SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

HEART FAILURE

Central-acting therapeutics alleviate respiratory
weakness caused by heart failure-induced

2017 © The Authors,
some rights reserved;
exclusive licensee
American Association
for the Advancement
of Science.

ventilatory overdrive
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Diaphragmatic weakness is a feature of heart failure (HF) associated with dyspnea and exertional fatigue. Most
studies have focused on advanced stages of HF, leaving the cause unresolved. The long-standing theory is that
pulmonary edema imposes a mechanical stress, resulting in diaphragmatic remodeling, but stable HF patients
rarely exhibit pulmonary edema. We investigated how diaphragmatic weakness develops in two mouse models
of pressure overload-induced HF. As in HF patients, both models had increased eupneic respiratory pressures
and ventilatory drive. Despite the absence of pulmonary edema, diaphragmatic strength progressively declined
during pressure overload; this decline correlated with a reduction in diaphragm cross-sectional area and preceded
evidence of muscle weakness. We uncovered a functional codependence between angiotensin Il and B-adrenergic
(B-ADR) signaling, which increased ventilatory drive. Chronic overdrive was associated with increased PERK (double-
stranded RNA-activated protein kinase R-like ER kinase) expression and phosphorylation of EIF2a (eukaryotic
translation initiation factor 2a), which inhibits protein synthesis. Inhibition of B-ADR signaling after application
of pressure overload normalized diaphragm strength, Perk expression, EIF2a. phosphorylation, and diaphragmatic
cross-sectional area. Only drugs that were able to penetrate the blood-brain barrier were effective in treating ven-
tilatory overdrive and preventing diaphragmatic atrophy. These data provide insight into why similar drugs have

different benefits on mortality and symptomatology, despite comparable cardiovascular effects.

INTRODUCTION

Heart failure (HF) is a major public health issue and a worldwide ep-
idemic (I, 2). Globally, HF has a prevalence of more than 23 million
(3) and is increasing (4), with a lifetime risk of one in five (3) and a
5-year mortality of 50% (3). Respiratory complications of HF, such as
dyspnea and exertional fatigue, are symptoms that impair quality of
life and feature prominently in the clinical classification of HF. Dysp-
nea has been attributed to a variety of factors, including impaired lung
mechanics (5-10), elevated ventilatory drive (5, 11, 12), and impaired
diaphragmatic structure and function (9, 13-16). The quality of life for
HF patients remains poor, highlighting the need to understand the
pathogenesis of HF-associated respiratory complications.

Diaphragmatic weakness is a salient feature of both HF patients
(13-16) and disease models (17-19). A shift toward oxidative metabolism
(20), atrophy (21, 22), impaired calcium handling (23, 24), and contractile
dysfunction (17-19, 25) are associated with diaphragmatic weakness. Yet,
previous studies have focused on advanced stages of HF, leaving the in-
cipient cause of diaphragmatic weakness undetermined.

The diaphragmatic features are similar between patients with HF
and chronic obstructive pulmonary disease (COPD); therefore, a com-
mon mechanism has been proposed. COPD and HF both feature a
chronic, unrelenting increase in the work of breathing, which is thought
to drive the development of diaphragmatic weakness. In COPD, airway
obstruction imposes a mechanical load on the diaphragm. The resistive
stress on the respiratory muscles increases the energy cost of breathing,
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as estimated by the tension-time index (TTT). TTI is a product of the
ratio of the mean diaphragmatic pressure (P) per breath (Pr) over the
maximal pressure-generating capacity of the diaphragm (Py,,,) and
the fraction of the breathing cycle time spent in inspiration (that is, the
duty cycle; Ty/ Tyora) (26). In HF, the TTI is also chronically elevated (14).

Although it is easy to understand how increased airway resistance
elevates TTI in COPD, airway resistance is not increased in HF. It is
generally thought that the development of pulmonary edema in HF in-
creases TTIL. However, even in HF patients with severe hemodynamic
congestion, pulmonary rales or edema are rare (27-29). Given that pul-
monary edema is uncommon, it is unlikely the cause for elevated TTT in
HF patients.

Here, we identify the incipient cause and molecular mechanisms of
progressive diaphragm weakness in two mouse models of HF. We dem-
onstrate that elevated TTI is caused by a central neurohormonal pathway
that stimulates ventilatory overdrive (that is, a persistent increase in ven-
tilatory drive triggering diaphragmatic myopathy). We also show that
only select pharmacological agents are effective in treating ventilatory
overdrive and subsequent development of diaphragmatic weakness.
Our findings reconcile the reported benefits of certain angiotensin II
(ANGII) receptor blockers (ARBs) and B-adrenergic (3-ADR) blockers
within the same drug class (30, 31). Diaphragmatic atrophy is prevent-
able in HF, suggesting that early intervention could reduce dyspnea and
improve the patient’s overall quality of life.

RESULTS

Pressure overload-induced HF causes diaphragmatic
weakness in mice

To verify the development of pressure overload-induced HF, we ob-
tained invasive hemodynamic measures and histomorphometric
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analysis of cardiac tissue and histomorphometric analysis of lung and
diaphragm tissues after 18 weeks of pressure overload caused by ex-
perimental transverse aortic constriction (TAC) in male CD-1 mice
(Fig. 1A and table S1). Pressure overload refers to a condition in which
the heart muscle must contract to overcome an excessive afterload
during systole. As expected, histological and morphometric analyses
revealed ventricular hypertrophy and chamber dilatation (Fig. 1, B
and C). Invasive hemodynamic measurements revealed systolic and
diastolic dysfunction, as indicated by decreased contractility (dP/df .
Fig. 1D) and increased left ventricular end diastolic pressure (Fig. 1E),
respectively.

To assess diaphragmatic weakness, we investigated the diaphragm’s
ability to generate Pp,,y. The Ppax (a volitional maneuver) cannot be
measured in mice, so we measured the maximum inspiratory pressure
generated during a 25-s tracheal occlusion (Pyo.) as a surrogate of Pryqy.
Pjoc was reduced in our model, confirming the presence of diaphrag-
matic weakness (Fig. 1F). In patients with HF, TTT ([ Py/ Py *[ T/ Trotall)
at rest is increased as a result of lowered Py, (0r Py in rodents) and
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elevated quiet resting pressure generation (Pr) with no change in duty
cycle (Ty/ Trota) (14, 32). We also confirmed an increased P; during quiet
breathing (Fig. 1G) with no change in duty cycle (Fig. 1H). Thus, our
model recapitulates the diaphragmatic weakness and elevated TTI ob-
served in HF patients.

We then evaluated the effect of HF on diaphragm structure and
function. Histological analysis (Fig. 1I) revealed decreased muscle
fiber CSA (Fig. 1]), along with increased fibrosis (Fig. 1K) in mice
subjected to 18 weeks of TAC. However, in vitro diaphragm force pro-
duction was preserved at 18 weeks of TAC (Fig. 1L). We accounted for
any potential effect of atrophy on in vitro diaphragm function by nor-
malizing force production to CSA. Hence, reduced muscle mass (with
preserved force production), not decreased intrinsic myocyte force
production, was the primary cause of diaphragmatic weakness.

