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ABSTRACT

The mechanical and cellular relationships between systole and diastole during left ventricular (LV) dysfunction
remain to be established. LV contraction-relaxation coupling was examined during LV hypertrophy induced by
chronic hypertension. Chronically instrumented pigs received angiotensin II infusion for4weeks to induce
chronic hypertension (133 + 7 mmHg vs 98 + 5mmHg for mean arterial pressure at Day 28 vs 0, respectively)
and LV hypertrophy. LV function was investigated with the instrumentation and echocardiography for LV twist-
untwist assessment before and after dobutamine infusion. The cellular mechanisms were investigated by ex-
ploring the intracellular Ca®* handling. At Day 28, pigs exhibited LV hypertrophy with LV diastolic dysfunction
(impaired LV isovolumic relaxation, increased LV end-diastolic pressure, decreased and delayed LV untwisting
rate) and LV systolic dysfunction (impaired LV isovolumic contraction and twist) although LV ejection fraction
was preserved. Isolated cardiomyocytes exhibited altered shortening and lengthening. Interestingly, contraction-
relaxation coupling remained preserved both in vivo and in vitro during LV hypertrophy. LV systolic and diastolic
dysfunctions were associated to post-translational remodeling and dysfunction of the type 2 cardiac ryanodine
receptor/Ca®* release channel (RyR2), ie., PKA hyperphosphorylation of RyR2, depletion of calstabin 2
(FKBP12.6), RyR2 leak and hypersensitivity of RyR2 to cytosolic Ca®>* during both contraction and relaxation
phases. In conclusion, LV contraction-relaxation coupling remained preserved during chronic hypertension
despite LV systolic and diastolic dysfunctions. This implies that LV diastolic dysfunction is accompanied by LV
systolic dysfunction. At the cellular level, this is linked to sarcoplasmic reticulum Ca®* leak through PKA-
mediated RyR2 hyperphosphorylation and depletion of its stabilizing partner.

1. Introduction

ejection period [2]. LV untwist occurs mainly during isovolumic re-
laxation before filling and is an important determinant of the early

Left ventricular contraction-relaxation coupling has been previously
investigated in healthy subjects [4,7] or in patients with myocardial
ischemia [10] but not during chronic hypertension and LV hypertrophy.
This coupling implies concomitant adaptations but also alterations of
diastole and systole. In this context, investigation of LV twist and un-
twist that result from the helical LV myocardial fiber architecture, is an
interesting approach [2]. More precisely, the systolic LV wringing
motion or LV twist occurs during isovolumic contraction and during the

diastolic LV filling [4]. LV twist allows sarcomeres to store potential
energy and create restoring forces [20], which are released during LV
untwist and contribute to the diastolic suction [20]. Previous studies
have shown that in patients with systemic hypertension, LV twist could
be preserved [18,27] or increased [1,5] but decreased when LV ejection
fraction was impaired [14]. However, LV untwist was always decreased
whatever the LV ejection fraction [5,15,18,27].

Accordingly, in the present study, we investigated changes in LV
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twist-untwist relationship to apprehend the contraction-relaxation
coupling in a pig model of chronic hypertension and LV hypertrophy
induced by angiotensin II infusion [24,25]. In addition, we also in-
vestigated potential underlying cellular and molecular mechanisms by
focusing on the intracellular calcium handling machinery knowing that
intracellular calcium and its handling affect cardiac contraction and
relaxation.

2. Methods

The experiments were in agreement with the local animal ethical
committee [ComEth AFSSA-ENVA-UPEC agreement #11-0059].

