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to preestablish HF. At the end of the 6-week protocol, PITAwas com-
pared to both HF controls that received only atrial tachypacing
throughout and healthy controls. Both PITA and HF dogs were paced
at the same rapid rate (200 min−1), with the only variable being which
chamber was paced, whereas control dogs were unpaced. We subjected
PITA dogs to nighttime dyssynchrony because this is when they are
least active. Both HF and PITA dogs were monitored for 24-hour
periods to confirm continuous pacing capture, and in PITA dogs, ven-
tricular pacing occurred from0000 to 0600with atrial pacing for the rest
of the day (fig. S1).

Figure 1A shows example two-dimensional echocardiograms for
HF and PITA-treated hearts at initial baseline and 6 weeks (end of
study), demonstrating smaller end-diastolic volume with PITA
treatment. Summary data for left ventricular volume [end-systolic
volume (ESV)] and ejection fraction (EF) (Fig. 1, B and C) and
corresponding end-diastolic pressure (EDP) (Fig. 1D) reveal signif-
icant increases in ESV and EDP and decreases in EF after 2 weeks
www.ScienceTranslationalMedicine.org 23 De
of atrial tachypacing. By 6 weeks, both
HF and PITA-treated dogs had dilated
further, but dilation was less marked with
PITA therapy (Fig. 1, A and B). Similarly,
EF declined twofold and EDP increased
fourfold in HF animals as compared to
baseline values, and both EF and EDP
changes were partially ameliorated by
PITA (Fig. 1, C and D). Although PITA
introduced dyssynchrony each night, there
was no apparent “memory effect” once
atrial pacing was restored during the day.
The normal synchronous heart has a dys-
synchrony index of 26.9 ± 2.6 versus 75
with dyssynchrony (10). Both HF and
PITAmodels displayed normal synchrony
during daytime atrial pacing (HF, 22.5 ±
1.7; PITA, 22.4 ± 3.5).

Intact heart bAR responsiveness was
measured by exposure to intravenous
dobutamine. Figure 1E shows example
pressure tracings before and after maxi-
mal dobutamine stimulation. PITA treat-
ment enhanced maximal rates of pressure
rise and decline compared with HF (fig.
S2). At baseline, dP/dtmax/IP (maximal
rate of pressure rise normalized to instan-
taneous pressure; a contractility index with
less load sensitivity) similarly declined in
both the HF and PITA groups compared
to healthy controls (Fig. 1F). However,
PITA-treated hearts displayed an enhanced
dobutamine dose response compared
to HF dogs at all doses, resulting in a
38% relative increase in the maximum do-
butamine response at 15 mg kg−1 min−1.
At this maximum dose, systolic function in
PITA-treated hearts was similar to
healthy controls, whereas it remained
depressed in HF dogs.
PITA enhances myocyte b-adrenergic responsiveness and
receptor density
In cardiac myocytes from dogs with HF, baseline sarcomere shortening
was depressed compared to both healthy control cells and cells from
PITA-treated hearts (Fig. 2A). Corresponding disparities were observed
in peak calcium transients (Fig. 2A). HF myocytes also displayed a
blunted b-adrenergic response to nonselective (isoproterenol) and selec-
tive (b1AR, norepinephrine + prazosin) stimulation. However, cells from
PITA-treated hearts displayed essentially normal responses with both
forms of b-adrenergic stimulation (Fig. 2A). Although we did not mea-
sure isolated myocyte behavior in a separate group of dogs at the 2-week
(pre-PITA) time point, prior studies report that substantial b-adrenergic
down-regulation occurs by 1 week of tachypacing (12). Thus, these
normal responses with PITA suggest functional improvement after
initiation of treatment, rather than inhibition of deterioration.