Pulmonary edema has long been thought to be the cause of elevated
TTIin HF patients. Whereas histological assessment showed changes in
the lung morphology (fibrosis and leukocyte infiltrate) in advanced
stages of TAC (9 weeks; Fig. 1M), there was no evidence of pulmonary
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Fig. 1. End-stage pressure overload HF induces diaphragmatic myopathy, elevated ventilatory drive, and pulmonary remodeling in the absence of pulmonary
edema. (A) Point of constriction on the transverse and abdominal aorta for experimental cardiac pressure overload. (B) Representative cross-sectional images of sham
and 18-week TAC hearts at the mid-papillary region and stained with picrosirius red. (C) Normalized cardiac weights of whole heart (WH), left ventricle (LV), and right
ventricle (RV) of sham (n = 8) and 18-week TAC (n = 8) mice. (D and E) The first derivative of pressure development (D) and left ventricular pressure (E) in sham (n = 8)
and 18-week TAC (n = 8) mice. EDP, end-diastolic pressure. (F) In vivo maximal inspiratory pressure of sham (n = 10) and 18-week TAC (n = 6) mice during a 25-s airway
occlusion. (G) In vitro force production of diaphragm from sham (n = 12) and 18-week TAC (n = 10) mice. (H) Duty cycle of sham (n = 8) and 18-week TAC (n = 5) mice.
() Representative images of sham and 18-week TAC diaphragms stained with picrosirius red. (J) Cross-sectional area (CSA) of diaphragm muscle fibers in sham (n = 5)
and 18-week TAC (n = 5) mice. (K) Percent fibrosis of sham (n = 5) and 18-week TAC (n = 5) diaphragms. (L) Twitch and tetanic diaphragmatic forces for sham (n = 5)
and 18-week TAC (n = 5) mice. (M) Whole lungs of sham and 18-week TAC mice perfusion fixed at 20 cmH,0 and stained with Gomori’s trichrome. (N) Wet weight-to-
dry weight ratio of lungs from sham (n = 8) and 18-week TAC (n = 8) mice. (0) Wet and dry weights of sham (n = 8) and 18-week TAC (n = 8) lungs. Mean + SEM;
*Significance versus sham; P < 0.05, as determined by Student’s t test. Scale bars, 2 mm (B), 100 um (I), and 100 um (M).
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edema (lung wet/dry weight ratio) at any time point (Fig. 1, N and O).
Together, these findings show that chronic pressure overload in mice
recapitulates diaphragmatic weakness, atrophy, and increased resting
pressure that is characteristic of patients with HF—yet with no evidence
of pulmonary edema.

Diaphragmatic weakness occurs early and is caused by
diaphragm atrophy

Diaphragmatic weakness (that is, reduced Py,.), atrophy (that is, re-
duced CSA), and fibrosis (Fig. 1, F and I to K) coexisted by 18 weeks
of TAC. Therefore, we investigated the development of these defects
during the pathogenesis of HF (Fig. 2). Pjo. in mice at 2 weeks of
TAC was similar to that of sham mice but fell by 4 weeks and further
by 18 weeks (Fig. 2, A to C). Diaphragm CSA was significantly re-
duced at 4, 9, and 18 weeks of TAC (Fig. 2, D and E), and fibrosis was
increased at all time points as compared to sham animals (fig. S1). To
determine the effects of atrophy and fibrosis on intrinsic diaphrag-
matic function, we evaluated isolated muscle for in vitro force gener-
ation, rate of force production (dT/dt,,,y), relaxation (that is, passive
baseline force), and resistance to fatigue. Unexpectedly, force produc-
tion (fig. S2) was transiently enhanced at 2 weeks of TAC and showed
no evidence of impairment at any time point that would contribute to
diaphragmatic weakness.

The diaphragm is the primary inspiratory muscle, and therefore,
pathological remodeling that affects its structure has direct effects
on ventilation. The change in Py, paralleled the progression of atro-
phy, and stepwise linear regression revealed that Py,.. was linearly and
strongly correlated with muscle CSA (r* = 0.98, P < 0.05; Fig. 2F).
Reductions in Py, were not attributable to necrosis or apoptosis be-
cause the number of muscle fibers spanning the diaphragm (abdom-
inal to thoracic surfaces) was unchanged throughout the development
of HF, and we did not find any centrally located nuclei or lesions.
Thus, atrophy (Fig. 2, D and E) primarily accounted for the inability
of the diaphragm to generate Py, throughout the progression of HF
(Fig. 2, B and C).

Chronic hypoperfusion of skeletal muscle can cause atrophy. The
perfusing arteries of the diaphragm (pericardiophrenic, musculo-
phrenic, and inferior/superior phrenic arteries) arise distal to the
constriction in TAC. Thus, a transient decline in diaphragmatic per-
fusion pressure might result in hypoperfusion-induced atrophy. To
rule out this possibility, we also used abdominal aortic constriction
(AAC) to induce pressure overload (Fig. 1A). At 18 weeks of AAC,
we observed a cardiac phenotype that was similar to 9 weeks of TAC
(table S2). This finding is consistent with the distance of the con-
striction from the heart because AAC imposes a less severe hyper-
tensive stress on the left ventricle (33). The diaphragms of mice after
18 weeks of AAC showed fibrosis and reduced CSA (fig. S3). There-
fore, we concluded that the diaphragmatic atrophy and fibrosis ob-
served in the TAC model did not result from hypotension-induced
hypoperfusion.

A neurohormonal-induced increase in ventilatory drive
causes diaphragmatic atrophy

To uncover the incipient cause of diaphragmatic atrophy, we investi-
gated whether the stress-causing atrophy was a global phenomenon
for all skeletal muscles or was specific to the diaphragm. We assessed
the CSA of soleus (predominantly a slow-twitch muscle) and gas-
trocnemius (predominantly a fast-twitch muscle) lower-limb muscles
from 4-week TAC mice (fig. S4), and it was unchanged in both limb
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muscles. Therefore, the incipient mechanism that drives atrophy was
not systemic but rather a stress specifically affecting the diaphragm.
Increased resting P; is a diaphragm-specific stress. Although the
long-standing theory has been that pulmonary edema increases Pj,
we had already ruled this out in our model (Fig. 1N and table S1).

Lung remodeling and reductions in lung compliance (that is,
increased lung stiffness) exist in advanced stages of HF (7) and could
increase P;. We observed a proportional increase in both the lung wet
and dry weights of 18-week TAC mice (Fig. 10), indicative of pulmo-
nary remodeling. As such, we investigated the progressive changes in
lung structure and mechanics to determine whether the physiological
mechanism for diaphragm atrophy and increased P; was due to a pul-
monary remodeling-induced mechanical load. In the temporal anal-
ysis of lung weights, there was no evidence of transient pulmonary
edema (Fig. 3A and table S1). Representative lung sections stained
with Gomori’s one-step trichrome are profiled in Fig. 3B. We identi-
fied a significant increase in pulmonary fibrosis after 9 and 18 weeks of
TAC (Fig. 3C) along with a rightward shift in alveolar CSA (Fig. 3D),
indicating pulmonary remodeling. To ascertain whether lung me-
chanics were altered by lung fibrosis, we generated lung compliance
curves in mice by recording airway pressure in response to stepwise
inflations with known volumes of air. Aligning with the histological
data, dynamic lung compliance was significantly decreased after only
9 and 18 weeks of TAC (Fig. 3, E and F). The physiological cause of
diaphragmatic atrophy must coincide with or precede the measured
atrophy at 4 weeks of TAC. Because these pulmonary alterations
occurred too late in the progression of HF, the incipient physiological
mechanism that causes diaphragm atrophy cannot be attributed to
lung remodeling and reduced compliance.

Mancini et al. demonstrated that patients with HF have signifi-
cantly elevated TTT at rest and during exercise (14). The elevated TTI
results from increases in resting P; and decreases in Pyy,,y, without
changes in duty cycle (T1/Tioa1) Or inspiratory time (T7). Thus, we
investigated changes in resting Pj and ventilatory drive throughout
development of pressure overload-induced HF in mice. Consistent
with the clinical findings, at all time points, resting P; was elevated
(Fig. 4, A and B) because of an increase in ventilatory drive (Py/Tj;
Fig. 4C) with no changes in duty cycle or T; (table S1). Because
increased resting P; and ventilatory overdrive preceded the onset
of diaphragm atrophy, identifying their causes would provide insight
into the cause of atrophy.

The cause of elevated resting P; is unresolved in humans. We
measured 24-hour CO, and O, production in 2-week TAC mice,
finding both parameters significantly, yet proportionally, decreased
compared to sham (table S1). We also found similar blood lactate
levels in sham and 2-week TAC mice (6.5 versus 6.7 mM; P =
0.545, two-tailed Student’s ¢ test). These results are consistent with
clinical data suggesting that ventilatory overdrive and P; are elevated
independent of chemical drive (that is, CO,, H", and O,) (34).