2.1. Experimental design

Hypertension was induced in nine chronically instrumented pigs
(Land race White crossed, Lebeau, Gamblais France, 3 + 1 months,
28 + 1 and 34 + 1kg at Days 0 and 28 of the protocol, respectively)
by four weeks of continuous angiotensin II infusion at 30 ng/kg/min
using an external portable peristaltic pump [24,25]. At Day O (before
starting angiotensin II infusion), hemodynamic and echocardiographic
measurements were performed in basal condition and during increased
chronotropic and inotropic stress states induced by dobutamine infu-
sion (10 ug/kg/min). At Day 28, similar measurements were performed
1 h after stopping the angiotensin II infusion to minimize the impact of
changes in loading conditions, ie., to evaluate the intrinsic LV con-
tractile properties. Due to ethical considerations in order to reduce as
much as possible the number of investigated animals, eight pigs were
derived from a previous study [12]. Furthermore, each animal served as
it own control. Using the same experimental setting, we previously
compared saline and angiotensin II-infused pigs [24,25] and clearly
showed that the development of LV dysfunction and hypertrophy are
true and not related to pig growth. For in vitro analyses, we used a
control group. Cardiomyocytes were also freshly isolated for functional
investigations and cardiac ventricle samples were rapidly taken from
both angiotensin II- and saline-infused animals and frozen in liquid
nitrogen for biochemical experiments exploring RyR2.

2.2. Hemodynamic measurements

All hemodynamic data were recorded (1 kHz), digitized and ana-
lyzed using HEM v4.2 software (Notocord Systems, Croissy sur Seine,
France). Aortic and left atrial pressures, LV end-diastolic pressure and
the time constant of isovolumic LV pressure decay (Tau) were measured
and calculated as previously described [24].

2.3. Echocardiographic data acquisition analysis

Echocardiographic examinations were performed using a Vivid 7
echocardiograph (GE Healthcare, Horten, Norway) with a 3.5-MHz
transducer at high frame rates (range 68-80 frame/s). For all mea-
surements, three consecutive cardiac cycles were stored digitally for
blinded offline analysis (EchoPac 6.0, GE Healthcare). The LV mass was
estimated from LV linear dimensions and LV ejection fraction was
calculated by the biplane Simpson method [14]. From the apical four
chamber view, mitral inflow (E and A waves) at pulsed Doppler was
obtained. The LV systolic (S) and early diastolic (e’) peak velocities of
the lateral and septal mitral annulus at tissue Doppler imaging were
also measured and averaged (LV Sayeraged and LV €'qyeraged)- Isovolumic
contraction and relaxation times were derived by placing the pulsed
Doppler gate in the LV outflow tract near the mitral valves to si-
multaneously record LV outflow signal and mitral inflow [19]. The
timing of valve closure and opening was measured from the LV outflow
signal and mitral inflow at pulsed Doppler. The start of the systole was
set 10 milliseconds before the peak of the R wave.

2.4. Speckle tracking analysis

LV twist was calculated as the instantaneous difference between the
maximum LV apical and basal rotations and was expressed in degrees
[2]. The LV untwisting rate, which represents the maximum velocity of
the diastolic myocardial LV deformation, was calculated and expressed
in degrees.s . LV twisting and untwisting rates were calculated as the
first derivative over time of the LV twist waveform. Here, the LV
twisting rate represents the maximum velocity of the systolic myo-
cardial LV deformation and the LV untwisting rate represents the
maximum velocity of the diastolic myocardial LV deformation. The
extent of untwist during the isovolumic relaxation time (UTygyt), €x-
pressed as percentage of LV twist, was calculated as follow:
UTvrr = 100 X (twist — twistyyo)/twist, where twistyyo was the LV
twist at the mitral valve opening [12].

2.5. Cardiomyocyte contractility and intracellular calcium transient

The myocardium was perfused through the left anterior descending
coronary artery (~1-2ml/min, 37 °C, 30 min) with Ca®" -free Tyrode's
solution (in mM: NaCl 130, KCl 5.4, KH,PO, 1.2, MgSO,4 1.2, Na-Hepes
6.0, glucose 10 (pH = 7.20) followed by the same calcium-free perfu-
sion buffer supplemented with 1.4 mg/ml collagenase A (Boehringer
Mannheim) and 0.1 mg/ml protease (type XIV, Sigma) and finally a low
Ca®" Tyrode's solution. Tissues were sliced and cellular dissociation
was achieved by gentle mechanical agitation. These preparations were
minced, filtered through a nylon mesh and the cells resuspended in low
Ca®* Tyrode's solution. After 20 min, extracellular calcium was added
incrementally up to 1.8 mM CaCl,. Ca®*-tolerant cells were stored at
room temperature and used within 8-10 h after isolation.

