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Abstract The activity of protein phosphatase-1 (PP1)
inhibitor-1 (I-1) is antithetically modulated by the cAMP-
protein kinase A (PKA) and Ca”-protein kinase C (PKC)
signaling axes. f-adrenergic (f-AR) stimulation results in
PKA-phosphorylation of I-1 at threonine 35 (Thr35) and
depressed PP1 activity, while PKC phosphorylation at
serine 67 (Ser67) and/or Thr75 increases PP1 activity. In
heart failure, pThr35 is decreased while pSer67 and pThr75
are elevated. However, the role of Ser67/Thr75 phosphor-
ylation in vivo and its effects on Ca®'-cycling are not
known. Thus, our aim was to investigate the functional
significance of Ser67 and Thr75 phosphorylation in intact
hearts. We generated transgenic mice (TG) with cardiac-
specific overexpression of constitutively phosphorylated
I-1 at Ser67 and Thr75 (S67D/T75D) and evaluated cardiac
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function. The S67D/T75D cardiomyocytes exhibited sig-
nificantly depressed Ca®"-kinetics and contractile param-
eters, compared with wild-type (WT) cells. The decreased
Ca*"-cycling was associated with a 27 % increase in PP1
activity, no alterations in PP2 activity and impaired phos-
phorylation of myosin-binding protein-C (MyBPC). Upon
aging, there was cardiac remodeling associated with
increases in systolic and diastolic left ventricular internal
diameter dimensions (at 16 months), compared with WTs.
The results indicate that phosphorylation of I-1 at Ser67
and Thr75 is associated with increased PP1 activity and
depressed cardiomyocyte Ca®*-cycling, which manifests in
geometrical alterations over the long term. Thus, hyper-
phosphorylation of these sites in failing hearts may con-
tribute to deteriorative remodeling.

Keywords Protein phosphatase 1 - Inhibitor-1 - Calcium
cycling - Cardiac function

Introduction

Heart function relies on highly regulated cyclic variations
of intracellular Ca®*" levels, peaking at systole and
declining during diastole, when the muscle fills up with
blood for the next contraction cycle. During stress condi-
tions, such as exercise and fight or flight responses, the
sympathetic nervous system exerts positive inotropic
effects mainly by activation of f-adrenergic receptors. As a
result, enhanced adenylyl cyclase (AC) leads to increased
intracellular cAMP and PKA activity. PKA phosphorylates
target enzymes involved in energy metabolism and key
Ca”*-cycling proteins that modulate contractility [4, 17]. In
the heart, the ff-adrenergic-stimulatory effects are reversed
mainly by PP1 [30]. The first direct evidence for the role of
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PP1 in cardiac function in vivo was provided in mouse
models with cardiac-specific overexpression of PP1-« that
exhibited depressed cardiac function, a blunted fS-adren-
ergic response and remodeling [9]. Thus, PP1 is a negative
regulator of cardiac Ca*"-cycling and contractility.

PP1 is often associated with regulatory and inhibitory
subunits that confer functional diversity for the PP1 holoen-
zyme. The inhibitors include inhibitor-1 (I-1) and inhibitor-2
(I-2). I-1 is expressed in all mammalian tissues including the
heart [18] and it is activated by f-adrenergic dependent
phosphorylation at Thr35, causing decreased PP1 activity
[12, 14, 16]. Two additional I-1 phosphorylation sites were
suggested to exist in a study of I-1 purified from rabbit
skeletal muscle [1]. Serine 67 was one of these sites and its
phosphorylation occurred with a slower rate, compared with
Thr35. An additional unknown site appeared to be phos-
phorylated with even slower rate than Ser67 and it was sug-
gested that Thr75 might be the best candidate [1]. The
functional significance of Ser67 phosphorylation in the heart
was first proposed in a study using a PKCux deficient mouse
[8]. In this model, there was decreased Ser67 phosphoryla-
tion, decreased PP1 activity and increased contractile func-
tion, suggesting an association between phosphorylation of
Ser67 and PP1 activity. Subsequently, Thr75 was also iden-
tified as an additional PKCua-site on I-1, using purified
recombinant systems [34, 35]. In isolated cardiomyocytes,
Thr75 phosphorylation was associated with increased PP1
activity and depressed contractile parameters [34, 35]. Thus,
while I-1 is activated by PKA to inhibit PP1, this effect is
negated by PKC-phosphorylation of Ser67 and/or Thr75.
This dual regulation of I-1 activity implies that I-1 may
function as a nodal point, integrating the regulatory effects of
two major second messengers, cCAMP and Ca*.

