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Although the function of protein kinase D1 (PKD) in cardiac
cells has remained enigmatic, recent work has shown that
PKD phosphorylates the nuclear regulators HDAC5/7 (his-
tone deacetylase 5/7) and CREB, implicating this kinase in
the development of dysfunction seen in heart failure. Addi-
tional studies have shown that PKD also phosphorylates
multiple sarcomeric substrates to regulate myofilament
function. Initial studies examined PKD through adenoviral
vector expression of wild type PKD, constitutively active
PKD (caPKD), or dominant negative PKD in cultured adult
rat ventricular myocytes. Confocal immunofluorescent im-
ages of these cells reveal a predominant distribution of all
PKD forms in a non-nuclear, Z-line localized, striated retic-
ular pattern, suggesting the importance of PKD in Ca2� sig-
naling in heart. Consistent with an established role of PKD
in targeting cardiac troponin I (cTnI), caPKD expression led
to a marked decrease in contractile myofilament Ca2� sen-
sitivity with an unexpected electrical stimulus dependence
to this response. This desensitization was accompanied by
stimulus-dependent increases in cTnI phosphorylation in
control and caPKD cells with a more pronounced effect in
the latter. Electrical stimulation also provoked phosphory-
lation of regulatory site Ser916 on PKD. The functional im-
portance of this phospho-Ser916 event is demonstrated in
experiments with a phosphorylation-defective mutant,
caPKD-S916A, which is functionally inactive and blocks
stimulus-dependent increases in cTnI phosphorylation.
Dominant negative PKD expression resulted in sensitization
of the myofilaments to Ca2� and blocked stimulus-depen-
dent increases in cTnI phosphorylation. Taken together,
these data reveal that localized PKD may play a role as a dy-
namic regulator of Ca2� sensitivity of contraction in cardiac
myocytes.

There has been much interest in the cellular signaling cas-
cades that contribute to the pathological cardiac remodeling
seen in response to hypertension or acute myocardial infarc-
tion. Recently, protein kinase D1 (PKD)2 has emerged as a
critical transducing enzyme that is activated in heart in re-
sponse to stress (1–3) and has a potential role in contractile
regulation, cardioprotection, heart development, and disease
progression (2). Not only does expression of constitutively
active PKD lead to chamber dilation and death in animal
models, but it is up-regulated in the failing human heart as
well (4). Further, mice with heart-specific deletion of PKD
showed diminished hypertrophic and genetic responses to a
variety of pathological stimuli (3).
Although the molecular sequelae of cardiac PKD activation

are largely unknown, critical targets are being identified. The
earliest studies revealed that the regulation of gene expression
is due to PKD-dependent phosphorylation of class II histone
deacetylases (1, 4, 5) and cAMP response element-binding
protein (CREB) (6, 7). PKD-mediated pathways regulate car-
diac myofilament function through phosphorylation of multi-
ple sarcomeric proteins. Cardiac troponin I (cTnI) can be
phosphorylated by PKD at canonical PKA sites, Ser22/Ser23,
desensitizing the myofilaments to intracellular Ca2� (8, 9).
PKD accelerates cross-bridge cycling kinetics through a dis-
tinct mechanism, most likely a consequence of phosphoryla-
tion of cardiac myosin-binding protein C at a novel PKD site,
Ser302 (10). PKD-dependent regulation of L-type Ca2� chan-
nel activity and sarcoplasmic reticulum Ca2� load have been
reported, although specific phosphorylation reactions remain
to be defined (11, 12). Therefore, in addition to its well estab-
lished role in gene expression, these results broaden the set of
biological functions of PKD to the regulation of the excita-
tion-contraction coupling (EC coupling) cascade in heart as
well.
The discovery of multiple PKD-dependent phosphorylation

reactions in cardiac cells raises the issue of when such reac-
tions are operable in normal and diseased heart. The overlap
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of PKD and PKA phosphorylation sites on multiple protein
targets requires new studies to clarify when PKD signaling
plays a critical functional role (6–10). For example, because
the Ser22/Ser23 sites of cTnI are substrates for both PKD and
PKA, it is not clear under what circumstances PKD-mediated
phosphorylation of cTnI is an important functional event (8–
10, 13–15). In failing hearts, �-adrenergic receptors are de-
sensitized, resulting in attenuation of downstream cAMP/
PKA cascades (16). This has led to the appealing view that
PKD-dependent phosphorylation of cTnI is likely to be of
greater functional significance in the failing myocardium (10,
15). New approaches are needed to define when PKD-medi-
ated events are critical for cardiac myocyte function.
The diversity of functional substrates for PKD in cardiac

myocytes requires a complex network of activation cascades.
The activation of PKD following hypertrophic stimuli in neo-
natal cardiac ventricular myocytes includes well established
PKC-dependent cascades (17–20). However, other studies
reveal that PKC-independent activation mechanisms are also
important in cardiac cells. When cultured adult ventricular
myocytes were exposed to high glucose/palmitic acid, PKD
was activated and recruited to the plasma membrane (21).
PKC-independent mechanisms require additional factors,
such as diacylglycerol (DAG), in neonatal myocytes (7). In this
regard, a recent study in COS cells identified a role for ago-
nist-evoked increases in DAG levels in Golgi, allowing this
intracellular membrane to serve as a platform for signaling by
PKD distinct from those at the plasma membrane (22). Elec-
trical stimulation of isolated adult ventricular cardiac myo-
cytes rapidly increased PKD activity by 50% (23) and suggests
that electrical stimulation itself may play a critical role in reg-
ulating PKD at specific subcellular sites. Because activation
pathways for PKD are cell-specific and will vary between neo-
natal and adult cardiac myocytes, it is important to define
these functional cascades in normal and failing heart.
In the present study, the role of PKD in regulation of exci-

tation-contraction coupling in adult cardiac myocytes was
critically examined. A combination of molecular genetics,
functional assays, and complementary molecular studies re-
vealed an unexpected role for PKD in electrical stimulus-de-
pendent dynamic regulation of myofilament Ca2� sensitivity
in cultured cardiac myocytes that may be operable in intact
heart tissue. Molecular genetic studies revealed that phosphor-
ylation of PKD at Ser916 is a critical step in this stimulus-de-
pendent signaling cascade. Finally, through a characterization
of the PKD probes developed in this study, new information
on the non-nuclear subcellular distribution of PKD in adult
rat ventricular mycoytes was obtained.

