for Fig 1.

(XLSX)

S2 Fig. Data for Fig 2.

(XLSX)

S3 Fig. Data for Fig 3.

(XLSX)

S1 Table. Data for Table 1.

(XLSX)

S2 Table. Data for Table 2.

(XLSX)

Author Contributions

Conceptualization: Eric M. Davis, Lanping Guo, Christopher P. O’Donnell.

Data curation: Eric M. Davis, Angela McDowell, Lanping Guo, Christopher P. O’Donnell.

Formal analysis: Eric M. Davis, Brett J. O’Donnell, Faraaz A. Shah, Angela McDowell, Chris-

topher P. O’Donnell.

Funding acquisition: Eric M. Davis, Christopher P. O’Donnell.

Investigation: Eric M. Davis, Jeffrey J. Baust, Lanping Guo, Christopher P. O’Donnell.

Methodology: Eric M. Davis, Jeffrey J. Baust, Brett J. O’Donnell, Faraaz A. Shah, Angela

McDowell, Christopher P. O’Donnell.

Project administration: Eric M. Davis, Jeffrey J. Baust, Christopher P. O’Donnell.

Resources: Eric M. Davis.

Software: Angela McDowell, Christopher P. O’Donnell.

Writing – original draft: Eric M. Davis, Christopher P. O’Donnell.

Writing – review & editing: Eric M. Davis, Brett J. O’Donnell, Faraaz A. Shah, Christopher P.

O’Donnell.

References
1. Patel SR, Malhotra A, White DP, Gottlieb DJ, Hu FB. Association between reduced sleep and weight

gain in women. Am J Epidemiol. 2006; 164(10):947–54. https://doi.org/10.1093/aje/kwj280 PMID:

16914506

2. van Leeuwen WM, Lehto M, Karisola P, Lindholm H, Luukkonen R, Sallinen M, et al. Sleep restriction

increases the risk of developing cardiovascular diseases by augmenting proinflammatory responses

through IL-17 and CRP. PloS one. 2009; 4(2):e4589. https://doi.org/10.1371/journal.pone.0004589

PMID: 19240794

Sleep architecture in a mouse model of right ventricular dysfunction

PLOS ONE | https://doi.org/10.1371/journal.pone.0208540 December 7, 2018 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208540.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208540.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208540.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208540.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208540.s005
https://doi.org/10.1093/aje/kwj280
http://www.ncbi.nlm.nih.gov/pubmed/16914506
https://doi.org/10.1371/journal.pone.0004589
http://www.ncbi.nlm.nih.gov/pubmed/19240794
https://doi.org/10.1371/journal.pone.0208540


3. Haack M, Sanchez E, Mullington JM. Elevated inflammatory markers in response to prolonged sleep

restriction are associated with increased pain experience in healthy volunteers. Sleep. 2007; 30

(9):1145–52. PMID: 17910386

4. Jennings JR, Muldoon MF, Hall M, Buysse DJ, Manuck SB. Self-reported sleep quality is associated

with the metabolic syndrome. Sleep. 2007; 30(2):219–23. PMID: 17326548

5. Spiegel K, Leproult R, Van Cauter E. Impact of sleep debt on metabolic and endocrine function. Lancet.

1999; 354(9188):1435–9. https://doi.org/10.1016/S0140-6736(99)01376-8 PMID: 10543671

6. Yaggi HK, Araujo AB, McKinlay JB. Sleep duration as a risk factor for the development of type 2 diabe-

tes. Diabetes Care. 2006; 29(3):657–61. PMID: 16505522

7. Muller JE, Stone PH, Turi ZG, Rutherford JD, Czeisler CA, Parker C, et al. Circadian variation in the fre-

quency of onset of acute myocardial infarction. N Engl J Med. 1985; 313(21):1315–22. https://doi.org/

10.1056/NEJM198511213132103 PMID: 2865677

8. Willich SN, Goldberg RJ, Maclure M, Perriello L, Muller JE. Increased onset of sudden cardiac death in

the first three hours after awakening. Am J Cardiol. 1992; 70(1):65–8. PMID: 1615872

9. Verrier RL, Muller JE, Hobson JA. Sleep, dreams, and sudden death: the case for sleep as an auto-

nomic stress test for the heart. Cardiovasc Res. 1996; 31(2):181–211. PMID: 8730394