Interestingly, human and experimental heart failure is
associated with increased PP1 activity as well as decreased
protein levels and activity of I-1 [11]. The depressed I-1
activity reflects depressed PKA-phosphorylation as well as
increased PKC-phosphorylation of this protein [8, 33, 35].
These observations implicated I-1 as an important player in
the pathological changes associated with heart failure [29,
45]. However, although the functional significance of
PKA-phosphorylation of I-1 has been elucidated by several
research groups [31, 33, 46, 47], similar studies on PKC-
phosphorylation of I-1 are not available. Thus, our goal
was to investigate the role of Ser67 and Thr75 dual site
phosphorylation of I-1 and its modulatory effects on car-
diac Ca®"-cycling and function in vivo. The present study
suggests that expression of I-1 with constitutively phos-
phorylated Ser67D and Thr75D results in increased PP1
activity, consistent with depressed cellular contractility and
Ca*" cycling. The impaired Ca*"-handling manifests in
cardiac remodeling upon aging, as evidenced by in vivo
echocardiographic measurements.
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Materials and methods
Experimental animals

Transgenic (TG) mice were generated at the University of
Cincinnati by pronuclear microinjection of a ~6 kb cDNA
fragment into WT FVBN/n mice. The transgene consisted of
«-MHC promoter, the human I-15¢"®T75P and the simian
virus 40-polyadenylation site. Three TG lines were generated
and all expressed similar levels of I-13°7”7°P (between 16 and
18 fold of endogenous I-1). Line 1 was used and experiments
were performed on males separated on two age groups: young
mice between 3 and 4 months and old mice between 16 and
18 months. Age-matched WT mice were used as controls. The
present study was in accordance with the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised 1996)
and the National Research Council Guide for the Care and Use
of Laboratory Animals: 8th Edition published by The National
Academies Press, 2011, Washington, DC. All animal exper-
imental protocols were approved by the Institutional Animal
Care and Use Committee of University of Cincinnati (Proto-
col No. 04-04-19-02).

Western blot analysis

Mice were anesthetized by intraperitoneal injection of
sodium pentobarbital (50 mg/kg) and the appropriate depth
of anesthesia was tested by monitoring hind limb reflexes.
Hearts were excised, snap frozen in liquid nitrogen and
homogenized in 1X cell lysis buffer (Cell Signaling Tech-
nology, Danvers, MA) supplemented with phenylmethyl-
sulphonyl fluoride (PMSF, 1 mM) and complete protease
inhibitor cocktail (Roche Applied Science, Indianapolis, IN).
The hearts were homogenized using an automated biological
sample lyser (Precellys 24, Omni International, Kennesaw,
GA) for 15 s at 6,500 rpm and protein concentration was
quantified using the Bradford method. Equal amounts of
homogenates were separated by SDS-PAGE and transferred
to nitrocellulose membranes. Immunoblotting analysis was
performed using specific primary antibodies (between 1:500
and 1:2,000 dilutions) corresponding to the protein under
analysis: I-1 (Covance Inc. Denver, PA); pI-1-Thr35 custom
made antibody; calsequestrin (CSQ), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), total PLN and total
RyR (Thermo Scientific, Rockford, IL); p-PLN-Serl6,
p-PLN-Thr17, p-RyR2-Ser2809 and p-RyR2-Ser2815
(Badrilla Ltd, Leds, West Yorkshire, UK); myosin-binding
protein C (MyBPC) and PP1 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA); p-MyBPC-Ser282 (Alexis Biochem-
icals, San Diego, CA); troponin I (Tnl) and p-Tn I Ser22/23
(Cell Signaling Technology, Boston, MA). The secondary
antibody conjugated with horse radish peroxidase was used at
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a 1:5,000 dilution. On the nitrocellulose membrane, the bands
were visualized with SuperSignal West Pico chemilumines-
cence substrate kit (Pierce, Rockford, IL) or ECLPLUS
Western Blotting Detection kit (GE Healthcare Bio-Sciences
Corp, Piscataway, NJ). The intensity of the bands was
quantified using AlphaEaseFC analysis software (Protein-
Simple, Santa Clara, CA). The densitometry values corre-
sponding to TG samples were normalized to WT samples and
the data were expressed as fold change relative to control WT.
As an internal standard we used calsequestrin or GAPDH.