EXPERIMENTAL PROCEDURES

Construction of Recombinant Adenoviruses—Production of
recombinant adenovirus (Ad5)-containing wild type PKD (wt-
PKD) cDNA, constitutively active PKD (caPKD) cDNA, or
kinase-deficient dominant negative PKD (dnPKD) cDNA and
the corresponding fluorescent fusion proteins with the red-
shifted GFP mutant, Plum, was carried out according to
methods described previously (24). Each of these recombinant
adenoviral constructs contained an N-terminal hemagglutinin

(HA) epitope tag to monitor heterologous PKD expression in
cultured adult rat ventricular myocytes (ARVMs). The consti-
tutively active mutant, caPKD, was generated by serine to glu-
tamic acid phosphomimetic substitutions in the activation
loop (S744E/S748E) of the catalytic domain (25). The kinase-
deficient mutant, dnPKD, was generated by lysine to methio-
nine (K618M) substitutions at the ATP binding site in the
catalytic domain (26). The Plum plasmids were constructed
by placing mPlum (27) at the N terminus of wtPKD and
caPKD. Additionally, a fluorescent chimera Plum-caPKD mu-
tant was constructed with the autophosphorylation site
within the catalytic domain, Ser916, mutated to an unphos-
phorylatable alanine residue (Plum-caPKD-S916A (S916A))
(28).
Ventricular Myocyte Isolation, Cell Culturing, and Adenovi-

ral Infection—Single ventricular myocytes were obtained from
adult male hearts by a standard enzymatic technique as de-
scribed previously (29). Briefly, hearts were excised from adult
male Sprague-Dawley rats (225–250g) lethally anesthetized
with 1 ml (i.p.) of Nembutal solution with a dose of 100 mg/
kg. The aorta was cannulated for Langendorff perfusion with
Hepes-buffered solution. Coronary arteries were perfused
with digest solution containing type II collagenase (2.4 mg/ml;
Worthington). Isolated ventricular myocytes were separated
by mechanical dispersion and reintroduced to 1.8 mM Ca2�

stepwise. Acutely dissociated cells were resuspended in
Hepes-buffered DMEM with 10% fetal bovine serum and
added to 35-mm tissue culture dishes containing 25-mm glass
coverslips coated with laminin (2.5–5 �g/cm2; Invitrogen).
After 2 h in culture (37 °C, 5% CO2), plates were washed with
DMEM and transiently infected with replication-deficient
human adenovirus type 5 mutant (Ad-d1312, control adeno-
virus) or with recombinant adenoviral constructs described
above to drive overexpression of wtPKD, caPKD, dnPKD, or
Plum-tagged derivatives in cultured ARVMs. In order to
achieve comparable heterologous PKD expression, we ad-
justed the concentration of virus used to infect cultured
ARVMs according to the viral titer of each adenoviral con-
struct. All subsequent experiments were carried out 18–24 h
after infection. All animal protocols were approved by the
Animal Use and Care Committee of the University of Mary-
land, School of Medicine.
Western Blotting—Whole-cell extracts of cultured ARVMs

were prepared by homogenizing cells in a standard lysis
buffer. When probing with phospho-specific antibodies, a
phosphatase inhibitor mixture containing 1 mM EGTA, 1 mM

EDTA, 50 mM NaF, 0.2 mM NaVO3, 10 mM sodium pyrophos-
phate, and 10 mM �-glycerol phosphate was added to the
standard lysis buffer. Phospho-specific proteins were detected
before and after electrical stimulation (three sets of a train of
20 depolarizing pulses at 1 Hz with a 1-min rest between each
set) after treatment with 200 mM phorbol 12-myristate 13-
acetate (PMA) for 15 min at 37 °C or after treatment with 1
�M isoproterenol for 5 min at 37 °C. For small molecule inhib-
itor experiments, cells were pretreated with 5 �M bisindolyl-
maleimide I (BIM I) or Gö 6976 for 45 min at 37 °C, followed
by rapid harvesting before and after electrical stimulation or
after treatment with 200 nM PMA as described above. Ex-
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tracts (�5 �g/lane) were resolved on 10% SDS-polyacryl-
amide gels, and proteins were transferred to BioTrace polyvi-
nylidene difluoride (PVDF) membrane (VWR Scientific).
Western blots were blocked with 5% milk or 5% bovine serum
albumin (BSA) in phosphate-buffered saline (PBS) with 0.1%
Tween and incubated overnight at 4 °C with primary anti-
body. Primary antibodies used in Western blots in this study
include mouse monoclonal anti-HA (1:3000; Covance), rabbit
polyclonal anti-PKD (1:1000; Cell Signaling Technologies),
rabbit polyclonal anti-phospho-PKD-Ser916 (P-Ser916)
(1:1000; Cell Signaling Technologies), rabbit polyclonal anti-
phospho-cTnI-Ser22/Ser23 (P-cTnI) (1:1000; Abcam), or rab-
bit polyclonal anti-phospho-PLB-Ser16 (1:1000; Abcam). The
anti-P-cTnI antibody is designed to recognize cTnI phosphor-
ylation at Ser22/23 in rats, which corresponds to Ser23/24 cTnI
phosphorylation in mouse and human samples and is referred
to in this way in other in vitro studies (30). The anti-phospho-
PLB-Ser16 antibody is designed to recognize phospholamban
(PLB) phosphorylation at the well established PKA site, Ser16.
After incubation with the horseradish peroxidase-labeled sec-
ondary antibody, blots were developed using enhanced
chemiluminescence (Pierce Supersignal). All signals were re-
corded using a darkroom imaging system for quantification
and captured on film for representation. Volume quantitation
was performed using ImageJ software to integrate the inten-
sity of all pixels in a band excluding background. Equal pro-
tein loading was ensured by reprobing for anti-GAPDH-HRP
(1:5000; Abcam) or for total protein with anti-cTnI-HRP (1:
5000; Abcam). All experiments were performed in duplicate
from multiple, independent culture preparations. Samples
shown together in representative blots within the same panel
of a figure were run and developed on the same gel and in
separated lanes when indicated. Each band was normalized to
total protein or loading control for a particular sample. Con-
trol, wtPKD, caPKD, and dnPKD values were further normal-
ized to prestimulation levels when detecting phosphoproteins.
Immunofluorescence—Cultured ARVMs were washed with

warm PBS (37 °C) and fixed in warm 4% paraformaldehyde
(37 °C) for 10 min at room temperature followed by 100% ice-
cold methanol for 5 min at �20 °C. Cells were rehydrated in
PBS and then permeabilized in PBS containing 0.1% Triton
X-100 for 15 min at room temperature. Cells were blocked in
PBS containing 5% goat serum and 3% BSA for 1 h at room
temperature and incubated in primary antibody overnight at
4 °C. Primary antibodies include mouse monoclonal anti-HA
(1:50; Covance), rabbit anti-titin-Z (to the first two Ig do-
mains; 3 �g/ml), and rabbit anti-obscurin Rho-GEF (Rho-GEF
domain of obscurin is primarily found in structures at the
level of the M-band; 3 �g/ml) (31). These rabbit polyclonal
antibodies were a generous gift from Dr. Katia Kontrogianni-
Konstantopoulos (University of Maryland School of Medicine,
Baltimore, MD) and have been reported as established mark-
ers of the Z-line (31) and M-line (31), respectively. After
washes with the above blocking solution, cells were incubated
in secondary antibody (Alexa 488 and Alexa 633, Molecular
Probes) for 2 h at room temperature and mounted using slow
anti-fade kit (Molecular Probes). Images were collected on a
Zeiss 510 confocal microscope (�63 oil objective, 1.4 numeri-

cal aperture (Zeiss), pinhole equals 1.0 Airy disc) using Carl
Zeiss imaging software. All channels were collected on the
same photomultiplier tube. Control adenovirus-treated
cells were used as a negative control and allowed us to ap-
propriate gain settings to obtain minimal background fluo-
rescence (data not shown). Images were imported into
CorelDraw for cropping and linear contrast adjustment.
Three-dimensional reconstructions were created using a
z-stack of 50–60 consecutive confocal scans obtained at
intervals of 0.3 �m and assembled using Volocity software
(version 4.4; Improvision). Pixel sizes for all images col-
lected were less than 0.1 � 0.1 �m.
Cell Shortening and [Ca2�]i Transient Measurements—The