Myocytes were then transferred to a continuously perfused cell
chamber placed on an inverted microscope (in mM, NaCl 140, KCI 5.4,
CaCl, 1, MgCl, 0.8, HEPES 10 and glucose 5.6; pH = 7.4, 37 °C).
Myocytes were paced at 1 Hz and cell images were continuously ac-
quired by a 240 samples/s charge coupled device video camera through
a x 40 objective lens. Sarcomere shortening was measured as percent
sarcomere shortening, i.e., defined as the difference between the sys-
tolic and the diastolic sarcomere lengths divided by the diastolic sar-
comere length. The maximal rate of shortening and lengthening were
also calculated.

Calcium transient were also assessed using the ratiometric fluor-
escent Ca* indicator fura-2 (Invitrogen, Ilkirch, France). Fura-loaded
myocytes (5uM) were excited at 340 nm and 380 nm, and the resulting
fluorescence was measured at 510 nm. The fluorescence ratio was ob-
tained by dividing the calculated 340 nm by excited fluorescence by the
measured 380 nm excited fluorescence (340/380 nm). The amplitude of
intracellular Ca®* changes was measured as the difference between
baseline and peak fluorescence ratios using IonWizard data acquisition
system (Ionoptix).

2.6. Sarcoplasmic reticulum vesicle preparation

200 to 500 mg of LV myocardial tissue from pigs treated with saline
or angiotensin II were homogenized using a tissue homogenizer (Fisher
Scientific) at the highest speed for 1 min with 1 to 2ml of 300 mM
sucrose, 20mM imidazole (pH = 7.4) and EDTA-free protease in-
hibitors (Roche). Homogenate was centrifuged at 8000 g for 20 min at
4°C. While the supernatant was stored on ice, the pellet was homo-
genized for a second run using a tissue homogenizer and centrifuged in
similar conditions as above. The first and second supernatants were
pooled and centrifuged at 40,000g for 60 min at 4 °C. While the su-
pernatant was discarded, the final pellet containing SR fractions was
resuspended in 100 to 200 ul and aliquoted using the same buffer as
above. Samples were frozen in liquid nitrogen and stored at —80 °C.



2.7. Planar lipid bilayer measurements

SR vesicles containing RyR2 were fused to planar lipid bilayers
formed by painting a lipid solution of azolectin (type IV S from Sigma)
at 45mg/ml in decane as previously published [6,17]. The channel
properties including Po, To, Tc and Fo were determined as previously
published [17].

2.8. RyR2 co-immunoprecipitation and Western blotting

Left ventricular samples were lysed in 1 ml of a buffer containing
Tris maleate 10 mM (pH = 6.8), NaF 35 mM, triton 1% and protease
inhibitors (Roche 11,873,580,001). An anti-RyR antibody was used to
immunoprecipitate RyR2 from 500 pug of LV homogenate. The samples
were incubated with anti-RyR antibody in 0.5ml of a modified RIPA
buffer (TrisHCl 10 mM (pH = 7,4), NaCl 150 mM, Triton 1%, NaF 5 mM
and protease inhibitor cocktail) for 2h at 4 °C. The immune complexes
were incubated with protein A/G magnetic beads (Pierce 88,802) at
4°C for 2 h, after which the beads were washed three times with RIPA
buffer.

To detect RyR2 protein oxidation, the immune complexes were
treated with 2,4 dinitrophenylhydrazine (DNPH) and the DNP-deriva-
tized carbonyls were detected using an Oxyblot Protein oxidation de-
tection Kit (Millipore S7150).

Proteins were separated on SDS/PAGE gels and transferred onto
nitrocellulose membranes for 1 h at 100 Volts. The immunoblots were
prepared using antibodies against RyR (1:1000), phospho-epitope—
specific antibody to human RyR1 phosphorylated at Ser-2808 (1:5000),
which detects mouse PKA-phosphorylated RyR1 (at Ser-2844) and
RyR2 (at Ser-2808), anti Cys-NO antibody (Sigma-Aldrich N5411,
1:1000), anti-DNPH(1:300) and anti FKBP 12.6 (RD System AF 4174,
1:1000). To quantify the expression of SERCA2a and phospholamban
(PLB), immunoblots were prepared using antibodies against SERCA2a
(Badrilla A010-20, 1:1000), PLB (Abcam ab85146, 1:1000), anti
phospho-PLB at Serl6 (Badrilla A010-12, 1:1000) and GAPDH
(Abcamab 8245, 1:60000). All immunoblots were developed and
quantified using the Odyssey infrared imaging system (LICOR
Biosystems) and infrared-labeled secondary antibodies.