Assessment of protein phosphatase activity

Whole-heart homogenate samples were prepared in
homogenization buffer without NaF and PP1 activity was
assessed using RediPlate 96 EnzChek Serine/Threonine
Phosphatase Assay Kit (Molecular Probes, Inc., Eugene,
OR). Briefly, samples were diluted in 1X reaction buffer
and incubated with the substrate for 30 min at 37 °C,
protected from light. The PP1 activity was measured in the
absence or presence of 10 nM okadaic acid (OA) in the
reaction buffer to block protein phosphatase 2A (PP2A)
activity. PP1 activity in heart homogenates was also mea-
sured in the presence of a PKA inhibitor (H-89, 1 uM,
Sigma-Aldrich, St. Louis, MO), which had no effect, when
compared with the PP1 activity in the absence of H-89. A
negative control was included by adding 1X reaction buffer
to the substrate and a positive control was prepared by
diluting a PP1 enzyme standard of known activity in the
reaction buffer. The product of the enzymatic reaction was
measured using a fluorescence microplate reader equipped
with the appropriate filters to detect the reaction product
that exhibits excitation/emission maxima of 358/452 nm.

Myocyte isolation

Cardiac myocytes were isolated according to a protocol
described previously [32]. Briefly, adult mice were anesthe-
tized with sodium pentobarbital (50 mg/kg); hearts were
excised and perfused on a Langendorff apparatus with oxy-
genated solution containing 0.65 units/ml Liberase TH
(Roche, Indianapolis, IN), at 37 °C. Following digestion,
dissociated cells were placed on laminin-coated coverslips and
allowed to attach for 15 min. All experiments were carried out
at room temperature (22-25 °C) in standard Tyrode solution
containing (mM): 140 NaCl, 5 KCl, 1 MgCl,, 10 glucose, 10
HEPES, 1.8 CaCl, and pH 7.4 adjusted with NaOH.

Cell shortening and intracellular calcium measurements

([Caly)

Cells were paced with a stimulation frequency of 0.5 Hz
using a pair of platinum electrodes that delivered voltage

pulses generated by a Grass stimulator (model S88, Grass,
West Warwick, RI, USA). Cell contractions were measured
using a video edge detector (Crescent Electronics model
VED-105, UT, USA) and the signal was digitized and
recorded on a computer. For [Ca2+],- measurements, cells
were loaded with the membrane-permeable form of the
fluorescent Ca’*" indicator fura-2/AM (2 uM; Invitrogen/
Molecular probes, Carlsbad, CA, USA) in standard Tyrode
solution for 20-30 min at room temperature, followed by a
>20 min de-esterification interval in dye-free media. Cells
were simultaneously excited at 340 (Fz40) and 380 nm
(Fs380) and emission signals were collected at 505 nm by a
photomultiplier tube. [Ca]; changes were expressed as
changes in ratio AR = F34¢/F5so.

Ischemia/reperfusion

Mice were anesthetized by intraperitoneal injection with
pentobarbital (50 mg/kg body weight) and the adequacy of
anesthesia was evaluated by monitoring hind limb reflexes.
Excised hearts from TG and WT mice were mounted on a
Langendorff apparatus and retrogradely perfused through
the aorta with Tyrode solution (37°) containing (mM): 118
NaCl, 4.7 KCl, 1.2 MgS04, 1.2 KH2PO4, 0.5 EDTA-2Na,
25 NaHCO3, 2.5 CaCl2, 11 Glucose, pH 7.4 adjusted with
NaOH. The perfused hearts were stabilized for 30 min at
constant pressure (65 cm H20) at 37°. Perfusion was then
stopped for 40 min and subsequently a 60-min reperfusion
period followed. The following contractile parameters were
acquired with a water-filled balloon connected to a pressure
transducer and heart performance analyzer (HPA-t; Micro-
Med Ltd, Louisville, KY): end-diastolic pressure
(LVEDP), left ventricular developed pressure (LVDP),
maximum rates of isovolumic contraction (4+dP/dr) and
relaxation (—dP/dt).