IonOptix detection system was used to measure changes in
sarcomere length twitch amplitude (percentage of resting
length, %RL) and Ca2� transients (F/F0) simultaneously dur-
ing field stimulation of intact ARVMs. Cultured cells were
washed with a modified Ringer solution and loaded with the
fluorescent Ca2� indicator Fluo-3/AM (4–5 �M; Molecular
Probes) for 15 min prior to all experiments. Cells were placed
in an experimental chamber, perfused with modified Ringer
solution at 35 °C, and field-stimulated (Grass S48) at 1 Hz
with 1-ms electrical pulses through platinum wires mounted
in the bottom of the chamber. All measurements were col-
lected on a Nikon Eclipse (TS100) inverted microscope
equipped with an IonOptix photomultiplier tube for fluores-
cent detection and recorded using a selected region of interest
within a single, isolated ventricular myocyte. Data of five con-
secutive steady-state contractions (cell shortening and fluo-
rescence) were used to construct phase-plane plots of con-
tractile shortening as a function of the Ca2� transient to
better assess Ca2� sensitivity over a broad range of [Ca2�]i
rather than at a single peak Ca2� amplitude.
Data Analysis—All results are representative of duplicate

experiments from at least three independent culture prepara-
tions and are reported as means � S.E. where quantified (n is
the number of rat hearts in the biochemical experiments or
the number of myocytes in functional experiments). Unpaired
Student’s t test and one-way analysis of variance with New-
man-Keuls test were applied when appropriate to determine
statistical significance of the differences. p � 0.05 was consid-
ered statistically significant, except where noted.

RESULTS

Localization of PKD in Adult Rat Ventricular Myocytes and
Translocation following PMA-induced Activation—We ex-
pressed a fluorescent chimera, Plum-wtPKD, in cultured
ARVMs. Confocal images of live, non-contracting myocytes
reveal a subcellular distribution with extensive non-nuclear
PKD segregation, which includes perinuclear targeting and a
striated pattern throughout the cell (Fig. 1A). When cells were
stimulated with PMA, we observed a rapid (within minutes)
translocation of Plum-wtPKD to the plasma membrane that
was sustained after 10 min (Fig. 1B). Although acute PMA-
evoked changes in Plum-wtPKD spatial distribution are diffi-
cult to reconcile with a purely nuclear function, Kim et al.
(21) report a similar sarcolemmal translocation of endoge-
nous PKD in cardiac myocytes in response to stimulation with
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high glucose/palmitic acid. PMA is often used as a pharmaco-
logical probe because it is a direct activator of PKD and phor-
bol ester-sensitive PKC isoforms and is a useful tool to assess
effects of large, if not maximal, activation of PKD in cardiac
myocytes (1, 15, 26, 32). Although these non-physiological
translocation events must be interpreted with caution, they
do highlight the critical importance of PKD activation state in
specifying its subcellular distribution in ARVMs.
Expression of wtPKD and caPKD in Cultured ARVMs—We

constructed and characterized recombinant adenoviral vec-
tors to drive expression of epitope-tagged (HA) wild-type (wt),
or constitutively active (ca) PKD in cultured ARVMs (see mu-
tation scheme in supplemental Fig. 1A). Western blot analyses
developed with anti-HA reveal that adenovirus vectors pro-
mote the expression of wtPKD and caPKD in a dose-depen-
dent manner in cultured ARVMs (supplemental Figs. 1B and
2A). In fact, it was possible to adjust viral titers to express
equivalent levels of wtPKD and caPKD in 24-h cultures as
demonstrated in Western blots with anti-HA (supplemental
Fig. 1C) and with anti-PKD antibody (supplemental Fig. 1D).
Because the activation state of PKD can dictate its subcellu-

lar distribution, we examined the localization of HA-tagged
PKD constructs through immunofluorescent confocal micros-
copy of fixed cells (Fig. 2). The upper panels of Fig. 2A show
that, overall, the distributions for wtPKD and caPKD are quite
similar, with the majority of the protein imaged in a striated
pattern comparable with the localization of Plum-wtPKD in
live cells (Fig. 1A). The localization of these PKD striations
was further explored with the use of established Z-line and
M-line markers (31). When cells were co-stained with anti-
titin-Z, an established Z-line marker (31), a pattern similar to
that of PKD was observed (second row of images). The Z-line
localization for both PKD forms is clearly illustrated in the
merged images, where the yellow regions indicate co-localiza-
tion (third row of Fig. 2A). To further confirm these results, a
set of parallel studies exploited antibodies against the Rho-
GEF domain of obscurin, an established M-line marker (31).
As shown in the confocal images of cells co-stained with anti-
obscurin Rho-GEF (Fig. 2B, second row of images), there is no
overlap between HA-PKDs and the M-line region.
Three-dimensional reconstructions provide more detail on

the distribution of PKD constructs in this Z-line region of the

FIGURE 2. Both wtPKD and caPKD localize to Z-line regions in cul-
tured ARVMs. Myocytes were infected with HA-tagged wtPKD or caPKD
adenoviruses for 24 h. Cells were prepared for double label confocal im-
munofluorescent analysis as described under “Experimental Proce-
dures.” A, cells were labeled with anti-HA antibody (green) and Z-line
marker, anti-titin-Z (red). The merged image shows colocalization in yel-
low. Scale bar, 10 �m. The lower panels (labeled 3D) are three-dimen-
sional images constructed from consecutive Z-scans (0.3 �m apart) de-
rived from the region marked in a white box in the merged image. The
stack was rotated by about 200° so that the sarcolemma edge is closest
to the viewer. Scale bars, 1.5 �m. The white arrows identify a punctate
pattern of HA localization along the Z-line. B, confocal fluorescent im-
ages similar to A, except cells were co-labeled with the M-line marker,
anti-obscurin Rho-GEF (red), along with the HA tag (green). The white
arrows identify HA localization between M-lines with a punctate, lattice-
like/reticular distribution pattern.