CRT globally up-regulates b2AR responsiveness by blunting inhib-
itory G protein (heterotrimeric guanine nucleotide–binding protein)
Fig. 1. PITA improves in vivo cardiac function. (A) Example end-diastolic echocardiographic images at

baseline (BL) and after 6 weeks (end of study) of dog hearts in the HF and PITA-treated groups. The left
ventricle (LV) is outlined in yellow. (B andC) Left ventricular ESV (B) and EF (C) assessed by echocardiography
at baseline (n= 10), after 2weeks of atrial pacing (n= 18), at the end of the 6-week atrial pacing protocol (HF,
n = 8), and at the end of the 6-week PITA protocol (n = 9). (D) Left ventricular EDP (LVEDP) from hemo-
dynamic studies (baseline, n = 8; 2 weeks, n = 12; HF, n = 13; PITA, n = 10 dogs). EDP data were non-normal
and are displayed as box plots. Data were log10-transformed before one-way analysis of variance (ANOVA).
Direct comparison to the 2-week group wasmade by t test. (E) Example left ventricular pressure waveforms
in HF and PITA hearts at baseline and with dobutamine (15 mg kg−1 min−1). (F) Dobutamine dose effect on
left ventricular contractility (dP/dtmax/IP) (control, n = 6 dogs; HF, n = 9; PITA, n= 8 dogs; some dosesmissing
for individual dogs). Data points indicate individual animals at each dose; symbols are means ± SEM. *P <
0.05, **P < 0.01, ***P < 0.001 versus control; †P < 0.05, ‡P < 0.001 versus HF by one-way ANOVA and Holm-
Sidak post hoc test.
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subunit ai (Gai) coupling—a change linked to enhanced expression of
regulators of G protein signaling, RGS2 and RGS3 (9). We tested if this
mechanism applies to PITA by exposing myocytes to a selective b2AR
agonist, zinterol, with or without pretreatment with the Gai inhibitor
pertussis toxin. Unlike CRT, b2AR-stimulated sarcomere shortening re-
mained depressed after PITA and in HF, and pertussis toxin increased
this zinterol response similarly in both groups (fig. S3), indicating that
the b2AR response contributed less to the overall b-adrenergic response ob-
served with isoproterenol stimulation in themyocyte and dobutamine stim-
ulation in vivo. RGS3 and Gai protein expression rose similarly in both
groups, whereas RGS2 and Gas were not significantly different from
healthy controls (fig. S4). Thus, mechanisms for PITA-related bAR re-
sponsiveness differed from those previously identified from CRT (9, 10).

Isoproterenol-stimulated cyclic adenosine monophosphate (cAMP)
declined in HF myocytes versus controls, and PITA enhanced this re-
sponse (Fig. 2B). Cells exposed to the direct adenylyl cyclase activator
forskolin showed a similar response pattern (Fig. 2B), but differences
were relatively small as compared to bAR stimulation. Collectively,
these data suggest that PITA modulates membrane receptor density
more than G protein coupling or cyclase activity. This hypothesis was
tested by a radiolabeled ligand binding assay, which revealed that both
b1AR and b2ARmembrane densities were reduced inHF and to a lesser
extent with PITA (Fig. 2C). This change in receptor density was not
transcriptionally regulatedbecausemRNAexpressionwas similar for both
receptors (fig. S5A). Because receptor density may decline from phos-
phorylation by the G protein–coupled receptor kinases GRK2 or GRK5,
we assessed the protein expression of each kinase. Both rose similarly in
theHFandPITAgroups (fig. S5B), and sounlikely explained thedisparity.

PITA-treated myocytes have normal myofilament
calcium activation
Systolic reserve also depends on the myofilament response to calcium,
which is globally depressed in both synchronous and dyssynchronous
HF and normalized by CRT (6). To test the impact of PITA on this
behavior, myocytes were isolated from the left ventricle (lateral wall
endocardium), chemically skinned, and then exposed to steady-state
calcium. Maximal activated force (Fmax) normalized to cellular cross-
sectional area declined in HF and was fully restored by PITA (Fig. 3A).
However, cross-sectional area was increased in HF myocytes (Fig. 3, B to
D), and this change principally explained the decline in normalized Fmax

because peak force alone was similar among the three groups (Fig. 3E).
HF also shifted the force-calcium relationship leftward [calcium sen-

sitizationordecline incalciumconcentrationresulting inhalf-maximal force
(EC50)] (Fig. 3A), which PITA reversed. The sensitization with HF was
consistent with reduced troponin I (TnI) phosphorylation at S22/S23
(13) (Fig. 3F) and a rise in glycogen synthase kinase 3b (GSK-3b) activity
(6), reflected by a decline in its phosphorylation at S9 (Fig. 3G). Reduced
TnI S22/S23 phosphorylation was also observed with PITA, but GSK-3b
S9 wasmore phosphorylated (reducing activity), which desensitizesmyo-
filaments. This reduced GSK-3b activity and calcium desensitization with
PITA is consistent with the changes observed with dyssynchrony (6).