Echocardiography and Doppler measurements

Echocardiographic images were obtained on unstressed
mice following general anesthesia with 1.5-2 % isoflurane.
Based on our previous studies [23], this level of anesthesia
allowed us to record changes in heart rate and cardiac
function in response to injections of inotropes. The chest
hair was removed and the mouse placed on a heated plat-
form where the animals were kept at constant body tem-
perature. All images were obtained with a 30-MHz
transducer probe (MS 400, Vevo 2100 system, Visualson-
ics, Toronto, Canada) placed perpendicular and along the
long axis of the heart as previously described [36]. Echo-
cardiographic measurements acquired by both 2D and
M-mode in the parasternal long axis view included:
thickness of septal and posterior LV wall, size of LV cavity
(end-diastolic LVEDD and end-systolic LVESD
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dimensions) and left ventricular diameter. Fractional
shortening (FS) was calculated as [(LVEDD — LVESD)/
LVEDD] x 100. Ejection fraction (EF) was calculated
using Teicholz formula. All images were transferred as 2D
gray-scale images to a separate computer station for post-
imaging processing VevoStrain software (Vevo 2100,
v1.1.1 B1455, Visualsonic, Toronto, Canada).

Histological analysis

Excised hearts from 4- and 18-month-old mice were fixed
in 4 % paraformaldehyde. Longitudinal sections of 3 um
were generated at the Cincinnati Children’s Pathology
Research Core and stained with hematoxylin & eosin
(H&E). Images of whole heart sections were captured in
bright field with a color camera attached to a stereo
microscope, at 100x magnification (Leica Microsystems,
Buffalo Grove, IL).

Statistical analysis

The results are presented as mean =+ standard error of the
mean for the indicated number of samples. Statistical sig-
nificance was determined using Student’s 7 test for paired
or unpaired data. The difference was considered statisti-
cally significant at p < 0.05.

Results

Expression of I-15"PT7P increases cardiac
phosphatase-1 activity

Previous studies using adenovirus-infected rat cardiomyo-
cytes suggested that overexpression of I-1567P/T73P
impaired cellular contractility following forskolin (adenyl-
ate cyclase activator) stimulation [34]. We investigated here
the in vivo effects of Ser67 and Thr75 phosphorylation, by
generating a mouse model with cardiac-specific overex-
pression of a constitutively phosphorylated I-1 at these sites
(S67D/T75D). As illustrated in Fig. 1a, the expression levels
of I-1 were ~ 18-fold higher in TG mice, compared with
WTs. Accordingly, PP1 activity was increased by 27 % in
TG hearts (Fig. 1b). Furthermore, PP1 activity was mea-
sured in membrane and cytosolic fractions, and the TGs
exhibited a significant increase only in the cytosolic fraction
(~26 %), compared with WTs. This was confirmed by
assessment of the PP1 catalytic subunit levels, which were
also increased by 30 % in the cytosolic fraction of TGs (data
not shown). To determine whether S67D/T75D may influ-
ence PKA-phosphorylation of Thr35 in I-1, we used an
antibody that specifically recognizes the phosphate group at
Thr35 and measured the pThr35 and the total I-1 levels in TG
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Fig. 1 Cardiac overexpression of I-15¢"PT7D s agsociated with
increased PP1 activity. a I-156"?T73P expression levels are ~ 18-fold
higher in TG heart homogenates compared to WTs. Due to low I-1
abundance of endogenous I-1, 4x more WT protein (120 pg) was
loaded on the gel to allow for detection. This adjustment was taken
into consideration when I-1 expression levels were quantified
(N = 9). b PP1 activity levels in heart homogenates from TG hearts
increased by 27 % compared with WTs (N = 10). ¢ Phosphorylation
levels of Thr35 in TG heart homogenates are decreased to ~20 %
compared with WT control (N = 4); *p < 0.05 versus WT

and WT hearts. The results indicate that in TGs, Thr35
phosphorylation levels are reduced compared with WT
hearts (Fig. 1c). In addition, the degree of p-Thr35 was
examined in cardiac homogenates following isoproterenol
stimulation (8 mg/kg and euthanized 5 min later) [37]. The
results showed that p-Thr35 levels were significantly
increased in both WTs and TGs but they still remained lower
in TGs, compared with WTs (data not shown). Thus,
expression of I-15¢7PT73P g agcociated with decreased
phosphorylation of the PKA-site.