FIGURE 1. Localization and movement of Plum-tagged wild type PKD (Plum-wtPKD) in myocytes activated with phorbol ester. ARVMs were
infected with an adenovirus construct to drive expression of Plum-wtPKD and cultured for 24 h as described under “Experimental Procedures.”
A, fluorescent confocal image of a single isolated ARVM that shows localization of Plum-wtPKD in the steady state. Scale bar, 10 �m. B, cells were
stimulated with the phorbol ester derivative, PMA (2 nM), and a series of confocal images were acquired as indicated from the same cell after the ad-
dition of PMA.
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myocyte. The lower panels labeled 3D in Fig. 2, A and B, dis-
play a series of z-stack confocal images taken from the boxed
regions in themerged images above. In three-dimensional im-
ages of Fig. 2A, not only is the Z-line marker/PKD overlap
more clearly defined, but both wtPKD and caPKD display an
uneven, punctate distribution, as indicated by the white ar-
rows. The three-dimensional reconstructions in the lower
panels of Fig. 2B emphasize this conclusion and more clearly
reveal a lattice-like/reticular pattern for both PKD forms. Al-
though such a high resolution analysis of myocardial PKD has
not been performed before, this novel distribution reported
here for the first time is reminiscent of the three-dimensional
spatial distribution of the cardiac T-tubular/junctional sarco-
plasmic reticulum network reported in another imaging study
with dextran-linked fluorescein in live cells (33). Although a
minor fraction of wtPKD shows some decoration of the
plasma membrane (see “Discussion”), overall the results of
Figs. 1 and 2 reveal that both wtPKD and caPKD constructs
distribute in subcellular patterns in myocardial cells indistin-
guishable at the level of light microscopic resolution.
PKD Regulation of Myofilament Ca2� Sensitivity—The in-

triguing subcellular distribution of PKD constructs seen in
Fig. 2 suggests that PKD plays unappreciated roles in regula-
tion of EC coupling. Effects of PKD on EC coupling have been
examined previously in cardiac myocytes overexpressing wt-
PKD following endothelin-1 (ET1) stimulation (9). However,
ET1 evokes multiple signaling cascades, including nPKCs,
Ras�GTP, ERK1/2, Akt, RhoA, and Rac1 in cardiac cells (34).
Thus, we developed a strategy where PKD activation mutants
could be used to directly assess the impact of this kinase on
EC coupling in heart cells in situ. To test the hypothesis that
PKD is a critical regulator of the EC coupling cascade, we
stimulated isolated Fluo-3-loaded ARVMs with a protocol of
20 depolarizing pulses at 1 Hz. Simultaneous measurements
of cell shortening and [Ca2�]i transients allowed for broad
assessment of EC coupling properties of ARVMs expressing
wtPKD and caPKD compared with those infected with con-
trol adenovirus. Fig. 3A shows representative traces of cell
shortening and [Ca2�]i transients during the stimulus proto-
col for ARVMs that were initially at rest. For control cells,
there was a small decline in cell shortening and the magnitude
of the [Ca2�]i transient that reached steady-state values by the
end of the pulse protocol. Nearly identical responses were
seen in wtPKD cells. However, EC coupling was markedly
different in the caPKD cells. Although the magnitudes of the
[Ca2�]i transients were comparable with those in control and
wtPKD cells throughout the train of stimuli, there was a pro-
found decrease in the twitch amplitude that progressed to
only 1.5% resting length as the number of stimuli increased to
20. The summary data for values in the initial twitch and the
steady state (20th twitch) are shown in Table 1. Note that
there are no differences in the magnitude of the [Ca2�]i tran-
sients between all three groups of cells, initially or at steady
state. Although the magnitudes of the twitches in control and
wtPKD cells are not statistically different, there is a small de-
crease in the initial twitch of 18% in caPKD cells, which devel-
ops into a 71% decline (relative to control cells) in the steady
state (Table 1). Taken together, under these conditions, there

were no significant changes in [Ca2�]i transients when PKD
constructs were expressed, whereas caPKD did evoke marked
declines in contractility manifest in a stimulus-dependent
manner.

FIGURE 3. Analysis of sarcomere shortening and [Ca2�]i transients reveals
a stimulus-dependent Ca2� desensitization enhanced in caPKD cells. Myo-
cytes were cultured for 24 h after infection with control, wtPKD, or caPKD ad-
enoviruses as in Fig. 2. Cells were loaded with Fluo-3 and field-stimulated with a
train of 20 pulses at 1 Hz. Cell shortening and Ca2� transients were recorded as
described under “Experimental Procedures.” A, representative traces of short-
ening (twitch amplitude as %RL) and Ca2� transients (F/F0) measured simulta-
neously from individual cardiomyocytes. Upper panels, change in sarcomere
length; lower panels, corresponding change in the [Ca2�]i transients measured
simultaneously. B, summary data of Ca2� sensitivity of contraction (assessed as
ratio of peak %RLmax/(F/F0)max) in control adenovirus, wtPKD, and caPKD cells
for first twitch (Initial Twitch) and final twitch (Steady-State Twitch) in pulse pro-
tocol. Data are means � S.E. (error bars) from multiple culture preparations, n �
20–40 cells. *, statistical significance, p � 0.05. C, representative phase-plane
plots of instantaneous cell shortening as a function of the Ca2� transient during
five consecutive steady-state twitch contractions for control (black), wtPKD
(blue), and caPKD (red). Phase-plane loops proceed counterclockwise and start
from points indicated by the arrow.
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These declines in twitch amplitude may be due to a de-
crease in myofilament Ca2� sensitivity. Dynamic myofilament
Ca2� sensitivity can be quantified as the ratio of maximum
cell shortening (%RL) to the magnitude of the Ca2� transients
(F/F0)max. As shown in Fig. 3B, Ca2� sensitivity of the first
contraction following rest in caPKD cells shows a trend to-
ward decrease relative to control and wtPKD. However, these
experiments did not reach statistical significance in this sam-
pling set. In contrast, although control and wtPKD cells show
comparable values of steady-state myofilament Ca2� sensitiv-
ity, this value is reduced by 67% in cells expressing caPKD
(Fig. 3B). The results shown in Fig. 3B report Ca2� sensitivity
at only one point in the twitch cycle, at the peak of cell short-
ening and the [Ca2�]i transient. To assess myofilament Ca2�

sensitivity over a broad range of [Ca2�]i, phase-plane plots of
contractile shortening as a function of the [Ca2�]i transient
were constructed. Data from five consecutive steady-state
contractions were used to generate these plots, which are
shown in Fig. 3C. The phase plot of dynamic Ca2� sensitivity
for caPKD cells (red) is markedly depressed throughout the
entire range of [Ca2�]i in both contraction and relaxation
phases. Consistent with a dynamic phosphorylation-dephos-
phorylation mechanism, once desensitization was established
in caPKD cells, the effects were reversible. However, restitu-
tion of normal Ca2� sensitivity was slow, requiring 5 min of
rest for return to the control levels (data not shown).
To further verify the specificity of caPKD, functional prop-

erties of cells expressing much lower levels of caPKD were
analyzed (supplemental Fig. 2). Importantly, marked stimu-
lus-dependent Ca2� desensitization was still observed in
caPKD cells where caPKD is overexpressed only 2-fold rela-
tive to endogenous PKD levels (supplemental Fig. 2B).