Up to this point, we have shown that the physiological mechanism
for the cause of atrophy is a stress that specifically affects the diaphragm
and involves neither changes in lung mechanics nor chemical drive.
These findings suggest the possibility that a stimulatory neuro-
hormonal mechanism might cause the increase in resting P observed
in mice with pressure overload-induced HF. This rationale is
supported by previous work that demonstrated a case in which hor-
mones (estrogen and progesterone) can increase ventilatory drive
(35, 36) independent of chemical drive. In HF, neurohormonal dys-
function is classically associated with increased catecholamines and
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Fig. 2. Diaphragmatic myopathy progressively develops throughout the duration of
18 weeks of TAC and is characterized by atrophy and decreased Pj,. (A) Representa-
tive tracings of inspiratory pressure at baseline during anesthetized eupneic breathing (P)
and maximum inspiratory pressure (Pjoc) during a 25-s airway occlusion. (B) Representative
tracings of inspiratory pressure development during airway occlusion in TAC and sham
mice. (C) Inspiratory pressure development in sham (n = 10) and TAC (n > 6) mice during
the 25-s airway occlusion. (D) Representative images of sham and TAC diaphragms stained
with hematoxylin and eosin (H&E) and wheat germ (WGA) demonstrating diaphragm atro-
phy during the progression of TAC. (E) Diaphragm muscle fiber CSA histogram of sham (n >
400 technical replicates for each of the five biological replicates) versus TAC (n > 400 tech-
nical replicates for each of the five biological replicates in each group) mice. (F) Correlation
between Py and diaphragm muscle fiber CSA of sham (n = 10) and TAC (n > 6) mice. Mean +
SEM; *Significance versus sham; P < 0.05, as determined by protected least-squares difference
(LSD). Scale bars, 10 cmH,0 (vertical bar) and 5 s (horizontal bar) (A and B) and 240 um (top)
and 35 um (bottom) (D).
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Fig. 3. TAC induces progressive and profound lung remodeling that reduces dynamic lung compliance in late-stage TAC. (A) Lung wet and dry weights of sham
and TAC mice. (B) Representative images of lung tissue stained with Gomori’s trichrome. (C) Interstitial/alveolar pulmonary fibrosis (n = 5). (D) Histogram of alveolar CSA
in sham (n = 5) and TAC (n = 5) mice. (E) Representative raw pressure tracings during 200 ul of lung inflation for the measurement of dynamic lung compliance in sham
and TAC mice. (F) Dynamic lung compliance curves of sham (n = 4) and TAC (n = 4 for each group) mice. Mean + SEM; *Significance versus sham; P < 0.05, as

determined by protected LSD. Scale bars, 30 um (top) and 15 um (bottom) (B).

activation of the renin-angiotensin-aldosterone system (RAAS). As
such, we sought to investigate the role of these hormone systems in
the stimulation of ventilatory drive. In 2-week TAC mice, we acutely
administered either an angiotensin-converting enzyme (ACE) inhibitor
(captopril) or a nonselective B-ADR blocker (propranolol) to systemi-
cally attenuate ANGII or B-ADR signaling. Acute administration of ei-
ther drug normalized P; in 2-week TAC mice to sham levels (Fig. 4D),
implicating ANGII and B-ADR signaling as ventilatory stimuli in HF.

To resolve whether ANGII and B-ADR signaling increases venti-
latory drive as a result of HF or whether it is an innate mechanism,
we infused ANGII or isoproterenol (a nonselective B-ADR agonist)
into healthy mice. Both hormones spurred a dose-dependent in-
crease in P (Fig. 4E) and ventilatory drive. It was not clear why cap-
topril and propranolol decreased P; in 2-week TAC mice with equal
efficacy. However, ANGII and B-ADR receptors exhibit cross-talk

Foster et al., Sci. Transl. Med. 9, eaag1303 (2017) 17 May 2017

and are transinhibitory in the heart (37). B-ADR blockade inhibits
ANGII-mediated signaling and vice versa. To test for a transinhibi-
tory effect of ANGII and B-ADR blockade on ventilatory drive, we
infused ANGII with propranolol or isoproterenol with captopril.
This experiment abolished the effects of either hormone in the pres-
ence of their transinhibitors (Fig. 4E). This indicates a functional
codependent mechanism between the ANGII and B-ADR systems
to regulate ventilatory drive. Because ANGII is a potent initiator of
smooth muscle contraction, we wanted to ensure that the resultant
increase in P; was not an indirect consequence of airway smooth
muscle constriction. During intravenous ANGII infusion, we simul-
taneously measured airway pressure and neural drive [that is, by
diaphragm electromyography (EMG)] in healthy open-chested, anes-
thetized mice during mechanical ventilation. This technique provides
a means to separate neural drive from increased airway resistance
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Fig. 4. ANGII and B-ADR codependent signaling stimulates neural ventilatory drive that is only normalized by antagonists that cross the BBB. (A) Represent-
ative tracings of inspiratory pressure during anesthetized breathing at rest in sham and TAC mice. (B) Inspiratory pressure (Pl) and (C) ventilatory drive (PI/TI) during

anesthetized breathing in sham and TAC mice. (D) Inspiratory pressure of sham and

TAC mice following acute treatment with captopril or propranolol. (E) Inspiratory

pressure measured during the infusion of ANGII or isoproterenol in the presence or absence of captopril or propranolol (n = 4 for each combination). (F) Representative
tracing of diaphragmatic EMG and airway pressure during the infusion of ANGIL. (G) Inspiratory pressure in sham and 2-week TAC mice in the presence or absence of ANGII
or B-ADR receptor blockers (n = 8 for each combination). (H) Chart indicating the ability of various ANGIl and B-ADR receptor blockers to cross the BBB. Mean + SEM;
*Significance versus sham; P < 0.05, as determined by protected LSD. *Carvediol is rapidly effluxed and does not accumulate within the brain.

due to constriction. Infusion of ANGII increased diaphragm EMG but
not airway pressure (Fig. 4F). This confirmed that increased P; was not
the indirect consequence of airway constriction but rather the result of
direct neural stimulation of ventilation caused by ANGII and B-ADR
signaling.

In HF, ANGII is a key mediator of the RAAS and a partial regulator
of catecholamine production. These effects are mediated principally
through AT1 and AT2 receptors, which are located both centrally

Foster et al,, Sci. Transl. Med. 9, eaag1303 (2017) 17 May 2017

(38-41) and peripherally (41, 42). Likewise, ventilation is also regu-
lated by central and peripheral mechanisms. To ascertain if the ven-
tilatory stimuli of ANGII and B-ADR signaling were centrally or
peripherally mediated, we tested the effects of angiotensin receptor
antagonists that were either blood-brain barrier (BBB)-permeant
[candesartan (38-40) and PD123319 (43)] or BBB-impermeant
[losartan (44) and azilsartan (30)]. P; was unchanged in 2-week TAC
mice after administration of losartan (AT1 antagonist), azilsartan
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(AT1 antagonist), or PD123319 (AT2 antagonist) (Fig. 4G). However,
BBB-permeant candesartan normalized P; to sham levels (Fig. 4G),
suggesting a centrally mediated mechanism. To confirm that ventila-
tory overdrive was centrally mediated, we tested the transinhibitory
mechanism using selectively permeant B-blockers. Indeed, atenolol
[BBB-impermeant (45)] did not display a propranolol-comparable re-
ducing effect [BBB-permeant (45)] (Fig. 4G) on ventilatory overdrive.
Clinically, atenolol and propranolol are generally prescribed for the
treatment of hypertension, whereas carvedilol, metoprolol, and biso-
prolol are frontline medications recommended for HF patients. Fur-
ther corroborating our findings, only the BBB-permeant metoprolol
(46), in its fast-release formulation, was effective at reducing ventila-
tory overdrive in 2-week TAC mice (Fig. 4G). Therefore, our results
suggest that the ventilatory stimulus that promotes increased resting
Py and ventilatory overdrive is mediated via receptors that are con-
tained within the BBB (Fig. 4H); this is a critical finding because most

pharmacological agents used to treat hypertension and HF in an
outpatient setting do not cross the BBB.