Depressed cardiomyocyte contractility in TG mice

To determine the effect of I-15"PT7P expression and
increased PP1 activity on cardiac function, we measured
basal contractile parameters in isolated cardiomyocytes.
Compared with WT, TG myocytes showed depressed
contractility (Fig. 2a) as indicated by the degree of frac-
tional shortening (FS: 19 % decrease), the rate of con-
traction (+dL/dt: 29 % decrease) and the rate of relaxation
(—dL/dt: 32 % decrease) (Fig. 2b, c, d). However, isopro-
terenol (ISO 100 nM) stimulation relieved the inhibitory
effects of I-15"PT75D ynder basal conditions and the
maximally stimulated parameters were similar between TG
and WT cells (Fig. 2b, c, d). Altogether, the observations
under basal conditions correlate with the afore-mentioned
increased PP1 activity in TG mouse hearts. However,
adrenergic stimulation and PKA-activation prevail over
increases in PP1 and abolish the differences in contractile
parameters.
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Fig. 2 Contractility in TG cardiomyocytes is depressed. a Represen-
tative traces illustrating myocyte contractions at 0.5 Hz stimulation in
WT (black) and TG cells (red). Quantification of myocyte fractional
shortening (b), contraction rates, (¢) and relaxation rates (d) under
basal conditions (—ISO) and in the presence of 100 nM isoproterenol
(+ISO) (—ISO: WT = 51 cells, 5 hearts; TG = 88 cells, 8 hearts;
+ISO: WT = 35 cells, 4 hearts; TG = 35 cells, 4 hearts); values are
mean = SEM based on numbers of cells; *p < 0.05

Depressed [Ca”"]; transients in TG cardiomyocytes

and reduced myosin-binding protein C phosphorylation

To determine whether the observed alterations in myocyte
contractility are accompanied by similar alterations of the
intracellular calcium cycling ([Ca];) (Fig. 3a), we measured
basal intracellular [Ca2+],- transients in fura-2AM loaded
cells subjected to electrical stimulation in normal Tyrode
solution. The [Ca®"]; transient amplitude decreased by
22 % in TG cells (Fig. 3b). Analysis of the kinetic char-
acteristics of the decay phase of the [Ca2+],~ transient
revealed that the exponential decay time (t) was signifi-
cantly prolonged in TG compared with WT (Fig. 3c).
Similar to contractility data presented above, adrenergic
stimulation significantly enhanced Ca”"-transient ampli-
tude and kinetics compared with basal conditions (Fig. 3b,
¢) in both TG and WT groups. Moreover, isoproterenol
leveled the differences that were seen in basal conditions in
TG, compared with WT group, analogous with the afore-
mentioned contractility results. To test if the alterations in
basal [Ca2+] ; transient characteristics are due to changes in
the SR Ca®* load, we estimated the total SR Ca®" content
by measuring the amplitude of the [Ca® "], transient evoked
by fast application of 10 mM caffeine (Fig. 4a). The
analysis of the caffeine-induced [Ca*h] ; transient indicated
that in TG cells, the caffeine-induced amplitude (Fig. 4b)
was decreased by 18 % compared with WT cells, while
the decay phase, corresponding to the Ca®" extrusion
mediated mainly through Na/Ca exchanger (NCX) and
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Fig. 3 [Ca®h); cycling in TG cardiomyocytes is impaired. a Repre-
sentative traces illustrating [Ca®*t); transients measured with fura-
2AM in WT (black) and TG (red) cells, while stimulated with 0.5 Hz.
b Quantification of [Ca®']; transient amplitudes expressed as
ratiometric fluorescence signals (AR = F340/F3g0) under basal condi-
tions and in the presence of 100 nM isoproterenol. ¢ Mono-
exponential constant of the Ca”" transient decay in the absence
(—ISO: WT = 81 cells, 6 hearts; TG = 72 cells, 6 hearts) and in the
presence of 100 nM isoproterenol (+ISO: WT = 29 cells, 4 hearts;
TG = 27 cells, 3 hearts; 4 months old); values are mean = SEM
based on measured numbers of cells; *p < 0.05

plasmalemmal Ca*" ATPase was not significantly changed
in TGs, compared with WTs (Fig. 4c). These data suggest
that expression of I-157®T75P induces increased PP1
activity which reflects decreases in Ca’" cycling and
depressed contractility.