PITA improves sarcomere structure and myofiber
depression with HF
Unaltered maximal force despite greater cell cross-sectional area with
HF suggests the presence of either a subpopulation of very weakened
myofibrils or a widespreadmoderate weakening of all myofibrils, which
are normalized in PITA-treated hearts.We therefore examined skinned
Fig. 2. Myocyte function is depressed in HF after bAR stimulation but
near-normal with PITA. (A) Top: Example tracings of sarcomere shortening

and intracellular calcium transients from left ventricular lateral wall myocytes
isolated from healthy control (Con), HF, and PITA dogs at baseline and after
isoproterenol stimulation (0.1 mM) or after norepinephrine (NE; 0.1 mM) and
prazosin (Prz; 1 mM) stimulation. Bottom: Sarcomere shortening and intra-
cellular calcium are quantified as means ± SEM [n = 4 to 7 dogs in each
group; number of cells per dog, 5.8 ± 0.4 (mean ± SEM)]. For all three groups,
isoproterenol and NE + Prz sarcomere shortening and peak Ca2+ transient
data are P < 0.05 versus respective baseline; ***P < 0.001 versus control by
two-way ANOVA and Holm-Sidak post hoc test. (B) cAMP activity after iso-
proterenol or forskolin stimulation. Data are individual dogs; means ± SEM
(n = 8). (C) Plasma membrane bAR, b1AR, and b2AR density. Data are indi-
vidual dogs; means ± SEM (n = 8 per group). In (B) and (C), *P < 0.05, **P <
0.01, ***P < 0.001 versus control by one-way ANOVA and Holm-Sidak post
hoc test.
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myocytes by electron microscopy (EM). Many sarcomeres from HF
cells exhibited structural defects (Fig. 4A), including a wider and wavier
Z-band along with wavy/misaligned actin-myosin filaments (Fig. 4B,
arrows). Transverse sections showed more space between myofibrils
and a reduced myofibril diameter, an appearance also seen in longitu-
dinal sections (Fig. 4C). In control myofibrils, a regular hexagonal ar-
rangement of myosin filaments, each surrounded by six symmetrically
placed actin filaments, was observed and confirmed by Fourier analysis
(Fig. 4C, inset). In many HF myofibrils, this arrangement was less
ordered, with a more diffuse fast Fourier transform (FFT). PITA-treated
cells displayed normal myofibrillar structural pattern, fiber size, and
www.ScienceTranslationalMedicine.org 23 De
intermyofibrillar space, although a wider,
wavier Z-band remained. In both control
andPITAcells, therewasnormal sarcomere
structure, whereas in HF, among 3727 im-
aged sarcomeres, 1525 (40%) had disarrayed
myofilaments (Fig. 4D). These disarrayed
sarcomeres clustered in regions, with <20%
of imaged fields exhibiting both normal
and disarrayed sarcomeres (Fig. 4E).

To test if heterogeneity of sarcomere
structure reflected functional disparities
in subpopulations of myofibrils, myocytes
were disrupted, andmaximum force in in-
dividual myofibrils was assessed. Similar
to whole, chemically skinned myocytes,
mean myofibrillar Fmax declined in HF but
was normal with PITA (Fig. 4F). However,
this was not due to a general population
behavior, but rather to the presence of a
subgroup of very low force–generating fi-
brils in HF [7 of 18 of those tested (~40%)],
defined by Fmax <150%of noise levels (Fig.
4F, dashed line). Only one such myofibril
(out of 18) was found in PITA-treated
hearts, and none (out of 15) in healthy con-
trols. By excluding low force–generating
myofibrils, we noted similar myofibrillar
Fmax among the groups (Fig. 4G).