Chronic ventilatory overdrive causes enhanced diaphragm
function followed by atrophy

Having identified the cause of ventilatory overdrive, we next investi-
gated the mechanism of diaphragmatic atrophy. The earliest indica-
tion that HF had affected diaphragm function in our model was
enhanced in vitro force production at 2 weeks of TAC (fig. S2). Cate-
cholamines are overactive in HF and, via -ADR, act as potent cardiac
inotropes, but their effects on the diaphragm are unknown. Thus, we
investigated whether acute B-ADR stimulation was the cause for
increased in vitro function. To test this, we measured in vitro function
during repeated nonfatiguing submaximal electrical stimulations
before and after incubation with a B-ADR agonist, isoproterenol
(Fig. 5, A and B). Incubation had no effect on contractility or passive
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Fig. 5. Chronic B-ADR blockade normalizes diaphragm in vitro function that is not explained by acute B-ADR stimulation or alterations in myofilament
function. (A) Raw tracings of in vitro tetanic contraction from sham, sham + isoproterenol (ISO), and 2-week TAC diaphragm. (B) Maximal in vitro force production
of sham (n = 10), sham + isoproterenol (n = 6), and 2-week TAC diaphragm (n = 14). (C) Diaphragm myofilament force production and (D) calcium sensitivity (pCAs) of
sham (n = 17) and 2-week TAC (n = 19) mice. (E) Relative mRNA expression in sham, 2-week TAC, and 2-week TAC + propranolol mice (n = 3 technical replicates for each
of the five biological replicates in each group). (F) Peak force production and (G) maximum rate of force production +d7/dt,.x during force-frequency protocol in sham
(n = 12), 2-week TAC (n = 14), and 2-week TAC + propranolol (n = 7) mice. Representative tracings of in vitro fatigue protocol in (H) 2-week TAC and (I) 2-week TAC +
propranolol diaphragms. (J) Maximum passive force development of sham (n = 12), 2-week TAC (n = 14), and 2-week TAC + propranolol (n = 7) diaphragms during in vitro
fatiguing stimulations. All mRNAs are expressed relative to the housekeeping gene Hmbs (hydroxymethylbilane synthase). Mean + SEM; *Significance versus sham; P < 0.05,
as determined by protected LSD. *Significance versus 2-week TAC + propranolol; P < 0.05, as determined by protected LSD.
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baseline force but marginally increased peak force production by
~9% (Fig. 5B); subsequent additions of isoproterenol did not cause
further changes. Although acute B-ADR activation slightly increased
in vitro force, it was significantly less than that observed in 2-week
TAC diaphragm, establishing that additional mechanisms remain to
be elucidated.

In cardiac muscle, B-ADR activation leads to both acute and chronic
changes in cardiac function, specifically by altering myofilament pro-
teins (47-49) and calcium handling (50, 51). Whereas the effects of
B-ADR stimulation on cardiac myofilament function are well studied,
the effects of these agents on skeletal myofilament function are un-
known. Therefore, to determine whether chronic B-ADR activation
increased force production by altering myofilament function, we as-
sessed force production and myofilament Ca®" sensitivity of 2-week
TAC skinned diaphragm myofilaments. Maximum myofilament force
production (Fig. 5C) and sensitivity (as indicated by pCas; Fig. 5D)
were unchanged from sham. These results were unexpected because
in vitro force production was increased by ~35% in 2-week TAC dia-
phragms (Fig. 5B and fig. S2), and we showed previously that the passive
force of a single skinned diaphragm fiber is reduced after 2 weeks of
TAC as compared to sham mice (52). Because the increased in vitro
force production did not have parallel increases in either myofilament
sensitivity or force production, the causal mechanism likely resides
with enhanced Ca®" handling. The increase in baseline passive force
production during fatiguing stimulations (fig. S2) was consistent with
alterations in Ca®" handling. Thus, we sought to investigate the key
components of the Ca®* handling system in diaphragm tissue by
quantitative polymerase chain reaction (QPCR) analysis. The dia-
phragm from 2-week TAC mice revealed a 30% reduction in Sercala
and a 50% increase in sarcolipin, coupled with a doubling of B-ADR
subtype 1 expression (Fig. 5E). These results are consistent with reduced
Ca®" reuptake because Sercala is the predominant Ca**-ATPase iso-
form in skeletal muscle and sarcolipin acts to inhibit Sercala activity
(53). An analogous molecular profile is observed in cardiac tissue from
HF mouse models, in which altered Ca®* handling also exists (53) and
often causes endoplasmic reticulum (ER) stress. Hence, up-regulation
of sarcolipin and down-regulation of Sercala suggest that Ca** re-
uptake is reduced by 2 weeks of TAC, resulting in the accumulation
of cytosolic Ca®" and translating to an increase in peak (fig. S2) and
passive (fig. S2) in vitro force production. Although acute p-ADR
stimulation did not explain the increased in vitro force production ob-
served at 2 weeks of TAC (Fig. 5, A and B), this does not exclude
persistent B-ADR-induced ventilatory overdrive as the mechanism.

We next treated a subset of TAC mice with a f-ADR blocker, pro-
pranolol, to investigate whether persistent B-ADR-induced ventilatory
overdrive resulted in enhanced diaphragmatic function. Propranolol
treatment for 2 weeks normalized ventilatory overdrive and ameliorated
the effects of TAC on in vitro diaphragmatic function (Fig. 5, F to J).
Normalization of diaphragmatic function was also associated with a re-
duction in sarcolipin and Beta 1 (B-ADR subtype 1) mRNA, as com-
pared to the untreated 2-week TAC group (Fig. 5E). Collectively, these
data demonstrated that enhanced in vitro diaphragmatic force produc-
tion after 2 weeks of TAC was neither the result of increased myo-
filament force production nor the result of acute p-ADR stimulation
on the muscle. Rather, persistent B-ADR-induced ventilatory overdrive
resulted in altered Ca®* handling, as indicated by elevated passive and
peak force production. Indices of systolic and diastolic cardiac function
in the 2-week TAC, propranolol-treated group were comparable to the
untreated group (table S3). Therefore, the normalization of diaphragm
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function after chronic (that is, 2 weeks) propranolol treatment was not
the result of treating the cardiac dysfunction. Propranolol’s ameliorative
effects on cardiac hemodynamic dysfunction are negligible in early
TAC (table S3).

Having accounted for the enhanced in vitro force production as a
consequence of persistent B-ADR-induced ventilatory overdrive, we
next explored whether this was also the mechanism for subsequent
atrophy. To exclude the possibility that peripheral B-ADR activation
played a role in the development of diaphragmatic atrophy, we com-
pared 4 weeks of chronic treatment with either atenolol (peripheral
only) or propranolol (peripheral and central). Four weeks of chronic
propranolol, but not atenolol, treatment prevented the development
of diaphragm atrophy (CSA; Fig. 6, A to C) and preserved inspiratory
strength (Proc; Fig. 6D). We also treated another subset of mice
throughout the duration of 9-week TAC with propranolol, again, with
no evidence of diaphragm atrophy. Thus, chronic propranolol treat-
ment did not delay, but rather prevented, the development of atrophy
in HF, affirming chronic central B-ADR stimulation as the causative
mechanism.