The altered cellular Ca®" cycling and contractility
prompted us to investigate the main phosphoproteins that
control cardiac contractility. Thus, we investigated the total
and phosphorylation levels of PLN at Ser16 (PKA site) and
Thr17 (CaMKII site), RyR phosphorylation at Ser2809
(PKA site) and Ser2815 (CaMKII site), troponin I (p-Tnl-
Ser22/23) and myosin-binding protein C (p-MyBPC-Ser282).
Quantitative analysis indicated that the only protein that
was significantly dephosphorylated in TGs compared with
WTs was myosin-binding protein C (p-MyBPC-Ser282)
(Fig. 5). These results suggest that the observed increased
PP1 activity alters phosphorylation of MyBPC, resulting in
depressed myocyte contractility.

Recovery of function is not altered in TG hearts
upon ischemia/reperfusion injury

Previous studies have implicated I-1 as a modulator of
contractile recovery upon ischemia/reperfusion injury (I/R)
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Fig. 4 Basal SR Ca’*-load assessed by fast caffeine exposure is
reduced in TG cells. a Representative traces illustrating [Ca“],-
transients measured in response to 10 mM caffeine in WT (black) and
TG (red) cells. The fluorescence signals were measured with fura-2AM
in cells paced at 0.5 Hz. b Quantification of [Ca*); transient amplitudes
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Fig. 5 Cardiac overexpression of I-156"PT7P s agsociated with
decreased MyBPC phosphorylation at Ser282. a Representative
western blots and b quantification of phosphorylation levels of
MyBPC at Ser282 showing that in TG heart homogenates, Ser282
phosphorylation levels are decreased by ~35 % compared with WT
controls (N = 4); *p < 0.05 versus WT

and suggested that expression of a truncated, constitutively

active I-1 lacking the PKC sites (Thr35D, aa 1-65)
enhanced cardiac performance and attenuated apoptosis
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Fig. 7 Contractile dysfunction and remodeling in aging TG mice.
Comparison of heart performance evaluated in vivo by echocardio-
graphic measurement of a ejection fraction (%EF), b fractional
shortening (%FS) and ¢ end-diastolic left ventricular internal dimen-
sion (LVIDd) in 16-month-old mice versus 4-month-old mice
(N = 6-7 mice). d Hypertrophy assessed by heart weight/body weight
ratio (HW/BW; WT = 6, TG = 4 hearts. e Illustrative examples of
longitudinal heart sections obtained from 18-month-old WT and TG
hearts stained with H&E; *p < 0.05 versus young WT mice; #p < 0.05
versus young TG mice; ¥p < 0.05 versus WT old mice

post I/R [31, 33, 43]. Therefore, we examined the effect of
[-1567PT75D o5 functional recovery of Langendorff-per-
fused hearts subjected to 40-min ischemia followed by
60-min reperfusion (I/R). Upon reperfusion, TG hearts
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showed similar rates of contraction and relaxation as WT
hearts (Fig. 6a, b). In addition, diastolic (LVEDP) and
systolic (LVDP) functional parameters were comparable
during reperfusion in both TG and WT hearts (Fig. 6c, d).

Contractile dysfunction and remodeling
in aging TG mice

Echocardiography measurements in intact animals indi-
cated that there were no contractile or geometrical altera-
tions in I-15"?T73P compared with WT mice at 4 months
of age (Fig. 7a, b, c; Table 1). Correspondingly, cardiac
morphology showed no significant differences between
TGs and WTs (data not shown). However, upon aging to
16-months of age, there were significant decreases in EF
(Fig. 7a) and FS (Fig. 7b) in TGs compared with WTs
(Table 1). Furthermore, there was a significant increase in
left ventricular internal diameter (LVIDd; Fig. 7c) and
dilation of LV chambers as illustrated by the increased
systolic and diastolic LV volume in TGs, compared with
WTs (Table 1). Accordingly, assessment of HW/BW ratio
in aging mice confirmed the increased hypertrophy in TGs
(Fig. 7d) and histological evaluation of longitudinal heart
sections confirmed the thicker LV wall in TGs compared
with WTs (Fig. 7e). We also monitored the survival rates
of a cohort of TG (n = 19) and WT mice (n = 29) and we
observed that by 21 months of age, 63 % of TG had died
compared with 34 % of WTs, indicating increased mor-
tality in TGs, compared with WTs. Altogether, these data
indicate that the depressive effects of I-13°"PT7°P expres-
sion on cardiomyocytes Ca”"-cycling in young hearts lead
to depressed in vivo cardiac function and remodeling over
the long-term.