2.9. Statistical analysis

Variables are expressed as mean + SEM. Statistical analysis was
performed using Prism (v6.0, GraphPad). Comparisons between the two
samples were performed by two-sided paired Student's t-test or in-
dependent Student's t-test. Correlations between variables were ana-
lyzed using linear regression and tested by Pearson's coefficient corre-
lation. Statistical significance was fixed at p < .05.

3. Results
3.1. Development of LV hypertrophy and LV dysfunction

Chronic infusion of angiotensin II induced a significant increase in
mean arterial pressure and maximal LV pressure (133 = 7 vs
98 + 5mmHg and 156 = 10 vs115 = 7 mmHg at Day 28 vs Day O,
respectively). In order to analyze LV characteristics and performance
independently from changes in loading conditions as a result of hy-
pertension, all measurements were performed 1h after stopping the
infusion of angiotensin II (Table 1). In these conditions, we could ob-
serve increases in LV posterior wall thickness (12.0 + 0.2mm at Day
28 vs. 5.7 = 0.2mm at Day 0), septal wall thickness (11.8 * 0.2 mm
at Day 28 vs. 5.4 = 0.2mm at Day 0) and estimated LV mass
(236 + 9g at Day 28 vs. 71 *+ 5g at Day 0), indicating LV hyper-
trophy, in accordance with our previous studies using the same ex-
perimental design and comparing Angiotensin II- to saline-infused pigs
[23,24]. This was confirmed by LV weight measured at Day 28 during

Table 1
Hemodynamic and echocardiographic parameters at Day 0 and Day 28 (re-
cordings performed 1 h after stopping the angiotensin-II infusion).

Parameter Day 0 Day 28
Hemodynamic parameters
Heart rate (beats/min) 77 = 3 93 £ 8
Mean arterial pressure (mmHg) 98 + 5 105 £ 5
Echocardiographic diastolic parameters
Transmitral E/A ratio 1.28 + 0.03 1.42 = 0.03
LV €averaged (cm.s™) 9.6 = 0.5 6.8 + 0.4
LV E/€ayeraged ratio 6.3 = 0.4 10.7 = 0.7
Isovolumic relaxation time (ms) 70 = 2 74 £ 2
LV untwisting velocity at MVO (°*.s™) —138 = 10 -71 £ 9
UTyrr (% of twist) 24 £ 3 7 =1
Echocardiographic systolic parameters
LV ejection fraction (%) 61 = 2 62 = 2
Isovolumic contraction time (ms) 50 = 2 56 + 2
LV Saveraged (cm.s™) 6.7 + 0.4 5.4 * 0.2

Data are expressed as mean + SEM.
LV: left ventricular; MVO: mitral valve opening; UTjygr. extent of untwist
during the isovolumic relaxation time.

* p < .05Day 0 vs. Day 28, n = 9.

sacrifice (LV weight: 232 + 18¢g). Left atrium was significantly en-
larged (18.9 = 1.1 mm at Day 28 vs. 11.3 = 0.3 mm at Day 0). At Day
28, heart rate was significantly increased as compared to Day O
(105 + 5vs. 77 *= 3 beats/min, respectively) (Table 1).

As shown in Table 1 and Fig. 1B-D, these hypertrophied hearts were
characterized by LV diastolic dysfunction as assessed by the increase in
Tau (+22%) and LV end-diastolic pressure (+63%) as well as de-
creases in LV untwisting rate (—30%) and LV untwist-related para-
meters. Other echocardiographic parameters showing LV diastolic
dysfunction are also summarized in Table 1. As illustrated in Fig. 1A, LV
untwisting rate was also delayed in the cardiac cycle at Day 28, oc-
curring 48 *= 12ms after the mitral valve opening as opposed to
10 = 4 ms before the mitral valve opening at Day O (Fig. 1A). There
was a significant correlation between the delay in LV untwisting rate
and the increase in LV end-diastolic pressure (r = 0.74, p < .0001).