Muscle fiber size (that is, CSA) is maintained by a homeostatic ba-
lance between protein synthesis and degradation. Diaphragm atrophy
can occur as a result of cellular degeneration, enhanced protein deg-
radation, or impaired protein synthesis. To elucidate the molecular
mechanism of atrophy, we profiled 4-week TAC diaphragms for ge-
netic markers of apoptosis (Fig. 6E), autophagy (Fig. 6F), protein deg-
radation (Fig. 6G), regeneration and repair (Fig. 6H), and ER stress
and unfolded protein response (Fig. 6I). There was no evidence of ap-
optosis or autophagy. Key markers of skeletal muscle degradation
(Foxol, Foxo3, Foxo4, and Murf-1) were all down-regulated, with
the exception of atrogin, a ubiquitin protein ligase (Fig. 6G). Further-
more, despite profound atrophy, in vitro diaphragmatic force produc-
tion and contractility in 4-week TAC mice were not reduced, a finding
incongruent with muscle proteolysis. In profiling gene expression for
muscle regeneration and repair, myogenin and Myf5, both markers of
skeletal muscle regeneration (Fig. 6H), were significantly elevated. We
also demonstrated a significant increase in the expression of actin and
the embryonic isoform of myosin heavy chain (MHC-Emb; Fig. 6H).
Thus, the prevailing diaphragmatic phenotype was one of atrophy,
whereas the molecular expression profile favored muscle regeneration.

ER stress and the unfolded protein response can uncouple mRNA
and protein synthesis (54); thus, we investigated the expression of genes
associated with these processes in diaphragms from sham and 4-week
TAC mice (Fig. 6I). qPCR analysis revealed increased expression of
heme-oxygenase 1, Perk, XBpl, and XBp1 splice variant—indicative
of ER stress (55-57) in 4-week TAC diaphragms (Fig. 6I). Perk, an
ER-transmembrane protein kinase that couples ER stress to the inhi-
bition of protein translation, was increased by about twofold (Fig. 6I).
The downstream target of Perk, eukaryotic translation initiation factor
20 (EIF2a), inhibits the initiation of protein translation when phos-
phorylated by Perk and was unchanged (Fig. 6I). Furthermore, expres-
sion of Chop, which promotes protein synthesis by dephosphorylating
EIF20, was significantly reduced (Fig. 6I). Together, the unfolded pro-
tein response molecular profile suggested a net increase in EIF20
phosphorylation as the molecular mechanism causing diaphragm at-
rophy. This molecular mechanism was strengthened by being treatable
with propranolol but not atenolol (Fig. 6] and fig. S6) and was further
corroborated in the absence of TAC (fig. S5). For further confirmation
at the protein level, we examined total and phospho-Ser”'-EIF2a levels
in the diaphragm from 4-week TAC mice. Although EIF2a protein
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Fig. 6. BBB-permeant B-blockers ameliorate diaphragm atrophy, restore inspiratory strength, and normalize EIF2a phosphorylation and relative Perk expression in
TAC mice. (A) Representative cross-sectional images of diaphragm from sham, 4-week TAC, 4-week TAC + propranolol (pro), and 4-week TAC + atenolol (ateno) stained with
picrosirius red. (B) Diaphragm muscle fiber CSA histogram of sham (n > 400 technical replicates for each of the five biological replicates) versus 4-week TAC + propranolol mice
(n > 400 technical replicates for each of the five biological replicates) or (C) 4-week TAC + atenolol mice (n > 400 technical replicates for each of the five biological replicates).
(D) Maximal inspiratory pressure during a 25-s airway occlusion in sham (n = 10), 4-week TAC (n = 8), 4-week TAC + propranolol (n = 6), and 4-week TAC + atenolol (n = 5)
mice. (E to I) Relative diaphragm mRNA expression of key gene markers involved in (E) apoptosis, (F) autophagy, (G) degradation, (H) regeneration, and (I) the unfolded protein
response in sham and 4-week TAC mice (n = 3 technical replicates for each of the five biological replicates in each group). J) Relative diaphragm Perk mRNA expression in
sham, 4-week TAC, 4-week TAC + propranolol, or atenolol-treated mice (n = 3 technical replicates for each of the five biological replicates in each group). (K) Diaphragm total
protein content, (L) phosphorylation, and (M) protein/phosphorylation ratio of sham (n = 5), 4-week TAC (n = 5), and 4-week TAC + propranolol (n = 5) with MemCode stains
and Western blots. All mRNA are expressed relative to the housekeeping gene Hmbs. Mean + SEM; *Significance versus sham. *Significance versus 4-week TAC; P < 0.05, as
determined by protected LSD. Scale bar, 50 um (A).
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levels were reduced (Fig. 6K), absolute levels (Fig. 6L) and the relative
ratio (Fig. 6M) levels of phospho-Ser" were significantly increased,
about four- and fivefold, respectively. Furthermore, 4 weeks of pro-
pranolol treatment normalized Perk expression and EIF2a protein
and phospho—Ser51 levels (Fig. 6, ] to M) along with normalization
of diaphragmatic CSA and preservation of inspiratory strength (Procc
Fig. 6D). Collectively, gene expression analysis revealed that diaphragm
atrophy, preventable with chronic propranolol (but not atenolol) treat-
ment, was the result of impaired protein synthesis induced by increased
Perk expression and EIF2a Ser”' phosphorylation. Together, our data
show that, in HF, a central neurohormonal increase in ventilatory drive
acutely enhances diaphragmatic function yet, when chronically acti-
vated without resolution, inhibits protein synthesis, causing diaphrag-
matic atrophy and weakness.

DISCUSSION

Here, we show that the development of respiratory dysfunction occurs
in three evolving stages in HF, which accumulate as a neuroinspiratory
myopulmonary syndrome (Fig. 7). We have discovered a neuro-
hormonal mechanism that increases ventilatory drive, resulting in a
chronically higher work-of-breathing in HF, independent of changes
in lung mechanics or the presence of pulmonary edema. Subsequent
to enhanced diaphragmatic contractility, atrophy—the incipient cause
of diaphragmatic weakness—developed as a consequence of chronic
ventilatory/diaphragm overdrive, leading to Perk up-regulation and
downstream phosphorylation and inhibition of EIF2a. Pathological
lung remodeling occurred late in the progression of HF, resulting in fi-
brotic deposition and resultant restrictive lung function. Critically,
only ANGII and B-ADR blockers—which are capable of crossing
the BBB—were effective in normalizing ventilatory drive and alleviat-
ing diaphragmatic weakness, independent of improvement in cardiac
function. Thus, translational pharmacology will require specific con-
sideration in drug selection so as to target both the respiratory and
cardiovascular dysfunction in HF patients to improve outcome and
quality of life.

In contrast to peripheral muscle, little is known about diaphrag-
matic alterations in HF, probably because most studies have primarily
examined end stages of the disease. Consequently, no information on
the causation and/or progression of the pathophysiological mecha-
nisms has been reported. Our objective was to investigate the incipient
and sequential mechanisms causing diaphragmatic dysfunction. HF-
induced atrophy was first and foremost observed at the level of the
diaphragm by 4 weeks of TAC and progressed by 18 weeks in our ex-
perimental model. The strong correlation between diaphragmatic at-
rophy and maximal inspiratory pressure generation establishes that the
initial cause of diaphragm weakness in HF is solely attributable to the
atrophy. In contrast to other models (17-19, 21, 58), such as myocardial
infarction and ventricular pacing, we found no evidence of in vitro di-
aphragmatic dysfunction at the time points we investigated. Because
our study focused on early HF, atrophy likely precedes the development
of any intrinsic contractile deficit.

Here, we show a codependent mechanism between B-ADR and
ANGII signaling that increases neural ventilatory drive to induce a state
of chronic diaphragmatic hyperactivity. Blockade of this ventilatory
overdrive prevented the development of diaphragmatic atrophy and
preserved inspiratory muscle strength. Systemic B-ADR agonists typi-
cally stimulate skeletal muscle hypertrophy (59). The observation that
gastrocnemius and soleus (peripheral muscles in the limbs) showed no
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Fig. 7. Heart failure-induced ventilatory overdrive triggers the development
of diaphragm atrophy and weakness independent of pulmonary edema or
lung remodeling.