Discussion

The inhibitor-1 of PP1 has emerged as an important reg-
ulator of Ca*"-cycling and contractility in the heart [29].
While the functional role of its PKA-mediated phosphor-
ylation at Thr35 has been extensively investigated in vivo
[10, 31, 33, 47], the significance of PKC-phosphorylation
on Ser67 and Thr75 in cardiac contractility remains
unclear. The present study shows that constitutive phos-
phorylation of these sites (I-15¢"”/T7°P) is associated with
increased PPl activity, impaired Ca*"-cycling and
depressed contractility, which leads to cardiac remodeling
upon aging. Additionally, the I-15¢7?T7°P hearts exhibit a
significant decrease of Thr35 phosphorylation compared
with WTs, supporting the notion that phosphorylation of
Ser67/Thr75 converts I-1 into a weaker substrate for PKA
[34]. Several studies reported that the failing human heart
is characterized by increased PPl activity [8, 27],
decreased I-1 expression levels [12], attenuated phosphor-
ylation at Thr35 [9, 11] and increased phosphorylation at
Ser 67 and Thr75 [8, 35]. Additionally, it was demonstrated
that heart failure is associated with an increase in PKCux
protein levels and activity [6, 44]. Therefore, heart failure
favors both dephosphorylation of Thr35 and phosphoryla-
tion of Ser67/Thr75, attenuating the inhibitory function of
I-1. This leads to increased PP1 activity, further compro-
mising the deteriorated contractility of failing hearts.
Pathological increases in PP1 activity have been inves-
tigated in PPla overexpressing mouse models [9] and
notably, the depressed cardiac function could be restored
by PKCo deletion [8], suggesting that PKC signaling
through I-1 may alter PP1 activity. Further in vivo studies
have shown that PKCa phosphorylates I-1 at both Ser67

Table 1 Echocardiography parameters from male FVB/n mice at different ages

WT TG
4 months 16 months 4 months 16 months
LV Vol;d (ul) 36.56 + 3.11 78.89 + 3.56% 39.24 + 5.65 97.94 + 5.05%%
LV Vol;s (ul) 10.20 + 2.11 33.77 + 1.94% 10.11 + 1.87 51.19 + 2.50%%
EF (%) 72.47 + 3.66 57.33 + 1.70% 74.15 + 2.21 47.83 + 1.16™*
FS (%) 41.47 + 2.88 29.96 + 1.20% 43.02 £ 2.10 24.05 £ 0.72%%
LVID;d (mm) 3.03 + 0.18 420 +0.11% 3.10 + 0.18 4.60 + 0.10"%
LVID;s (mm) 1.78 £ 0.14 2.94 + 0.07* 1.75 £ 0.10 3.50 &+ 0.07*%

LV Vol;d left ventricular volume (diastole), LV Vol;s left ventricular volume (systole), EF ejection fraction, FS fractional shortening, LVID;d left

ventricular internal diameter (diastole), LVID;s left ventricular internal diameter (systole)

* p < 0.05; WT at 16 months versus WT at 4 months
# p <0.05; TG at 16 months versus TG at 4 months
8 p < 0.05; TG at 16 months versus WT at 16 months
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and Thr75 [8, 35]. Additionally, purified recombinant I-1
protein studies have indicated that the two sites appear to
be phosphorylated independently of each other and to the
same extent [35]. The role of PP1 in the control of cardiac
function was further addressed in studies of TG mice
overexpressing a truncated form of the PP1 inhibitor-2 (I-2:
~40-fold). I-2 overexpression resulted in decreased PP1
activity, increased Ca*" cycling in isolated myocytes and
enhanced in vivo contractile function [21]. In addition, cell
permeant organic inhibitors of PP1 activity protected the
heart during reperfusion [15] and induced positive inotro-
pic effects on contractile responses of mouse aorta and
pulmonary artery [22] in isolated heart preparations [28]
and failing human hearts [25], substantiating the role of
PP1 activity in smooth and cardiac muscle contractility.