At Day 28, we observed concomitant systolic dysfunction despite
preserved LV ejection fraction. As shown in Table 1 and Fig. 1E-G,
there was a significant decrease in LV twist (—32%), resulting from
decreases in LV apical (—16%) and basal (—40%) rotations. Para-
doxically, along with a significant increase in heart rate, isovolumic
contraction time was slightly but significantly increased. Other echo-
cardiographic parameters indicating LV systolic dysfunction are also
summarized in Table 1.

3.2. Contraction-relaxation coupling during chronic hypertension and LV
hypertrophy

To evaluate the contraction-relaxation coupling, we next analyzed
the relationships between LV twist and LV untwisting rate and observed
a strong correlation (Fig. 2A). Similarly, LV twist and isovolumic re-
laxation time (Fig. 2B) as well as LV untwisting rate and isovolumic
contraction time (Fig. 2C) were significantly correlated. Importantly,
the ratio between LV twist and untwisting rate remained unchanged
between Day 0 and Day 28 (0.109 + 0.011 vs. 0.107 = 0.011, re-
spectively). Therefore, the coupling between myocardial contraction
and relaxation remained preserved despite LV systolic and diastolic
dysfunctions in our model of chronic hypertension and LV hypertrophy.
Importantly, there was a strong and significant negative relationship
between LV end-diastolic pressure and LV twist (Fig. 2D), which clearly
associates the alteration of LV twist with LV diastolic dysfunction. Si-
milarly, LV end-diastolic pressure was also strongly and significantly
correlated with LV untwisting rate (Fig. 2E). All these results highlight
the concomitant alterations in LV twist and untwist. Hence, LV diastolic
alterations are concomitant to LV systolic alterations although LV
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Fig. 1. Left ventricular systolic and diastolic dysfunctions. Representative waveforms of LV twisting and untwisting rate (A) during one cardiac cycle obtained at Day
0 and after four weeks of angiotensin II infusion (Day 28). The onset and the end of cardiac cycle represent 0% and 100% of the total cycle time (n = 9), respectively
(AVC = aortic valve closure, MVO = mitral valve opening). Arrows indicate the maximum velocity of the LV diastolic deformation and show that at Day 28, this
particular point of the cycle occurred later un the cardiac cycle as compared to Day 0, in particular after the mitral valve opening. Diastolic function: mean * SEM
values of time constant of left ventricular (LV) isovolumic pressure decay Tau (B), LV end-diastolic pressure (C) and LV untwisting rate (D). Systolic function:
mean * SEM values of LV twist (E) and its components LV apical (F) and basal (G) rotations. All these parameters were evaluated at Day 0 (open bars) and at Day 28
after four weeks of angiotensin II infusion (hatched bars). n = 7 for Tau and n = 9 for echocardiographic parameters *p < .05 vs. Day 0.

ejection fraction is preserved.

3.3. Aberrant cardiac intracellular calcium handling upon chronic
hypertension and LV hypertrophy

We further investigated isolated cardiomyocytes function. Both
cardiomyocyte shortening and rate of shortening were significantly
reduced in angiotensin II- vs. saline-treated animals (Fig. 3A and B). The
rate of lengthening was also significantly reduced (Fig. 3C). The ratio of
shortening over lengthening rate remained similar between the two
groups (—1.24 = 0.21 vs. —1.62 * 0.27 in angiotensin II- vs. saline-
treated animals, respectively, p = NS), indicating a preserved cellular
contraction-relaxation coupling. The Ca®* transient amplitude was
reduced in angiotensin II-treated animals (Fig. 3D to F) without sig-
nificant changes in baseline diastolic Ca®>* and in the decay phase.