The dynamic in situ studies in Fig. 3 are consistent with
and extend results from previous studies where equilibrium
myofilament Ca2� sensitivity was assessed in skinned cardiac
myocytes exposed to active PKD (recombinant PKD catalytic
domain with the regulatory domain deleted) (8, 10). In those
studies, a significant rightward shift of the equilibrium sar-
comere length versus pCa relationship was seen. Also, the lack
of a phenotype in wtPKD cells in Fig. 3 is consistent with a
previous study where contractile shortening was identical in
control and wtPKD cardiac myocytes following electrical
stimulation (9). In that report, PKD-dependent changes in EC
coupling were seen only following stimulation with ET1 in
such wtPKD cells. These results suggest that electrical stimu-
lation has a more subtle, localized effect on PKD signaling
compared with G-protein-coupled receptor activation by

ET1. Taken together, studies with caPKD have unmasked a
novel stimulus-dependent regulation of dynamic Ca2� sensi-
tivity of contraction in situ.
Stimulus-dependent Phosphorylation of cTnI in ARVMs—

The results from Fig. 3 and Table 1 suggest that stimulus-de-
pendent phosphorylation of cTnI at PKD sites Ser22 and Ser23
should be seen in caPKD cells. To test this hypothesis,
ARVMs treated with control adenovirus or those expressing
wtPKD or caPKD were rapidly harvested before and after
electrical stimulation. Western blots were developed with a
phospho-specific cTnI antibody (P-cTnI) to detect levels of
cTnI phosphorylation at established PKD sites, Ser22/Ser23
(8–10). As shown in Fig. 4A, there is a 3-fold increase in cTnI
phosphorylation following electrical stimulation of caPKD
cells. Control and wtPKD cells both show a small but signifi-
cant increase in cTnI phosphorylation following electrical
stimulation, which is in accord with the small Ca2� desensiti-
zation that is seen in these cells following the pulse protocol
(Fig. 3 and Table 1). In order to calibrate the magnitude of the
stimulus-evoked cTnI phosphorylation and thus the likely
functional impact seen in stimulated cells, PMA was exploited
in parallel experiments. PMA is a direct activator of PKD
and PKCs (1, 15, 26, 32) and results in large, if not maximal,
phosphorylation of cTnI in cardiac cells (35–37). As expected,
PMA provoked a large response with an 8-fold increase in
phospho-cTnI (Fig. 4B). Although the stimulus-dependent
responses were 20–40% of the PMA signal, it is important to
note that even modest increases in cTnI phosphorylation can
lead to significant Ca2� desensitization in cardiac cells (38).
Thus, the results in Fig. 4 are in accord with stimulus-depen-
dent functional results reported in Fig. 3 and Table 1.
Stimulus-dependent Phosphorylation of cTnI Is Linked to

PKD—A complementary pharmacological approach with
small molecule kinase inhibitors was used to further test the
notion that PKD mediates stimulus-dependent phosphoryla-
tion of cTnI. Accordingly, we exploited a PKD inhibitor, Gö
6976, that does not inhibit nPKC isoforms (4, 30, 39), along
with the PKC inhibitor BIM I (40, 41), which does not directly
inhibit PKD (19, 26, 39, 42). As shown in Fig. 5A, stimulus-de-
pendent cTnI phosphorylation was still evident in caPKD cells
following BIM I pretreatment at doses known to inhibit car-
diac PKCs (32, 40, 41). In contrast, Gö 6976 pretreatment at
doses known to inhibit PKD in cardiac cells (7, 30) resulted in
complete ablation of the stimulus-dependent increase in cTnI
phosphorylation in caPKD cells (Fig. 5A). These results are
consistent with in vitro cTnI Ser23/24 phosphorylation experi-
ments (30). If this PKD cascade is operable in normal myo-

TABLE 1
Summary of the effects of electrical stimulation on cell shortening and magnitude of �Ca2�	i transients
Maximal amplitude of cell shortening and of �Ca2�	i transients were derived as described in the legend to Fig. 3 and under “Experimental Procedures.” The results are
reported as %RL for cell shortening and F/F0 for �Ca2�	i transients. The data are presented as the means � S.E. for control (n � 22), wtPKD (n � 21), and caPKD (n �
40), where n equals the number of cells analyzed.

Control wtPKD caPKD
%RL F/F0 %RL F/F0 %RL F/F0

Initial 12.22 � 0.78 2.00 � 0.13 12.14 � 1.17 1.90 � 0.18 9.98 � 0.61 a 2.03 � 0.11
Steady-state 5.08 � 0.59 1.65 � 0.08 5.85 � 0.73 1.62 � 0.14 1.49 � 0.18 b,c 1.52 � 0.07

a Significantly different from initial control %RL values (p � 0.05).
b Significantly different from steady-state control %RL values (p � 0.05).
c Significantly different from steady-state wtPKD %RL values (p � 0.05).
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cytes, then a similar pharmacological pattern should be seen
in control ARVMs. Indeed, Fig. 5B confirms this notion with a
2-fold increase in stimulus-dependent cTnI phosphorylation
in BIM I-treated control cells but a more effective inhibition
of the stimulus-dependent increase in Gö 6976-treated con-
trol cells.
In order to further validate the experiments with small

molecule inhibitors, the effects of these agents on basal cTnI
phosphorylation were quantified. Accordingly, extracts were
prepared from unstimulated control and caPKD cells follow-
ing incubations in the absence or presence of inhibitor. The
levels of phospho-cTnI were lower in control cells compared
with caPKD cells, as reflected in longer exposure times in Fig.
5C, and were consistent with Fig. 4A. Furthermore, small
molecule kinase inhibitors had no influence on basal cTnI
phosphorylation. As shown in Fig. 5C, the histogram reveals
no significant differences in cTnI phosphorylation in control
or caPKD cells following incubation with PKC and PKD ki-
nase inhibitors. Although results with small molecule kinase
inhibitors on their own should be interpreted with caution,
the results of Fig. 5 provide more corroborative evidence link-
ing PKD to the regulation of stimulus-dependent cTnI phos-
phorylation in caPKD cells. They also support the view that a
stimulus-PKD cascade is a critical determinant of Ca2� sensi-
tivity in normal cardiac cells as well.
It is possible that PKA is activated in caPKD cells, which

might explain some of these results. To assess activation of
PKA, the phosphorylation state of PLB at the well established
PKA site, Ser16, was examined (see supplemental Fig. 3). Im-
portantly, PKA phosphorylation of PLB was minimal and
identical in control and caPKD cells. Additionally, phospho-

PLB did not increase following electrical stimulation in either
control or caPKD cells (supplemental Fig. 3). Thus, PKA is
not likely to play a prominent role in stimulus-dependent sig-
naling in caPKD cells.
Stimulus-dependent Phosphorylation of Ser916 Regulatory