The present study indicates that constitutively phos-
phorylated I-13"P"T73P increases PP1 activity and impairs
myocyte Ca®'-kinetics and mechanical performance in
vivo. The underlying mechanisms may involve reduced
association of I-1567P/T73D with PP1, rendering a more
active enzyme, and/or lower efficiency of I-156"P/T73P g
serve as substrate for PKA and thus, to reduce PP1 activity.
Indeed, we detected enhanced phosphorylation of I-1 at
Thr35 in WT hearts under basal conditions, in accordance
with previous observations [13], but lower phosphorylation
at Thr35 in TG hearts. Moreover, in vitro studies in rat
myocytes expressing I-15¢7?T75P indicated that the mutant
shows significantly less inhibitory effects on PP1 activity,
compared with GFP-infected myocytes [34] under PKA
stimulation. The increased PP1 activity reflected dephos-
phorylation of MyBPC at its PKA/CaMKII-site (Ser282) in
thick myofilaments, compared with WTs. Constitutive
dephosphorylation of MyBPC at PKA sites (Ser273, -282,
-302) was previously shown to associate with contractile
dysfunction both in vitro [42] and in vivo as well as with
hypertrophy in transgenic mice [40]. On the other hand,
MyBPC phosphorylation at PKA sites appears to be car-
dioprotective [39] except in heart failure, when PKC-
mediated phosphorylation of MyBPC (Ser273, -302)
depresses systolic function [24]. Nevertheless, the phos-
phorylation status of Ser282 appears to be critical in
modulating myocardial function [38].

Additional evidence showed that the I-1 homolog,
DARPP-32 (dopamine- and cyclic AMP-regulated phos-
phoprotein with MW of 32 kDa), is phosphorylated at
Thr75 by cdkS, and transforms DARPP-32 into a PKA
inhibitor, reducing its ability to phosphorylate DARPP-32
and other substrates [26]. Thus, [-1367D/T75D may activate
PP1 and inhibit PKA at the same time, contributing to the
observed depressed function. Further in vitro studies have
indicated that although the contractility of myocytes
expressing 1157 1-177°P or [-15¢7P/T73D \ag enhanced
under forskolin stimulation, the overall function remained

@ Springer

depressed compared with controls [34]. However, isopro-
terenol stimulation in the current study enhanced the con-
tractile response and Ca®" cycling in TGs and the overall
function was similar to WTs, suggesting that sympathetic
stimulation prevails over the increased PP1 activity. This
may also explain why in our model, the alterations in
isolated I- 157?773 cardiomyocytes did not translate into
depressed contractility in whole hearts or in vivo in the
younger mice. Isolated cardiomyocytes represent an
unloaded system, free of extracellular matrix and geomet-
ric constrains, while the intact heart is affected by addi-
tional extrinsic factors such as hemodynamic load and
hormonal input that might override the cellular impair-
ment, resulting in normal in vivo cardiac function [41].
Nonetheless, we observed a decline in basal contractility as
well as heart remodeling in aging mice, suggesting that
long-term 1-13¢"PT73D gyerexpression is detrimental.
Aging is considered a physiological stress and it has been
shown to be associated with ventricular hypertrophy,
fibrosis and a propensity toward apoptosis [5, 7, 19, 20].
Accordingly, aging WT mice exhibited gradual depression
of cardiac function, measured by echocardiography, which
was comparable to previous studies [2, 3]. However, TG
mice showed accelerated cardiac dysfunction and hyper-
trophy compared with WTs.

Altogether, our present study shows that I-
expression is associated with alterations in contractility and
Ca®* homeostasis at the cellular level, which leads to
remodeling under the physiological stress of aging and
further suppression of contractile function. These findings
underline the physiological role of the Ser67 and Thr75
phosphorylation sites in I-1 regulation and provide further
insight into the modulatory role of I-1 in cardiac function.

1567D/T75D
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