To test if disrupted myofibrils in HF
resulted from deficiencies in myofila-
ment protein expression, we performed
nonbiased quantitative proteomics using
sequential window acquisition of all
theoretical fragment-ion spectra mass
spectrometry (SWATH-MS) to determine
protein concentrations in myofilament-
enriched samples. There were 490 unam-
biguous proteins quantified (table S1).
Proteins involved with motor force gen-
eration, such as TnI, troponin T, troponin
C, tropomyosin, actin, obscurin, titin,
a-actinin, myosin binding protein C, and
myosin light chains (MLC1 and MLC2),
were similarly expressed in each group
(Fig. 5A). Four proteins showed differen-
tial expression [false discovery rate (FDR),
one-wayANOVA/q< 0.05,P< 0.0017]; of
these, two differed between HF and PITA (Holm-Sidak post hoc test):
Bcl2-associated athanogene 3 (BAG3) and nebulin-related anchoring
protein (NRAP). Both BAG3 and NRAP increased with HF, but rather
than reversing with PITA, they increased even more (Fig. 5B), indicat-
ing that these proteins, involved in forming andmaintaining sarcomere
structure, may be elements of a compensatory mechanism.

Randomly distributed dyssynchrony does not replicate
benefits from PITA
Akey concept underlying PITA is that dyssynchrony is applied for a con-
tiguous period sufficient to induce biological effects that lead to benefits
Fig. 3. Myofilament function is depressed in HF and recoveredwith PITA. (A) Mean force as a function
of calcium concentration (± SEM) and fitted curves for skinnedmyocytes from the left ventricular lateral wall

for control, HF, and PITA. Inset shows force data normalized to Fmax. Summary results for Fmax and EC50 from
these curve fits are shown as individual myocytes andmeans ± SEM [control, n = 15 from 6 dogs; HF, n = 26
myocytes from 8 dogs; PITA, n = 14myocytes from 4 dogs; number of cells per dog, 3 ± 0.2 (mean ± SEM)].
(B) Representative images (×40) of control, HF, and PITA skinned myocytes stretched to a sarcomere
length of 2.1 mm. (C) Myocyte cross-sectional area (CSA) of all myocytes examined in (A). Data are means ±
SEM. (D)Mean skinnedmyocytewidth ± SEM (n=150 cells per group). (E) Fmax from (A)without normalization
toCSA.Data are individualmyocytes (means±SEM). (F) Expressionofphospho-TnI S22/S23normalized to total
TnI. Data are individual dogs and means ± SEM (n = 4 per group). (G) Expression of phospho–GSK-3b S9
normalized to total GSK-3b (n = 4 per group). For all panels, **P < 0.01, ***P < 0.001 versus control, unless
otherwise indicated, by one-way ANOVA with Holm-Sidak post hoc test.
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following resynchronization. In this key sense, the therapy should not be
equivalent to randomdyssynchrony suchasoccurs inpatientswhodevelop
frequent premature ventricular contractions or lose CRT pacing in a dys-
synchronous failing heart, both thought to worsen disease (14–16). To
test this, we altered the pacemaker program to flip a four-sided coin
every 2 min, with right ventricular pacing instituted only if one specific
side was obtained. Thus, the right ventricle was paced for 25% of the
day, similar to PITA, but this was distributed randomly, as confirmed
www.ScienceTr
by 24-hour monitoring (fig. S6). The random protocol was initiated at
week 3 (Rand) in six dogs and at week 1 (Rand6) in three dogs.