Aberrant intracellular Ca®>* handling is associated with systolic and
diastolic dysfunctions. In particular, RyR2, the main intracellular Ca**
release channels during contraction, have been reported to exhibit
impairment responsible for aberrant SR Ca2™ leak in several cardiac
disorders [8,11,26,29]. Thus, we investigated the RyR2-channel ac-
tivity by isolating the SR microsomes from cardiac tissues and using the
planar lipid bilayer technique (Fig. 4A-B). At low Ca®* concentration
(150 nmol/L, corresponding to the cytosolic [Ca%™] during relaxation),
angiotensin II-treated pigs showed a significant higher open probability
(mean Po of 0.152 * 0.056) as compared to saline-treated animals
(mean Po of 0.008 + 0.003, Fig. 4C), suggesting that RyR2 in angio-
tensin II-treated animals were leaky during relaxation. Interestingly, at
systolic Ca?" concentration (700 nmol/L), there was also a significant
higher Po of the RyR2 channels in angiotensin II-treated animals. In
addition, the RyR2 in angiotensin II-treated animals exhibited higher
sensitivity to cytosolic Ca®>*as indicated by higher Po for each
Ca? " concentration compared to saline-treated animals [(ECs0.275vs.
629 nmol/L, respectively, and the left shift of the Ca®* dose-response

(Fig. 4D)]. Overall, these results demonstrated that RyR2 channels ex-
hibit an aberrant Ca®* release during both contraction and relaxation
in angiotensin II-treated animals.

We and others have shown that leaky RyR2 result from post-trans-
lational modifications of the RyR2 macromolecular complex [9,17,26].
As shown in Fig. 4E-F, the ratio of PKA-phosphorylated RyR2 at Ser-
2808 to total RyR2 were markedly increased in angiotensin II-treated
animals, indicating RyR2 hyperphosphorylation at its specific site of
Ser-2808 while oxidation and S-nitrosylation levels remained un-
changed (Fig. 4H). Importantly, the ratio of calstabin2 (FKBP12.6),
which stabilizes the closed conformation of RyR2, to total RyR2 was
concomitantly and markedly reduced in angiotensin II treated animals,
indicating a reduced association of calstabin2 to RyR2 (Fig. 4E and I).
These data suggest that the angiotensin II treatment causes PKA hy-
perphosphorylation of RyR2 and calstabin2 depletion from the RyR2
macromolecular. In addition, this was accompanied by reduced
SERCA2a and PLB but increased phospho-PLB expression in the an-
giotensin Il-treated animals (Fig. 5A-D).

4. Discussion

In the present study, chronic hypertension and LV hypertrophy in-
duced by the infusion of angiotensin II in pigs elicited LV diastolic
dysfunction that was accompanied by LV systolic dysfunction while LV
ejection fraction was preserved. At the cellular level, we observed a
remodeling of RyR2 that were leaky and hypersensitive to cytosolic
Ca®" during both contraction and relaxation phases. These alterations
were associated with post-translational modifications of RyR2 with
PKA-hyperphosphorylation and depletion of its stabilizing protein cal-
stabin2 (FKBP12.6). Despite this aberrant intracellular calcium hand-
ling, the contraction-relaxation coupling remained preserved, i.e., the
occurrence of LV diastolic dysfunction was accompanied with LV sys-
tolic dysfunction. In vivo functional parameters were obtained in
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angiotensin II-infused animals that served as their own control. We
previously showed that the occurrence of LV dysfunction and the de-
velopment of LV hypertrophy is not related to natural growth of these
animals. Importantly, all in vitro experiments compared samples ob-
tained from saline- vs angiotensin II-infused pigs. All these functional
alterations in left ventricular function and cardiomyocyte signalling
could be the consequences of either direct effect of angiotensin II per se,
hypertension per se induced by angiotensin II or the combination of
both.

During systole, the counter-coiled helix of sub-endocardial and sub-
epicardial fibers generates rotation of the apex and base of the LV on its
longitudinal axis in opposite directions, resulting in LV twist.
Measurement of LV twist allows detecting early and subtle LV systolic
dysfunction, which is not possible with LV ejection fraction [28,30]. In
our experimental conditions, we observed a decrease in LV twist despite
unchanged LV ejection fraction. This suggested that pigs developed
both sub-endocardial and sub-epicardial dysfunctions rather than sole
sub-endocardial dysfunction that would induce unopposed contraction
of the sub-epicardial fibers and increase in LV twist [20]. It has been
shown that LV twist increases in patients with mild diastolic dysfunc-
tion but decreases in those with moderate and severe diastolic dys-
function [21]. Interestingly, in angiotensin II-treated animals, LV end-
diastolic pressure was concomitantly increased and was strongly cor-
related with LV twist impairment, suggesting the contribution of LV
twist impairment to LV diastolic dysfunction, in agreement with pre-
vious animal [3] and human [22] studies showing that LV twist was a
key determinant of LV diastolic suction. Concomitantly, LV untwisting
rate was decreased [1,27] and its peak was also delayed in the cardiac
cycle after 28 days of angiotensin II infusion, in agreement with pre-
vious studies in patients with chronic hypertension and diastolic