Dyspnea and
exercise intolerance

evidence of atrophy indicates that atrophy first develops at the level of
the diaphragm. Had atrophy been the result of direct B-ADR stimula-
tion on the muscle, we would expect (i) a parallel effect in diaphragm
and peripheral muscles and (ii) that atenolol would block HF-induced
diaphragm atrophy, which it did not. However, limb muscle atrophy is
an important feature of HF-induced exercise intolerance and likely
appears later in our model. In contrast to limb muscles, the diaphragm
is subjected to sustained hyperactivity without rest, resulting in the rapid
development of atrophy. Whereas the increase in resting pressure gen-
eration (at all time points) appeared modest, it underrepresented the
actual increase in muscle activity. Because the airway is not occluded,
increases in pressure generation are dissipated in airflow. Thus, even a
modest increase in resting pressure generation reflected a significant in-
crease in muscle activity.
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Chronically elevated contractile activity stimulates the proteasome
pathway in skeletal muscle, leading to protein degradation and atrophy
(60). However, despite the profound atrophy observed, we found no ev-
idence of protein degradation in our model. Protein translation is also
attenuated in response to heightened contractile activity (61, 62) with-
out the activation of degradation pathways, which aligns with our find-
ings. The precise mechanism(s) responsible for reducing protein
translation during heightened contractile activity are not fully under-
stood. One possibility is the activation of the unfolded protein response
due to ER stress (63). The unfolded protein response is composed of
three branches: (i) Atf6, (ii) Irel, and (iii) Perk—of which, Perk ac-
tivation inhibits protein translation (55). In our model, up-regulation
of Perk expression was positively associated with the development of
atrophy. Nonetheless, chronic activation of Perk can be either cytopro-
tective (64-66) and/or apoptotic (66, 67) under different conditions.
ER stress can activate the transcription factor CHOP, which mediates
apoptosis. We found no histological or molecular evidence of skeletal
muscle apoptosis and no change in Chop expression, suggesting
limited activation of the ER stress response. This is in agreement with
other reports that, in the absence of Chop activation, ER stress acti-
vates Perk (68, 69) and inhibits Atf6 and Irel signaling (68, 69), which
would support our findings. Although this is controversial, current ev-
idence indicates that the magnitude and duration of ER stress deter-
mine whether chronic Perk activation results in apoptosis or cell
survival (68, 69). This reconciles our observation of diaphragm atrophy
in the absence of apoptosis or protein degradation. The downstream
evidence for protein hyperphosphorylation of EIF2a confirms that at-
rophy was the result of arrested protein translation. This explains why
an expression profile favoring myocyte renewal and regeneration
failed to deliver any effect. Typically, ER stress causes activation of
Atf6, Irel, and Perk of the unfolded protein response and their down-
stream pathways. However, we observed hyperphosphorylation of
EIF20 that was associated with increased Perk mRNA expression
rather than activation. Whether this hyperphosphorylation of EIF2a
is solely the result of increased Perk levels or also reflects, at least in part,
activation of the ER stress response remains to be investigated. The
molecular mechanism of diaphragm atrophy was due to increased Perk
expression with resultant hyperphosphorylation of EIF2a, thus limiting
protein translation.

Ventilatory drive is largely regulated by CO,, H', and, to a lesser
extent, hypoxia. Although it is atypical to ascribe alterations of venti-
latory drive to hormonal regulation, we are not the first to discover
that such hormonal modulation can occur. Estrogen and progesterone
increase the sensitivity of the central chemoreflex to CO, during the
luteal phase and pregnancy (35), resulting in hypocapnia. Moreover,
estrogen- and progesterone-mediated ventilatory drive increases
resting P; independent of the duty cycle (36), similar to what we report
here with ANGII and catecholamines. Coincidently, estrogen and pro-
gesterone activate E2 receptors in areas behind the BBB, such as the
hypothalamus, ventromedial medulla, and solitary nucleus, all sites
with localized ANGII receptors (mainly AT1) (70-73). Future work is
necessary to identify the neuroanatomical receptor density for ANGII
and catecholamines and other receptors that are responsible for venti-
latory drive modulation.

Our direct infusion and inhibitor experiments indicate that central
ventilatory drive is elicited by both ANGII and catecholamines in
healthy and TAC animals. Whereas catecholamine and ANGII per-
missiveness to cross the BBB remains controversial, our data support
the contention for an AT1/B-ADR-mediated elevation in central ven-
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tilatory drive because only BBB-permeant AT1 and B-ADR blockers
were capable of reducing ventilatory drive.

Our findings are relevant to the pathophysiology and treatment of
HF, specifically surrounding the use of ARBs and B-ADR blockers.
Similar to ACE inhibitors (such as captopril), ARBs reduce blood
pressure and are used in the treatment of hypertension. ACE inhibi-
tors and ARB are both effective at reducing blood pressure (74).
However, unlike ACE inhibitors, ARBs are receptor-specific (AT1
versus AT2) and thus confer fewer side effects than ACE inhibitors
(74). Despite belonging to the same drug class, ARBs are variable in
their pharmacodynamic and pharmacokinetic characteristics (30).
Although candesartan and losartan similarly reduced blood pressure,
in a study of 14,100 hypertensive patients, total cardiovascular disease,
HF, and cardiac arrhythmias were markedly lower in patients who
were prescribed candesartan (31); the reason for this discrepancy re-
mains unclear.

We found that only candesartan normalized ventilatory drive, and
we attribute this to its ability to cross the BBB. Thus, an obvious ques-
tion is whether the additional benefits of candesartan observed clinically
(31) reflect normalization of ventilatory drive via blockade of central
AT]1 receptors. This notion is not unreasonable because acute and
chronic respiratory loads cause cardiac injury (75-78), highlighting
the integration of respiratory and cardiac pathophysiology. Lipophilic
B-blockers (such as propranolol) have shown lower rates of mortality
in patients with coronary heart disease, as compared to hydrophilic
agents (such as atenolol) that are unable to cross the BBB (79). Similar
to the results using ARBs, only BBB-permeant therapeutics were ef-
fective in treating ventilatory overdrive. Thus, the ability for certain
lipophilic B-blockers to reduce ventilatory drive could be a factor in
determining clinical outcomes. B-Blockers have shown variability in
modulating clinical outcomes. Literature evidence on this point both
supports (80-86) and refutes (87-91) a difference in clinical outcome
between different B-blockers. As an example, metoprolol (meta-
analysis included studies with both succinate and tartrate) is superior
to carvedilol and bisoprolol [negligible BBB permeability (92)] in re-
ducing sudden death (82). In contrast, all-cause mortality was reduced
with carvedilol versus metoprolol tartrate; yet, neither mortality nor
hospitalizations were significantly different between carvedilol and
metoprolol succinate (89). Although carvedilol is BBB-permeant, it
is effluxed by P-glycoprotein-1 so that it does not accumulate in the
brain (93). Metoprolol tartrate crosses the BBB (46), but the ability of
metoprolol succinate to penetrate the BBB is unclear. Here, only
metoprolol tartrate and propranolol effectively reduced ventilatory
overdrive. Whether metoprolol succinate or carvedilol could effectively
reduce ventilatory overdrive with prolonged chronic therapy remains
to be determined. It is important to consider that not all medications
within a specific class were effective in treating the neurorespiratory
system. Moreover, the pharmacological therapies that effectively
treat the cardiovascular system may not offer effective treatment of
the neurorespiratory system.

According to the American College of Cardiology/American
Heart Association guidelines, ACE inhibitors or ARBs and B-ADR
receptor blockers are the first-line pharmacotherapy for HF (94). Al-
though the foundations of clinically classifying HF (New York Heart
Association, CCS class) are largely based on dyspnea and exercise
intolerance, clinical trials are generally not designed to include mea-
sures of respiratory function as a primary outcome. Dyspnea and
reduced exercise capacity are the chief complaint of patients with
HF for which respiratory muscle weakness is a contributing factor
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(14, 95). Thus, any improvements in respiratory function will benefit
these patients.

Although diaphragm weakness is a salient feature of patients and
experimental HF, until now, the incipient cause has remained elu-
sive. Our findings establish the cause of diaphragm weakness and
mechanisms by which it could be treated with appropriate therapy.
However, whether treating the neurorespiratory system translates to
improvements in quality of life and/or reduced mortality requires
clinical evidence. Future clinical trials assessing efficacy of ARBs,
B-ADR blockers, and new HF therapeutics would benefit from ac-
tively and quantitatively measuring respiratory function (that is,
TTI) and symptomatology. Translating our study to improve clinical
outcome in HF patients requires careful consideration of both drug
class and type, in addition to titration for respiratory efficacy. In ad-
dition, evaluating the benefits of drug combinations should be
considered in the design of future clinical trials.