10. Lanfranchi PA, Somers VK, Braghiroli A, Corra U, Eleuteri E, Giannuzzi P. Central sleep apnea in left

ventricular dysfunction: prevalence and implications for arrhythmic risk. Circulation. 2003; 107(5):727–

32. PMID: 12578876

11. Lanfranchi PA, Braghiroli A, Bosimini E, Mazzuero G, Colombo R, Donner CF, et al. Prognostic value of

nocturnal Cheyne-Stokes respiration in chronic heart failure. Circulation. 1999; 99(11):1435–40. PMID:

10086966

12. Hjelm C, Stromberg A, Arestedt K, Brostrom A. Association between sleep-disordered breathing, sleep-

wake pattern, and cognitive impairment among patients with chronic heart failure. Eur J Heart Fail.

2013; 15(5):496–504. https://doi.org/10.1093/eurjhf/hft014 PMID: 23392278

13. Mehra R, Wang L, Andrews N, Tang WHW, Young JB, Javaheri S, et al. Dissociation of Objective and

Subjective Daytime Sleepiness and Biomarkers of Systemic Inflammation in Sleep-Disordered Breath-

ing and Systolic Heart Failure. J Clin Sleep Med. 2017; 13(12):1411–22. https://doi.org/10.5664/jcsm.

6836 PMID: 29065958

14. Hastings PC, Vazir A, O’Driscoll DM, Morrell MJ, Simonds AK. Symptom burden of sleep-disordered

breathing in mild-to-moderate congestive heart failure patients. Eur Respir J. 2006; 27(4):748–55.

https://doi.org/10.1183/09031936.06.00063005 PMID: 16585081

15. Arzt M, Young T, Finn L, Skatrud JB, Ryan CM, Newton GE, et al. Sleepiness and sleep in patients with

both systolic heart failure and obstructive sleep apnea. Arch Intern Med. 2006; 166(16):1716–22.

https://doi.org/10.1001/archinte.166.16.1716 PMID: 16983049

16. Hill MR, Simon MA, Valdez-Jasso D, Zhang W, Champion HC, Sacks MS. Structural and mechanical

adaptations of right ventricle free wall myocardium to pressure overload. Ann Biomed Eng. 2014; 42

(12):2451–65. https://doi.org/10.1007/s10439-014-1096-3 PMID: 25164124

17. Takimoto E, Champion HC, Li M, Ren S, Rodriguez ER, Tavazzi B, et al. Oxidant stress from nitric

oxide synthase-3 uncoupling stimulates cardiac pathologic remodeling from chronic pressure load. J

Clin Invest. 2005; 115(5):1221–31. https://doi.org/10.1172/JCI21968 PMID: 15841206

18. Frazziano G, Al Ghouleh I, Baust J, Shiva S, Champion HC, Pagano PJ. Nox-derived ROS are acutely

activated in pressure overload pulmonary hypertension: indications for a seminal role for mitochondrial

Nox4. Am J Physiol Heart Circ Physiol. 2014; 306(2):H197–205. https://doi.org/10.1152/ajpheart.

00977.2012 PMID: 24213612

19. Rubin AE, Polotsky VY, Balbir A, Krishnan JA, Schwartz AR, Smith PL, et al. Differences in sleep-

induced hypoxia between A/J and DBA/2J mouse strains. American journal of respiratory and critical

care medicine. 2003; 168(12):1520–7. https://doi.org/10.1164/rccm.200304-462OC PMID: 14512266

20. McDowell AL, Filippone AB, Balbir A, Germain A, O’Donnell CP. Mild Transient Hypercapnia as a Novel

Fear Conditioning Stimulus Allowing Re-Exposure during Sleep. PloS one. 2013; 8(6):e67435. https://

doi.org/10.1371/journal.pone.0067435 PMID: 23840700

21. Benington JH, Kodali SK, Heller HC. Scoring transitions to REM sleep in rats based on the EEG phe-

nomena of pre-REM sleep: an improved analysis of sleep structure. Sleep. 1994; 17(1):28–36. PMID:

8191200

22. Veasey SC, Yeou-Jey H, Thayer P, Fenik P. Murine Multiple Sleep Latency Test: phenotyping sleep

propensity in mice. Sleep. 2004; 27(3):388–93. PMID: 15164889

23. Pepperell JC, Maskell NA, Jones DR, Langford-Wiley BA, Crosthwaite N, Stradling JR, et al. A random-

ized controlled trial of adaptive ventilation for Cheyne-Stokes breathing in heart failure. American journal

Sleep architecture in a mouse model of right ventricular dysfunction

PLOS ONE | https://doi.org/10.1371/journal.pone.0208540 December 7, 2018 11 / 12

http://www.ncbi.nlm.nih.gov/pubmed/17910386
http://www.ncbi.nlm.nih.gov/pubmed/17326548
https://doi.org/10.1016/S0140-6736(99)01376-8
http://www.ncbi.nlm.nih.gov/pubmed/10543671
http://www.ncbi.nlm.nih.gov/pubmed/16505522
https://doi.org/10.1056/NEJM198511213132103
https://doi.org/10.1056/NEJM198511213132103
http://www.ncbi.nlm.nih.gov/pubmed/2865677
http://www.ncbi.nlm.nih.gov/pubmed/1615872
http://www.ncbi.nlm.nih.gov/pubmed/8730394
http://www.ncbi.nlm.nih.gov/pubmed/12578876
http://www.ncbi.nlm.nih.gov/pubmed/10086966
https://doi.org/10.1093/eurjhf/hft014
http://www.ncbi.nlm.nih.gov/pubmed/23392278
https://doi.org/10.5664/jcsm.6836
https://doi.org/10.5664/jcsm.6836
http://www.ncbi.nlm.nih.gov/pubmed/29065958
https://doi.org/10.1183/09031936.06.00063005
http://www.ncbi.nlm.nih.gov/pubmed/16585081
https://doi.org/10.1001/archinte.166.16.1716
http://www.ncbi.nlm.nih.gov/pubmed/16983049
https://doi.org/10.1007/s10439-014-1096-3
http://www.ncbi.nlm.nih.gov/pubmed/25164124
https://doi.org/10.1172/JCI21968
http://www.ncbi.nlm.nih.gov/pubmed/15841206
https://doi.org/10.1152/ajpheart.00977.2012
https://doi.org/10.1152/ajpheart.00977.2012
http://www.ncbi.nlm.nih.gov/pubmed/24213612
https://doi.org/10.1164/rccm.200304-462OC
http://www.ncbi.nlm.nih.gov/pubmed/14512266
https://doi.org/10.1371/journal.pone.0067435
https://doi.org/10.1371/journal.pone.0067435
http://www.ncbi.nlm.nih.gov/pubmed/23840700
http://www.ncbi.nlm.nih.gov/pubmed/8191200
http://www.ncbi.nlm.nih.gov/pubmed/15164889
https://doi.org/10.1371/journal.pone.0208540


of respiratory and critical care medicine. 2003; 168(9):1109–14. https://doi.org/10.1164/rccm.200212-

1476OC PMID: 12928310

24. Chervin RD, Aldrich MS. The Epworth Sleepiness Scale may not reflect objective measures of sleepi-

ness or sleep apnea. Neurology. 1999; 52(1):125–31. PMID: 9921859

25. Javaheri S, Parker TJ, Liming JD, Corbett WS, Nishiyama H, Wexler L, et al. Sleep apnea in 81 ambula-

tory male patients with stable heart failure. Types and their prevalences, consequences, and presenta-

tions. Circulation. 1998; 97(21):2154–9. PMID: 9626176

26. Kaneko Y, Floras JS, Usui K, Plante J, Tkacova R, Kubo T, et al. Cardiovascular effects of continuous

positive airway pressure in patients with heart failure and obstructive sleep apnea. N Engl J Med. 2003;

348(13):1233–41. https://doi.org/10.1056/NEJMoa022479 PMID: 12660387

27. Ulrich S, Fischler M, Speich R, Bloch KE. Wrist actigraphy predicts outcome in patients with pulmonary

hypertension. Respiration. 2013; 86(1):45–51. https://doi.org/10.1159/000342351 PMID: 23234873

28. Shoham S, Davenne D, Cady AB, Dinarello CA, Krueger JM. Recombinant tumor necrosis factor and

interleukin 1 enhance slow-wave sleep. Am J Physiol. 1987; 253(1 Pt 2):R142–9. https://doi.org/10.