dysfunction [4,27]. The impairment in LV untwist was also concomitant
and correlated with increased LV end-diastolic pressure [22,23]. More
importantly, we found that contraction-relaxation remained preserved
despite the development of LV hypertrophy and LV dysfunction. This
shows that in our experimental conditions, LV diastolic and systolic
dysfunctions are necessary concomitant. In such context of tight cou-
pling between contraction and relaxation, it appears that diastolic
dysfunction does not occur without systolic alterations. The impact of
increase heart in these modifications should also be discussed. There is
a clear heart rate-dependency of parameters describing left ventricular
function. For example, in normal physiological conditions, there is a
clear reduction in isovolumic contraction and relaxation times along
with any increase in heart rate [24] and left ventricular filling needs to
increase. In this experimental model, the increase in heart rate reveals
alterations in left ventricular systolic and diastolic function and parti-
cularly, it underlines maladaptive responses to tachycardia that would
not be detected in the absence of change in heart rate [12,24,25].

At the cellular level, we observed altered cardiomyocyte shortening
and lengthening but the shortening over lengthening rate ratios were
not significantly different between saline- and angiotensin II-treated
animals highlighting the preserved contraction-relaxation at the cel-
lular level. This supports the cardiomyocyte to play a key role in this
contraction-relaxation coupling and its preservation during chronic
hypertension and LV hypertrophy. Analysis of calcium transients re-
vealed a significant reduction in Ca®™ transient amplitude but diastolic
Ca®* and SR Ca®* uptake were not significantly altered in angiotensin
II- vs saline-treated pigs. Searching for a mechanism of this coupling, we
observed abnormal RyR2 channels. Indeed, RyR2 were leaky and we
further observed that the RyR2 macromolecular complex was PKA hy-
perphosphorylated and depleted of its stabilizing protein calstabin2 in
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Fig. 3. Altered cardiomyocyte function. Mean + SEM values of cardiomyocyte shortening (A), rate of shortening (B) and rate of lengthening (C), diastolic calcium
(D), calcium amplitude (E) and Tau (F) in cardiomyocytes isolated from saline (n = 9 ABC and 7 DEF, open bars) and angiotensin-II treated (n = 7 ABC and 4 DEF,

hatched bars) animals. *p < .05 vs. saline.

the angiotensin II-treated pigs. Of note, there was no difference in the
oxidation and S-nitrosylation level of RyR2 between saline- and an-
giotensin II-treated pigs. This remodeling of RyR2 macromolecular
complex induces stochastic RyR2 and uncoupled multiple RyR2 chan-
nels that may contribute for slower contraction and relaxation [16]. In
parallel, expressions of SERCA2a and its regulator PLB were reduced
but phosphorylation of phospholamban was concomitantly increased.
This suggests that the reduced expression of SERCA appears to be
compensated by the higher SERCA activity, although not directly as-
sessed, due to phospho-phospholamban [13] and the reduced amount
of calcium released. To our knowledge, the present study is the first to
describe such alteration in intracellular Ca®>* handling via leaky and
remodeled RyR2 in the context of LV twist-untwist abnormalities
during chronic hypertension and LV hypertrophy. Altered calcium
handling with RyR2 and its hyperphosphorylation through calcium leak
could participate both to the reduced in vitro contraction and thus in
vivo twist, as well as to slowed in vitro relaxation and thus in vivo un-
twist through calcium leak. In the absence of a modification of SR
calcium uptake, one can thus hypothesize that part of the leak is tem-
porarily buffered sarcomeric proteins resulting in slower relaxation.
This would support RyR2 and its hyperphosphorylation acting on both
systole and diastole, ie., as an integrator of contraction-relaxation
coupling. Unfortunately, we could not perform rescue experiments due
to the difficulty of having drugs such as RyCal® compounds that could
be easily used in pigs to restore normal RyR2 function and subsequent
Ca®* handling. Nevertheless, we strongly believe that SR Ca®* leak
through RyR2 due to RyR2 hypersensitivity to cytosolic Ca®>* and PKA
hyperphosphorylation as well as calstabin2 dissociation could represent
a common mechanism accounting for both contraction and relaxation
alterations. These phenomena could alter systolic Ca®?* and impede