In contrast to PITA, in vivo cardiac function was unaltered over
HF in hearts receiving randomly distributed right ventricular pacing
(Fig. 6, A and B). Intravenous dobutamine induced similar aug-
mentation of dP/dtmax/IP in both groups (Fig. 6C). Isolated myo-
cytes also showed similar reduced rest and isoproterenol-stimulated
contraction and peak calcium transient responses (Fig. 6D). Sarco-
mere function, as measured by Fmax, and calcium sensitivity, EC50,
were unchanged in myocytes from the dogs receiving random pacing
initiated at the beginning of the protocol compared to those from HF
dogs (Fig. 6E). Further, cells from randomly paced hearts displayed
similar myofilament disarray as in HF (Fig. 6, F and G), where 22.5%
of 3067 sarcomeres displayed the disarrayed phenotype observed in
HF. Thus, randomly inducing dyssynchrony by right ventricular
pacing throughout the day did not replicate the benefits from PITA.
DISCUSSION

Here, we show that PITA, a daily circumscribed period of pacemaker-
induced cardiac dyssynchrony that is then reversed, suppresses progres-
sive heart dilation, and enhances in vivo and cellular b-adrenergic
response, intact myocyte function, calcium handling, and myofilament
function and ultrastructure in a canine model of tachycardia-induced
HF.Whereas PITA diminished global dilation and dysfunction, it did not
prevent it entirely; however, this is not surprising given that tachypacing
stress was applied throughout. By comparison with a tachypaced CRT
model, PITA reduced chamber volumes evenmore (5, 10).Myocyte func-
tional improvements fromPITAwere similar to those reported fromCRT
in dogs (6, 9), but we found that their molecular mechanisms differed, in
that PITA did not involve RGS proteins and had opposing effects on
GSK-3b activity, revealingPITAas a new anddistinct formofHF therapy.

PITA may at first seem counterintuitive because dyssynchrony de-
presses function when sustained, yet here we find benefits when it is
applied for several hours daily and then removed. One analogy is myo-
cardial preconditioning, where cardiac protection is generated after first
applying several brief periods of intense ischemia followed by reperfusion
(17). More sustained or randomly induced ischemia depresses function.
Very short-term dyssynchrony pacing (three 5-min episodes separated
by synchronous pacing) may also induce preconditioning, as reported
in a rabbit model (18–20); however, unlike PITA, short-term dyssyn-
chrony would not be applicable to chronic disease.

PITA affected two primary behaviors underlying systolic reserve,
bAR responsiveness and myofilament function, thus blocking defects
that otherwise develop with synchronousHF. The primary cause of im-
proved bAR responsiveness was increased receptor density, and al-
though several possible explanations were tested, the mechanism remains
unclear. The change in calcium sensitivity with PITA is opposite to that
from CRT (6), and this difference could relate to disparities in GSK-3b
phosphorylation, which declines in synchronous HF and CRT but in-
creases in dyssynchronousHF (6). The rise in GSK-3b phosphorylation
with PITA is consistent with the effects of its associated dyssynchrony
and may explain its restoration of calcium sensitivity to normal.

The more prominent change with PITA was the recovery of max-
imal activated force normalized to cell cross-sectional area. With HF,
this decline in Fmax was primarily due to a lack of increase in force despite
myocyte enlargement, which has been previously observed in experimental
Fig. 4. Myofilament structure and function is disrupted in HF but re-
stored in PITA. (A) Longitudinal sections of skinned myocytes imaged by

EM. Normal structureswere observed in control and PITA, but HF sarcomeres
showed myofilament disarray. Scale bar, 1 mm. (B) Higher magnification
highlighting the disrupted myofilament structures: weak and wavy Z-band
and M-band and bent/curved filaments with irregular spaces in between
that were observed in some HF myofibrils, as indicated by arrows. Scale
bar, 200 nm. (C) Transverse sections ofmyofilaments showing smaller-diameter
myofibrils with increased spaces in between and loss of regular filament lattice
structure in HF compared with control and PITA-treated animals. Inset: FFTs
of boxed areas confirmed loss of normal lattice structure in the HF group.
Scale bar, 200nm. (D) Percentageof normal anddisarrayed sarcomeres iden-
tified by EM (n = 3727 sarcomeres examined from n = 3 HF dogs). (E) Dis-
arrayed sarcomeres cluster together in HF. The percent of EM fields
containing normal, disarrayed, or a mixture was quantified in the HF group
(n= 28 fields). (F) Isolatedmyofibril force. A subpopulation of fibrils generating
extremely low force is indicated by the dashed line. Data are individual myo-
fibrils and shown as box plots because HF datawere non-normally distributed
(control, n = 15; HF, n = 18; PITA, n = 18 myofibrils). P values determined by
Mann-Whitney rank sum nonparametric test. (G) Fmax compared after remov-
ing theweakmyofibrils from (F) (n removed from the analysis: control, 0; HF, 7;
PITA, 1 myofibril). n.s., not significant by one-way ANOVA.
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and human HF (21–24). Therapies that reduce cell size, such as ventricular
assist devices (21), CRT (6, 25), and now PITA, also leave absolute Fmax