MATERIALS AND METHODS

Study design

The objective of the present study was to identify the incipient cause
and molecular mechanisms of diaphragm weakness in a pressure
overload mouse model of HF. The sample sizes were determined on
the basis of previous experience and taking into account the mortality
rate of the surgical intervention. To ensure comparable degrees of
cardiac dysfunction, echocardiography and/or invasive hemodynamic
function was assessed in TAC mice at each experimental time point.
Outliers were removed owing to absence of cardiac dysfunction and/
or surgical intervention complications (infection, unsuccessful induc-
tion of pressure overload, excess surgical bleeding, etc.) in accordance
with a ROUT outlier test at 2%. Mice were assigned to the respective
study time points and/or experimental interventions at random, and
with the exception of CSA analysis, experiments were conducted in a
nonblinded fashion. Individual biological and technical replicates are
indicated in the figure and table legends for each respective experi-
ment and range between 4 < 14 (biological) and 3 < 400 (technical),
depending on the specific technique.

All experimental procedures were approved by the Institutional
Animal Care and Use Committee and conducted in accordance with
the guidelines of the Canadian Council on Animal Care, as set out
in the Guide for the Care and Use of Experimental Animals. All
experiments were conducted on male CD-1 mice (Charles River Ltd.)
housed in a 12:12 light-dark facility with food and water ad libitum
at the University of Guelph.

Cardiac pressure overload induced by TAC or AAC

Nine-week-old mice (~35 g body weight) were anesthetized with an
isoflurane/oxygen mix (2%:100%), intubated, and mechanically ven-
tilated (Harvard Apparatus) at a tidal volume of 200 pl and at a rate
of 150 breaths/min. The transverse aorta was constricted to the di-
ameter of a 26-gauge needle to impose cardiac pressure overload, as
previously described (53). Although TAC leads to hypertension
proximal to the constriction, distally, slight hypotension can occur
before restoration of systemic blood pressure. Thus, the abdominal
aorta was constricted (AAC) in a subset of mice to investigate if the
diaphragmatic myopathy observed in TAC could be attributed to
hypotension-induced hypoperfusion. Animals were administered
analgesic and carefully monitored for postsurgical complications.
Those that displayed abnormalities or complications were removed
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from the study. Animals were used at 2, 4, 9, or 18 weeks after TAC
or sham surgery.

Propranolol treatment

In a subset of TAC mice, propranolol was administered twice daily
(8 am. and 6 p.m.) at a dose of 15 mg/kg, with the first injection
immediately after TAC surgery. Mice were subsequently treated for
either 2 or 4 weeks and were sacrificed after hemodynamic analysis
for in vitro diaphragm contractility studies and histological, mor-
phometric, and/or biochemical analysis.

Atenolol treatment

In a subset of mice, atenolol was administered twice daily (8 a.m. and
6 p.m.) at a dose of 15 mg/kg, with the first injection immediately after
TAC surgery. Mice were subsequently treated for 4 weeks at which
point Py, was assessed before the mice were sacrificed for histological
and molecular assessment.

Esophageal pressure measurements

Mice were anesthetized with an isoflurane/oxygen mix (2%:100%)
and body temperature was maintained at 37°C. Mice were intubated
using a 20-gauge angiocatheter (Becton, Dickinson and Company)
to maintain an open and unobstructed airway. The angiocatheter was
retrofitted with compressible tubing to facilitate inducible airway oc-
clusions. Esophageal pressure (P,s) was measured with a 1.2F catheter
(Transonic) recorded on LabScribe2 software (iWorx) and analyzed
with Spike2 software (Cambridge Electronic Design). P.; was measured
during five different protocols: (i) Eupneic breathing: Baseline P was
measured at all time points of TAC, as previously discussed and ana-
lyzed for inspiratory pressure (Py), inspiratory time (7T7), and respiratory
frequency. (ii) Tracheal occlusions: Immediately after 2 min of baseline
P, recording, the trachea was occluded and P, was monitored for
changes. Tracheal occlusions were initiated at end expiratory volume
to ensure consistency of the diaphragm length-tension relationship.
Maximum inspiratory pressure (Py,.,,) was evaluated after 25 s of occlu-
sion when pressure generation reached a plateau. (iii) Pharmacological
intervention in 2-week TAC mice: Baseline P.; was measured after
injection of an ACE inhibitor (captopril; 15 mg/kg), ANGII receptor 1
antagonists (losartan and candesartan; 15 mg/kg), an ANG receptor 2
antagonist (PD123319; 10 mg/kg), and B-blockers (propranolol,
atenolol, carvedilol, bisoprolol, and metoprolol; 15 mg/kg). All drugs
(Sigma-Aldrich) were solubilized in sterile saline and administered
via intraperitoneal injection. Measurements were obtained 1 hour af-
ter injection. (iv) Pharmacological intervention in sham mice: P, was
measured in sham mice during the infusion of isoproterenol, ANGII,
or angiotensinl-7 fragment (ANG1-7). The right jugular vein was
isolated, catheterized, and connected to a syringe pump (Harvard Ap-
paratus) that infused 1 x 107 mol isoproterenol, ANGII, and ANG1-7
at varying rates. (v) Diaphragm EMG: Mice were ventilated at a rate
of 150 breaths/min and a tidal volume of 200 ul before thoracotomy
to expose the thoracic cavity and superior aspect of the diaphragm.
EMG was obtained by placing two stainless steel recording electrodes
on the superior aspect of the diaphragm, and bioelectrical signals were
amplified and recorded (1 kHz) using LabScribe software. EMG signals
were then integrated using Spike software to quantify the effect of
ANGII infusion on EMG amplitude. Total volume did not exceed 5%
of the estimated blood volume based on body weight. To account for
any time-of-day variation in ventilatory drive, all P.; measurements
were conducted between 9 am. and 11 am.

12 of 16



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Hemodynamic analysis

Left and right ventricular function was assessed in mice anesthetized
with an isoflurane/oxygen mix (2%:100%). Hemodynamic function
was acquired using a 1.2F catheter (Transonic) advanced through
the right common carotid artery or jugular vein and into the left
or right ventricle, respectively. Pressure readings were digitized at
2 kHz and recorded using LabScribe2 analytic software (iWorx). Af-
ter hemodynamic evaluation, mice were euthanized by exsanguina-
tion, and tissues were harvested for in vitro studies and histological
and morphometric analysis or frozen at —80°C for biochemical and
molecular analysis.

Lung compliance

Animals were anesthetized with sodium pentobarbital (30 to 45 mg/kg
of body weight intraperitoneally) and placed in a supine position.
The trachea was cannulated and connected by a three-way port to a
ventilator (Harvard Apparatus), a Statham pressure transducer, and a
graduated syringe. The pressure-volume relationship of the lung was
determined by changing the lung volume at set increments with
known functional residual capacity and by measuring the subsequent
change in tracheal pressure (Py;) 10 s after inflation. Before the subse-
quent measurement, lungs were inflated and ventilated for ~1 min to
ensure constant volume history and to prevent atelectasis.