contraction on the one hand, while on the other hand, leaked RyR2 and
impaired expression of SERCA2a and PLB may cause an elevation in
diastolic Ca®" affecting the relaxation. Therefore, it is reasonable to
hypothesize that as an integrator, RyR2 channels link contraction
(systole) and relaxation (diastole). RyR2 alteration would explain pre-
served contraction-relaxation coupling because aberrant calcium
handling occurred simultaneously in both systolic and diastolic periods.
Therefore, one may speculate that future therapeutics targeting RyR2
would improve concomitantly LV systolic and diastolic functions in
such pathophysiological situation.

Our study has some limitations. We did not precisely investigate the
origin of post-translational modifications affecting calcium handling.
Increased heart rate indicating a sympathetic activation and Ser 2808
phosphorylation of RyR2 argue for a PKA-dependent mechanism but
other players such as CamKII might also be implicated. These functional
impairments could also be due to alterations of contractile proteins
such as myosin, titin or troponin and other actors involved in the
control of calcium homeostasis such as phosphorylated phospho-
lamban. The impact of alterations in cardiac structure should also be
discussed. We did not assess fibrosis in the present study, but we pre-
viously reported using the same model that angiotensin-II treated ani-
mals clearly showed interstitial fibrosis which may have also con-
tributed to the impaired left diastolic function besides abnormal
calcium handling. It should be also acknowledged that these animals
exhibit rather severe left ventricular hypertrophy.

5. Conclusions

LV contraction-relaxation coupling remained preserved despite LV
systolic and diastolic dysfunctions in the present model of chronic
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Fig. 4. Leaky ryanodine receptors and post-translational modifications. Representative RyR2 single channel current traces from saline- and angiotensin II-treated
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normalized Po from 150 nmol/L to 10 umol/L. Each data point represents the Po calculated as an average from 4 to 13 independent channels obtained from 3 to 4
animals. RyR2 Ca®* dependences were fitted by a one-site binding (Hill slope) equation. Data presented as mean = SEM. *p < .05 vs. saline, **p < .01 vs. saline.
(E) Representative immunoblots of saline-treated (saline) and angiotensin II-treated (Ang II) samples. RyR2 were immunoprecipitated from tissue lysate using an
anti-RyR2 antibody. Bands of total RyR2, PKA-phosphorylated RyR2 at S2808 site, DNP (oxidized RyR2), CysNO (S-nitrosylated RyR2) and Calstabin2 binding are
shown. (F-I) Normalization of data from immunoblots for the relative RyR2 PKA phosphorylation, oxidation, S-nitrosylation and calstabin2 bound to RyR2 mac-
romolecular complex in saline- (open bars) and angiotensin II- (hatched bars) treated animals. Data are presented as mean + SEM. n = 8 for saline- and n = 12 for
angiotensin II-treated animals. For each condition, the number of experiments is related to independent blots obtained from 4 to 5 animals. **p < .01 vs. saline.

hypertension and LV hypertrophy. This in vivo disturbance occurs dysfunction.
through an impairment of cardiac contraction and relaxation. At the
cellular level, SR Ca®* leak through PKA hyperphosphorylated RyR2,
depleted of its stabilizing calstabin2 partner may contribute to both
contraction and relaxation alterations. These results suggest that RyR2,
as an integrator, may contributes to control LV contraction-relaxation
coupling. LV diastolic dysfunction was accompanied by LV systolic
dysfunction, i.e., the discovery of LV diastolic dysfunction with pre-
served ejection fraction in patients should imply the track of LV systolic
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