unaltered, but the normalized value rises. To our knowledge, the data
presented here are the first to test if uncoupling of Fmax and cell size
results from generalized myofibrillar depression or the presence of a
subpopulation of weak myofibrils. Our results support the latter, with
a remarkable quantitative similarity in the decline in normalized Fmax
www.ScienceTr
(38%) and the amounts of disrupted sarcomeres (40.3%) and weak
myofibrils (39%). We cannot prove that the functionally defective myo-
fibrils had damaged sarcomeres because EM cannot be performed on
an isolated myofibril. However, the clustering of structural defects in the
EM analysis supports their presence within a given fiber.

The mechanism by which PITA prevents myofibrillar defects re-
mains unanswered. Overall global chamber dilation and stress were less
in PITA-treated hearts compared with HF hearts, and this might affect
signaling and/or force to stimulatemyofibrillogenesis and enhance fiber
quality control. Compromised energy availability and reduced protein
turnover in HF have been linked to depressed proteasome function and
Fig. 6. Randomly distributed right ventricular pacing (dyssynchrony)
does not confer beneficial effects compared to HF. (A) Changes in ESV

(DESV) and EF (DEF) assessed by serial echocardiography at 6 weeks versus
baseline. (B) Absolute left ventricular EDP in random right ventricular
pacing in HF dogs. (C) Influence of dobutamine infusion on contraction
(dP/dtmax/IP). In (A) to (C), data aremeans ± SEM (Rand, n= 6; HF, n= 5 dogs).
(D) Peak sarcomere shortening and peak calcium transient at baseline and
with isoproterenol stimulation in HF and Rand. Data are means ± SEM
(baselineHF,n=13 cells from4dogs; baseline Rand, n=34 cells from7dogs;
isoproterenol HF, n = 30 cells from 4 dogs; isoproterenol Rand, n = 71 cells
from7dogs). Black dashed line, baseline controlmean; gray line, isoproterenol-
stimulatedcontrol mean. #P < 0.05 versus respective baseline by two-way
ANOVA andHolm-Sidak post hoc test. (E) Mean force as a function of calcium
concentration (±SEM) and fitted curves for myocytes from the left ventricular
lateral wall for HF and Rand6 (6 weeks of 6 hours/day randomly distributed
right ventricular pacing). Summary data for Fmax and calcium sensitivity (EC50)
are shown as means ± SEM (HF, n = 26myocytes from 8 dogs; Rand6, n = 10
myocytes from 3 dogs). (F) EM structural imaging of sarcomeres. Image is
representative of n = 3 sarcomeres. Scale bar, 500 nm. (G) Transverse EM
image section, showing filament lattice structure. Scale bar, 200 nm. Inset:
FFTs confirmed loss of normal lattice structure.
Fig. 5. Proteomic analysis of myofilament-enriched samples revealed
changes in sarcomere assembly chaperones. (A) Ratio of the core myo-

filament proteins in both HF and PITA normalized to control samples (n = 4).
Proteins that lay along the identity line (dashed line, slope = 1) were similarly
expressed in HF and PITA. The two red dots (BAG3 and NRAP) were signifi-
cantly different between HF and PITA: P < 0.0017 (FDR, 0.05) by one-way
ANOVA. Tm, tropomyosin; MyBPC, myosin binding protein C; TnC, troponin
C; TnT, troponin T. (B) SWATH-MS analysis of BAG3 and NRAP expression.
Data are individual animals; means ± SEM (n = 4). **P < 0.01, ***P < 0.001 ver-
sus control, unless otherwise indicated, by one-way ANOVA and Holm-Sidak
post hoc test. bMHC, b–myosin heavy chain.
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