Site within the Catalytic Domain of PKD—The results re-
ported above provide compelling evidence that electrical
stimulation evokes changes in the activation state of PKD. It
was surprising to observe that even for caPKD myocardial
cells, additional activation events are required for Ca2� de-
sensitization. It is well recognized that phosphorylation of
PKD at Ser916, if not a direct readout for kinase activation, is a
sensitive surrogate for stimulus-dependent, post-translational
modification cascades impacting on PKD (2, 23, 30, 43). Mul-
tiple Western blot experiments with control ARVMs revealed
that endogenous PKD levels are too low to detect phospho-
Ser916 before or after stimulation (data not shown). Accord-
ingly, caPKD cells were exploited in in situ experiments be-
cause they displayed marked functional and molecular
responses to electrical stimulation (Figs. 3 and 4), and they
express the caPKD construct that harbors the Ser916 available
for potential phosphorylation events (see supplemental Fig.
1A). As shown in Fig. 6A, there is a 50% increase in phospho-
Ser916 following electrical stimulation of caPKD cells and a
70% increase in wtPKD cells. Note that in this analysis, wt-
PKD and caPKD values are normalized to their prestimula-
tion levels. As shown in blots in Fig. 6A, the intensity of
caPKD bands before and after electrical stimulation are both
markedly greater than those for stimulated wtPKD. In fact,
direct quantitative comparison reveals that phospho-Ser916
levels are 2.78 � 0.32-fold greater in unstimulated caPKD

FIGURE 4. Electrical stimulation of control and caPKD myocytes increases cTnI phosphorylation. Cultured myocytes were subjected to 1-Hz field stim-
ulation or PMA treatment (200 nM, 15 min) as described under “Experimental Procedures.” Cells were rapidly harvested, and protein extracts were analyzed
by Western blot analyses. Blots were probed with anti-P-cTnI to detect phosphorylation at Ser22/23 and anti-cTnI to detect total cTnI protein levels. A, repre-
sentative blot of cTnI phosphorylation before stimulation (�) and after electrical stimulation (�) as indicated. Control, wtPKD, and caPKD samples shown
were run and developed on the same gel in separated lanes. The lower histogram shows summary data from multiple preparations of cTnI phosphorylation
normalized to cTnI total protein (means � S.E. (error bars), n � 3). Control, wtPKD, and caPKD values were further normalized to prestimulation levels.
B, representative blot of cTnI phosphorylation in caPKD cells before and after electrical stimulation or after PMA treatment as indicated. The lower histogram
shows summary data for these experiments (means � S.E., n � 3) with caPKD values normalized to prestimulation levels. *, statistical significance, p � 0.01
versus prestimulation levels for control, wtPKD, and caPKD or differences as indicated with brackets.
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FIGURE 5. Small molecule PKD inhibitor blocks stimulus-dependent cTnI phosphorylation. Cultured myocytes were treated with 5 �M BIM I or Gö6976
for 45 min prior to electrical stimulation as described in the legend to Fig. 4. Western blots from cell extracts were probed with anti-phospho-cTnI antibody
to detect levels of P-cTnI and anti-cTnI to detect total cTnI protein level within each sample. A, upper panel shows a representative blot of cTnI phosphoryla-
tion in caPKD cells before and after stimulation in presence of inhibitors as indicated. The histogram below displays summary data with cTnI phosphoryla-
tion normalized to total cTnI protein (means � S.E. (error bars), n � 4). BIM I and Gö 6976 values were further normalized to prestimulation levels. B, repre-
sentative blot of cTnI phosphorylation in an experiment parallel to that in A except that control myocytes were examined. A summary histogram shows the
means � S.E. (n � 4). BIM I and Gö 6976 values were further normalized to prestimulation levels. *, statistical significance for caPKD or control, p � 0.01 ver-
sus prestimulation levels for BIM I or Gö 6976 or differences as indicated with brackets. C, representative blot of cTnI phosphorylation in unstimulated con-
trol and caPKD cells in the absence (�) or presence (�) of inhibitor as noted. Samples shown together were run and developed on the same gel. Exposure
times for a representative blot are given on the left side of the blot. Summary data are shown below (means � S.E., n � 4) with control and caPKD values
further normalized to unstimulated (without inhibitor) levels.
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cells compared with stimulated wtPKD cells. To calibrate the
magnitude of stimulus-evoked Ser916 phosphorylation, PMA
was exploited in parallel experiments to elicit a maximal re-
sponse of Ser916 phosphorylation, an approach reported pre-
viously (23). Fig. 6B shows phospho-Ser916 in electrically
stimulated compared with PMA-stimulated caPKD cells. As
expected for the robust activator of PKCs and PKD (see Fig.
1B), PMA had a more potent effect on Ser916 phosphorylation
than electrical stimulation. Taken together, these data provide
in situ evidence that electrical stimulation leads to post-trans-
lational modification of caPKD required to provoke Ca2� de-
sensitization in ARVMs.
Effects of Phosphorylation-deficient caPKD-S916A Mutant

Expression on Myofilament Ca2� Desensitization—Additional
experiments were designed to directly test the notion that
phosphorylation of Ser916 is a critical step in the electrical
depolarization-PKD-Ca2� desensitization cascade. Accord-
ingly, a new chimera was generated, caPKD that harbors a
phosphorylation-defective site at Ser916, Plum-caPKD-S916A
(S916A). Cultured ARVMs were infected with adenoviral con-
structs that drove the expression of equal levels of either HA-
caPKD, Plum-caPKD, or S916A (data not shown). Because
Ser916 resides at the C terminus in a PDZ-binding domain
(44), potential aberrant targeting of Plum-caPKD-S916A
could complicate interpretations of these experiments. Thus,
confocal imaging analyses were used to compare the targeting
of S916A expression in ARVMs to Plum-caPKD (supplemen-
tal Fig. 4) and HA-caPKD (data not shown) (Fig. 2). Impor-
tantly, double labeling and three-dimensional reconstructions
for Plum-caPKD and S916A (supplemental Fig. 4) are consis-
tent with those from HA-tagged caPKD and wtPKD (Fig. 2),

which show that the striated pattern displays a punctate, lat-
tice-like distribution at the Z-line and not the M-line. Thus,
detailed imaging analysis confirmed that the S916A mutant
distributed in a manner nearly identical to other PKD con-
structs in ARVMs.
Another set of control experiments examined the possibil-

ity that the addition of the Plum sequence might disrupt PKD
function. Fig. 7A shows representative traces of cell shorten-
ing and [Ca2�]i transients recorded during a train of depolar-
izing stimuli from cells that were initially at rest. Note that
cell shortening was depressed in a similar manner in HA- and
Plum-caPKD cells as steady-state values were achieved (Fig.
7A and summary data in Table 2). The Ca2� sensitivity analy-
sis in Fig. 7B confirms that the Plum-caPKD maintains elec-
trically induced Ca2� desensitization in cardiac cells. Whereas
the Ca2� sensitivities of the initial twitch of HA- and Plum-
tagged caPKD cells in Fig. 7B decreased 30 and 20% relative to
control, respectively, there is a similar trend toward decrease
in caPKD relative to control in Fig. 3B. However, those exper-
iments did not reach statistical significance in that sampling
set.
In contrast to HA- and Plum-caPKD cells, with S916A cells,

there was little impact of the pulse protocol on shortening as
steady-state values were achieved (Fig. 7A). In fact, cell short-
ening in the S916A mutant was comparable with levels seen
in control cells (Fig. 7A and Table 2). There was no significant
difference in the magnitude of the [Ca2�]i transients between
control, HA-caPKD, Plum-caPKD, and S916A cells (Table 2)
that might account for the differences in cell shortening. Fig.
7B shows the analysis of Ca2� sensitivity. As expected, con-
tractile Ca2� sensitivity is reduced in HA-caPKD cells as well