1152/ajpregu.1987.253.1.R142 PMID: 3496800

29. Kapas L, Hong L, Cady AB, Opp MR, Postlethwaite AE, Seyer JM, et al. Somnogenic, pyrogenic, and

anorectic activities of tumor necrosis factor-alpha and TNF-alpha fragments. Am J Physiol. 1992; 263(3

Pt 2):R708–15. https://doi.org/10.1152/ajpregu.1992.263.3.R708 PMID: 1357984

30. Takahashi S, Tooley DD, Kapas L, Fang J, Seyer JM, Krueger JM. Inhibition of tumor necrosis factor in

the brain suppresses rabbit sleep. Pflugers Arch. 1995; 431(2):155–60. PMID: 9026774

31. Takahashi S, Fang J, Kapas L, Wang Y, Krueger JM. Inhibition of brain interleukin-1 attenuates sleep

rebound after sleep deprivation in rabbits. Am J Physiol. 1997; 273(2 Pt 2):R677–82. https://doi.org/10.

1152/ajpregu.1997.273.2.R677 PMID: 9277554

32. Odeh M, Sabo E, Oliven A. Circulating levels of tumor necrosis factor-alpha correlate positively with

severity of peripheral oedema in patients with right heart failure. Eur J Heart Fail. 2006; 8(2):141–6.

https://doi.org/10.1016/j.ejheart.2005.05.010 PMID: 16112904

33. Francis J, Chu Y, Johnson AK, Weiss RM, Felder RB. Acute myocardial infarction induces hypotha-

lamic cytokine synthesis. Am J Physiol Heart Circ Physiol. 2004; 286(6):H2264–71. https://doi.org/10.

1152/ajpheart.01072.2003 PMID: 15148057

34. Friess E, Tagaya H, Grethe C, Trachsel L, Holsboer F. Acute cortisol administration promotes sleep

intensity in man. Neuropsychopharmacology. 2004; 29(3):598–604. https://doi.org/10.1038/sj.npp.

1300362 PMID: 14647485

Sleep architecture in a mouse model of right ventricular dysfunction

PLOS ONE | https://doi.org/10.1371/journal.pone.0208540 December 7, 2018 12 / 12

https://doi.org/10.1164/rccm.200212-1476OC
https://doi.org/10.1164/rccm.200212-1476OC
http://www.ncbi.nlm.nih.gov/pubmed/12928310
http://www.ncbi.nlm.nih.gov/pubmed/9921859
http://www.ncbi.nlm.nih.gov/pubmed/9626176
https://doi.org/10.1056/NEJMoa022479
http://www.ncbi.nlm.nih.gov/pubmed/12660387
https://doi.org/10.1159/000342351
http://www.ncbi.nlm.nih.gov/pubmed/23234873
https://doi.org/10.1152/ajpregu.1987.253.1.R142
https://doi.org/10.1152/ajpregu.1987.253.1.R142
http://www.ncbi.nlm.nih.gov/pubmed/3496800
https://doi.org/10.1152/ajpregu.1992.263.3.R708
http://www.ncbi.nlm.nih.gov/pubmed/1357984
http://www.ncbi.nlm.nih.gov/pubmed/9026774
https://doi.org/10.1152/ajpregu.1997.273.2.R677
https://doi.org/10.1152/ajpregu.1997.273.2.R677
http://www.ncbi.nlm.nih.gov/pubmed/9277554
https://doi.org/10.1016/j.ejheart.2005.05.010
http://www.ncbi.nlm.nih.gov/pubmed/16112904
https://doi.org/10.1152/ajpheart.01072.2003
https://doi.org/10.1152/ajpheart.01072.2003
http://www.ncbi.nlm.nih.gov/pubmed/15148057
https://doi.org/10.1038/sj.npp.1300362
https://doi.org/10.1038/sj.npp.1300362
http://www.ncbi.nlm.nih.gov/pubmed/14647485
https://doi.org/10.1371/journal.pone.0208540