In vitro diaphragm contractility

Intact whole diaphragms were excised from the animal and placed in
Krebs-Henseleit solution [NaCl (118 mM), KCI (4.7 mM), KH,PO,
(1.2 mM), MgSO,-7H,0 (1.2 mM), NaHCO; (27.26 mM), glucose
(11.1 mM), CaCl,-2H,O (2.3 mM), insulin (10 U/liter), and curare
(3.0 x 107* g/liter)] at room temperature and pH 7.4. A section of
muscle was removed from the costal portion of the right hemi-
diaphragm, with rib and central tendon intact. Silk ties were secured
to both the central tendon and ribs and attached to a force transducer
(Grass Instruments) and stationary hook, respectively. Stainless steel
stimulating electrodes connected to a Grass electrical stimulator
were placed on either side of the muscle section and used to elicit con-
tractions via field stimulation. Tissue baths were placed such that each
muscle was immersed in Krebs-Henseleit bicarbonate buffer continu-
ously warmed to 27°C and aerated with 95% O,:5% CO,. After setting
the optimal muscle length and after a 45-min thermoequilibration
period, peak force and rate of force production (+dT/dt,.,) were
determined during a force-frequency test (one contraction every 30 s
with a train duration of 250 ms). In addition, diaphragm fatigability
and passive force production were determined during repeated sub-
maximal stimulations (40 Hz; 150 contractions per minute for 3 min).
Isometric contractility data were collected using AcqKnowledge
software (BIOPAC Systems) and analyzed using Spike2 software. Force
production and contractility were normalized to muscle weight (in
milligrams) to account for differences in diaphragm tissue size.

Isolated myofilament preparation

After excision of the diaphragm, myofilaments were isolated and per-
meabilized, as previously described (48, 92, 93). Briefly, diaphragm
muscle was relaxed and then skinned with 1% Triton X-100 overnight
at 4°C. After skinning, isolated myofilaments were dissected from the
diaphragm and attached to aluminum “T-clips.” The T-clips and myo-
filaments were then attached to the force transducer and servomotor
and stretched to a sarcomere length of 2.3 um while being maintained
at pH 7.0 and 15° + 1°C. To determine contractile function, isolated
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myofilaments were exposed to various concentrations of Ca®" between
pCa 9.0 and pCa 5.0 while simultaneously measuring force production,
cross-bridge kinetics, and calcium sensitivity.

Histology

For histological analysis of skeletal muscle, mice were perfused with
50 mM KCl in phosphate-buffered saline (10 ml) and then 10% neu-
tral buffered formalin (NBF) (10 ml). Lungs were excised, and per-
fusion was fixed with NBF at a constant pressure of 20 cmH,0
overnight. All tissues were then fixed for an additional 48 hours in
NBF and stored in 70% ethanol. Processed tissues were embedded in
paraffin wax (Thermo Fisher Scientific), and 5-um tissue sections
were mounted on charged 1.2-mm superfrost slides (Thermo Fisher
Scientific). Diaphragm and limb muscle sections were stained using
modified Harris hematoxylin (Thermo Fisher Scientific) and eosin
(Thermo Fisher Scientific) or picrosirius red (Aqueous Picric acid
and Direct Red 80, both from Sigma-Aldrich); lung sections were also
stained with Gomori’s one-step trichrome (Thermo Fisher Scientific).
All sections were imaged using an Olympus FSX100 light microscope
(Olympus) and analyzed in Cell Sense software for fibrosis analysis
(Olympus) or Image J for CSA analysis; all quantifications were carried
out in a blinded manner.

Gene expression analysis using real-time PCR
Fifty milligrams of diaphragm tissue was placed in a 2-ml tube
containing 1.4-mm ceramic spheres and 1 ml of TRIzol (Invitrogen)
and homogenized using the FastPrep-24 system. Samples were pro-
cessed at maximum speed for 60 s twice. After centrifugation, samples
were transferred into new 1.5-ml tubes with 200 pl of chloroform and
centrifuged at high speed for 15 min. The clear supernatant, containing
the RNA fraction, was subsequently transferred to a new 1.5-ml tube
with 500 ul of isopropanol. Samples were then purified with the Qiagen
RNeasy kit. DNase treatment was performed on-column with the
RNase-Free DNase set (Qiagen). The concentration of mRNA was
quantified using a spectrophotometer (NanoDrop, ND1000, Thermo
Fisher Scientific). RNA was reverse-transcribed into complementary
DNA (cDNA) using qScript cDNA Supermix (Quanta Biosciences).
All reactions were performed in T100 thermal cycler (Bio-Rad). cDNA
was stored overnight at 4°C or used immediately for real-time PCR.
Primers were designed using IDT Integrated DNA Technologies
software. Each analysis was performed in a total volume of 20 pl of
reaction mixture containing 2 pl of cDNA sample (diluted 1:2), 10 pl
of SsoFast EvaGreen Supermix (Bio-Rad), 7 ul of RNase-free water,
and 1 pl of gene-specific sense and antisense primers. qPCR was per-
formed using the CFX Connect Real-Time PCR system with CFX
Manager software (Bio-Rad). PCR cycle conditions were 95°C for
3 min (one cycle), 95°C for 10 s, and 60°C for 30 s (40 cycles).
Preliminary studies showed that Hmbs was a stable gene over
18 weeks of TAC and thus was chosen as a reference gene for all
molecular data. Fold changes between sham and treated samples
were then calculated as 2(AG TAC-AGisham) yoith AC, indicating nor-
malized values.

Western blotting

Powdered tissue samples were homogenized on ice in fresh NP-40-
based lysis buffer with activated sodium orthovanadate, a phosphatase
inhibitor cocktail (524628, Calbiochem), and a protease inhibitor
cocktail (P8340, Sigma-Aldrich). Samples were placed on ice for
30 min before centrifugation at 2000 relative centrifugal force (rcf)
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for 2 min at 4°C. The supernatant was transferred to a fresh micro-
centrifuge tube and centrifuged at 1200 rcf for 30 min at 4°C. The su-
pernatant was then transferred to a fresh microcentrifuge tube using a
28 '/,-gauge insulin syringe to shear DNA in the remaining sample.
Total protein content was measured by bicinchoninic acid assay to
ensure equal protein loading (13 ug per lane). Samples were separated
via SDS-polyacrylamide gel electrophoresis (5671095, Bio-Rad) and
transferred to nitrocellulose membrane (1620112, Bio-Rad) for im-
munoblotting. To ensure equal total protein loading and uniform pro-
tein transfer, membranes were reversibly stained with MemCode
(24580, Thermo Fisher Scientific) before probing. Membranes were
then blocked in 5% milk and incubated in a primary anti-phospho
EIF20 (Ser’') antibody (1:1000; 97218, Cell Signaling; 1% milk in
1x TBST with 4% sodium azide) overnight at 4°C. Membranes were
washed in 1x TBST and subsequently incubated with a goat anti-rabbit
horseradish peroxidase-conjugated secondary antibody (1:1000; 2054,
Santa Cruz Biotechnology; 5% milk for 2 hours). Signal was detected
through enhanced chemiluminescence (34076, Thermo Fisher Scien-
tific) and digital imaging (1708280, Bio-Rad). Densitometric quantifi-
cation was completed using Image Lab software (Bio-Rad). Values
were obtained by measuring the target band relative to the total protein
of the lane.

Statistics

Values presented are mean + SEM unless otherwise indicated. Graph-
ical and statistical analyses were completed using GraphPad (Prism 6,
GraphPad Software Inc.). Unpaired Student’s ¢ tests were used for
comparison between two groups. For the comparison between three
or more groups, a protected LSD test was used to determine signifi-
cance. Significance was determined at P < 0.05.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/390/eaag1303/DC1

Fig. S1. TAC induces progressive interstitial fibrosis in the diaphragm.

Fig. S2. TAC induces biphasic and transient increases in diaphragm in vitro-specific force
production, contractility, and passive baseline force.

Fig. S3. AAC induces diaphragmatic atrophy and fibrosis.

Fig. S4. Peripheral limb muscle CSA is unaffected in mice at 4 weeks of TAC.

Fig. S5. Propranolol and atenolol treatment in sham mice induces alterations in diaphragm
gene expression profile.

Fig. S6. Propranolol and atenolol treatment in TAC mice induces alterations in diaphragm gene
expression profile.

Table S1. TAC induces progressive changes in hemodynamics, morphometrics, and metabolic
parameters throughout 18 weeks of pressure overload.

Table S2. Pressure overload imposed by 18 weeks of AAC induces hemodynamic and
morphometric alterations similar to 9 weeks of TAC.

Table S3. Indices of systolic and diastolic dysfunction persist in 2-week and 4-week TAC mice
treated with propranolol.
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