FIGURE 6. Electrical stimulation increases Ser916 phosphorylation in wtPKD and caPKD. Cultured myocytes were electrically stimulated or treated with
PMA (200 nM, 15 min) as described under “Experimental Procedures.” Cell extracts were analyzed by Western blot methods and were probed with anti-
phospho-Ser916 and then with anti-GAPDH as a loading control. A, representative blot of Ser916 phosphorylation before (�) and after (�) electrical stimula-
tion of wtPKD and caPKD cells as indicated. Samples shown were run and developed on the same gel in separated lanes. The histogram below shows sum-
mary data of Ser916 phosphorylation normalized to loading control (means � S.E. (error bars), n � 3). wtPKD and caPKD values were further normalized to
prestimulation levels. B, representative blot of Ser916 phosphorylation in caPKD cells before and after electrical stimulation or treatment with PMA as indi-
cated. *, statistical significance, p � 0.05 versus prestimulation levels for wtPKD and caPKD or differences as indicated with brackets.
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as in Plum-caPKD cells compared with control (Fig. 7B). In
contrast, there was no difference in Ca2� sensitivity between
control and S916A cells in either the first twitch or the
steady-state twitch values.
These results imply that there is a lack of stimulus-depen-

dent cTnI phosphorylation in S916A cells. To assess this no-

tion, cells were rapidly harvested following electrical stimula-
tion, and extracts were probed for cTnI phosphorylation. As
shown in Fig. 7C, in contrast to the increases in stimulus-de-
pendent cTnI phosphorylation seen in control cells, the inten-
sity of the phospho-cTnI bands was unchanged by electrical
stimulation in S916A cells. It is noted that S916A expression

FIGURE 7. Cells expressing caPKD-S916A mutant display a marked increase in cell shortening. Measurements of sarcomere length and [Ca2�]i tran-
sients in field-stimulated ARVMs expressing various forms of caPKD were performed as described under “Experimental Procedures” and in the legend to Fig.
3. A, representative traces of cell shortening (twitch amplitude, %RL) and Ca2� transients (F/F0) measured simultaneously from individual cardiomyocytes.
Upper panels show the change in sarcomere length during 20-s stimulation at 1 Hz. Lower panels show the change in the [Ca2�]i transient magnitude in
Fluo-3-loaded cells. B, summary data of Ca2� sensitivity of contraction, expressed as the ratio %RLmax/(F/F0)max, for control adenovirus, HA-caPKD, Plum-
caPKD, and S916A (Plum-caPKD-S916A) myocytes as indicated. The results are displayed for first twitch (Initial Twitch) and values at the end of a train of 20
pulses (Steady-State Twitch). Data are means � S.E. (error bars) from multiple culture preparations, n � 49 – 87 cells. *, statistical significance, p � 0.05 versus
control or differences as indicated with brackets. C, representative blot of cTnI phosphorylation before stimulation (�) and after electrical stimulation (�) as
indicated. Cultured myocytes were subjected to 1-Hz field stimulation as described under “Experimental Procedures.” Cells were rapidly harvested, and pro-
tein extracts were analyzed by Western blot analyses. Blots were probed with anti-P-cTnI to detect phosphorylation at Ser22/23 and anti-cTnI to detect total
cTnI protein levels. Control and S916A samples shown were run and developed on the same gel in separated lanes. The lower histogram shows summary
data of cTnI phosphorylation normalized to cTnI total protein (means � S.E., n � 4). Control and S916A values were further normalized to prestimulation
levels. *, statistical significance, p � 0.05 versus prestimulation levels for control or differences as indicated with brackets.

TABLE 2
Summary of the effects of electrical stimulation on cell shortening and magnitude of �Ca2�	i transients in PKD mutant-expressing cells
Maximal amplitude of cell shortening and of �Ca2�	i transients were derived as described in the legend to Fig. 3 and “Experimental Procedures.” The results are reported
as %RL for cell shortening and F/F0 for �Ca2�	i transients. The data are derived from experiments illustrated in Fig. 7 and presented as the means � S.E. for control (n �
49), HA-caPKD (n � 49), Plum-caPKD (n � 54), and Plum-caPKD-S916A (n � 87), where n equals the number of cells analyzed.

Control HA-caPKD Plum-caPKD Plum-caPKD-S916A
%RL F/F0 %RL F/F0 %RL F/F0 %RL F/F0

Initial 11.14 � 0.47 1.75 � 0.06 8.52 � 0.51a,b 1.93 � 0.07 9.81 � 0.51 1.92 � 0.06 11.14 � 0.40 1.74 � 0.04
Steady-state 4.97 � 0.44 1.48 � 0.04 3.04 � 0.40c,d 1.59 � 0.06 3.62 � 0.38c,d 1.61 � 0.05 5.04 � 0.44 1.51 � 0.04

a Significantly different from initial control %RL values (p � 0.05).
b Significantly different from initial Plum-caPKD-S916A %RL values (p � 0.05).
c Significantly different from steady-state control %RL values (p � 0.05).
d Significantly different from steady-state Plum-caPKD-S916A %RL values (p � 0.05).
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alone resulted in a 2.9-fold increase in basal cTnI phosphory-
lation relative to control cells (Fig. 7C), and this is comparable
with the 2.7-fold increase seen in HA-tagged caPKD cells rela-
tive to control (e.g. see Fig. 4B). The mechanism for this re-
sponse is not clear, but the inhibitor studies in Fig. 5 suggest
this may be an indirect effect not strictly dependent on PKD
or PKC activity. Taken together, these in situ results reveal
that Ser916 phosphorylation plays a critical role in linking
electrical stimulation and PKD signaling to myofilament Ca2�

sensitivity.
Increased Myofilament Ca2� Sensitivity and Loss of Stimu-

lus-dependent cTnI Phosphorylation in ARVMs Expressing
Dominant Negative PKD—If PKD is a critical regulator of
Ca2� sensitivity in myocytes, then expression of dominant
negative constructs should have an impact on stimulus-de-
pendent contraction. The HA-tagged kinase-dead PKD mu-
tant (dnPKD) was expressed (see mutation scheme in supple-
mental Fig. 1A), and Western blot analyses revealed that this
adenoviral approach achieves equal expression of dnPKD
compared with wtPKD and caPKD in cultured ARVMs (sup-
plemental Fig. 1, C and D). Note that long exposure (2 h)
Western blots with anti-PKD (supplemental Fig. 1D) demon-
strate marked overexpression levels of dnPKD relative to en-
dogenous protein, a condition critical for functional dnPKD
experiments.
Because it has been reported that the dnPKD distributes

very differently from PKD in neurons (44), confocal imaging
analyses were used to examine the targeting of dnPKD ex-
pression in ARVMs. The upper panels of Fig. 8A show a stri-
ated distribution for dnPKD, which is comparable with the
localization of Plum-wtPKD (Fig. 1A) and the distribution of
HA-tagged wtPKD and caPKD (Fig. 2A). Importantly, double
labeling and three-dimensional reconstruction images in Fig.
8A reveal a networked pattern identical to those of caPKD
and wtPKD (Fig. 2). Thus, although dnPKD displays a very
different distribution in neuronal cells (44), no differences
were detected in ARVMs by high resolution confocal imaging.
A detailed functional analysis of dnPKD cells focused on

cell shortening and [Ca2�]i transients. Fig. 8B displays repre-
sentative traces of cell shortening and [Ca2�]i transients re-
corded during a train of depolarizing stimuli from control or
dnPKD cells that were initially at rest. Recall that, relative to
control cells, the steady-state contractions were reduced in
caPKD cells with no significant difference in [Ca2�]i transient
magnitude (Figs. 3A and 7A). In contrast, the steady-state
contractions were actually increased in dnPKD cells relative
to control cells (Fig. 8B). The summary data in Fig. 8C show
that the peak myofilament Ca2� sensitivity in dnPKD cells
following 20 pulses was 64% greater than that of control cells.
This is contrasted with the opposite 67% decrease seen in
caPKD cells relative to control cells (Fig. 3B). To better assess
Ca2� sensitivity over a dynamic range of [Ca2�]i, phase-plane
plots of contractile shortening as a function of the [Ca2�]i
transient were constructed as described in Fig. 3C. The repre-
sentative phase-plane plots in Fig. 8D are consistent with the
summary data (Fig. 8C) and show a marked increase in Ca2�

sensitivity throughout a major portion of contraction and re-
laxation phases relative to control. If endogenous PKD medi-

ates stimulus-dependent cTnI phosphorylation, then overex-
pression of dnPKD should block this signaling event. Fig. 8E
shows that, in contrast to the increases in stimulus-dependent
cTnI phosphorylation in control and caPKD cells (data not
shown but refer to Fig. 4A), there is a modest, non-significant
increase in phospho-cTnI in dnPKD. These detailed in situ
results provide important new insight into the dynamic regu-
lation of Ca2� sensitivity of contraction in cardiomyocytes.

DISCUSSION

Recent findings from several groups have shown that PKD
is a key component in myocardial cell signaling that underlies
cardiac hypertrophy and heart failure (1, 3, 4). PKD-mediated
phosphorylation of class II histone deacetylases (1, 4, 5, 19)
and CREB (6, 7) as well as PKD-mediated phosphorylation of
multiple sarcomeric substrates (8–10) are likely reactions in
these signaling cascades. Recent reports provide evidence that
PKD can regulate cardiac L-type Ca2� channels and sarco-
plasmic reticulum Ca2� load in intact cardiac myocytes as
well (11, 12). Although the precise phosphorylation sites for
these changes in Ca2� signaling are not yet defined, these re-
sults reveal a broader scope of functions for this kinase in the
regulation of excitation-contraction coupling in cardiac myo-
cytes. Given that PKD is up-regulated in failing human heart
and its inhibition is proposed as a promising therapeutic
strategy for heart disease (2, 4, 19), it is critical to identify the
hierarchy of functional targets for PKD throughout the car-
diac myocyte. Through a combination of molecular genetics,
functional assays, and complementary in situmolecular stud-
ies, we define a novel role for PKD in stimulus-dependent
dynamic regulation of myofilament Ca2� sensitivity in cul-
tured ventricular cardiac myocytes. Molecular genetic studies
reveal that phosphorylation of PKD at Ser916 is a critical step
in the stimulus-dependent signaling cascade. Finally, through
a characterization of the PKD probes developed in this study,
new information on the subcellular distribution of PKD in
adult ventricular cardiac myocytes is obtained. Through ex-
pression of wild type PKD as well as activation mutants, an
important finding was that PKD distributes in a novel non-
nuclear reticular pattern in adult myocytes that is not highly
dependent on the activation state of the enzyme.
Role of PKD in Stimulus-dependent Regulation of Contract-

ile Ca2� Sensitivity—Previous studies show that PKD can re-
duce myofilament Ca2� sensitivity through phosphorylation
of Ser22/23 on cTnI in ARVMs (8–10). Because these interest-
ing previous functional studies were performed in skinned
myocytes with activated forms of PKD added exogenously, it
is not known when this signaling reaction actually occurs in
normal cardiac myocytes. Multiple groups (8–10) provide a
plausible notion that PKD phosphorylation of cTnI may be-
come prominent in failing heart cells where PKD expression
and activity is increased (1–4). In the process of examining
regulation of excitation-contraction coupling in situ with a
gain of function PKD mutant, we found a profound Ca2� de-
sensitization of the twitch in caPKD cells. Although this con-
tractile phenotype is consistent with these previous studies in
skinned cells, it was unexpected to observe a remarkable stim-
ulus dependence of this Ca2� desensitization response most
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manifest in caPKD cells. Several lines of evidence support the
conclusion that PKD mediates this response. Ca2� desensiti-
zation in caPKD cells was accompanied by stimulus-depen-
dent phosphorylation of a known PKD substrate, cTnI, at
Ser22/23 (8–10). Although these serines are also substrates for
PKA (45) and PKC (36), data presented here argue strongly
against the involvement of either kinase in this process. The
stimulus-dependent phosphorylation of cTnI was blocked by
a known PKD inhibitor, Gö 6976, which does not inhibit
novel PKCs. Further, a PKC inhibitor, BIM I, was not an effi-

cient blocker of cTnI phosphorylation in caPKD cells. Finally,
expression of a kinase-dead PKD mutant, dnPKD, blocked
both the functional Ca2� desensitization and phosphorylation
of cTnI. Consistent with a dominant negative pattern of ac-
tion, there was no stimulus dependence of effects in dnPKD
cells, where contractions were more sensitive to [Ca2�]i
throughout the train of stimuli, even on the first stimulus fol-
lowing rest. Further, the lack of phosphorylation of phospho-
lamban at Ser16 reveals low levels of PKA activity in these
caPKD cells. Taken together, these results are difficult to rec-

FIGURE 8. Impact of localized dnPKD expression in cardiac myocytes on myofilament Ca2� sensitivity and stimulus-dependent changes in cTnI
phosphorylation. Myocytes were cultured for 24 h after infection with dnPKD adenovirus as described under “Experimental Procedures” and in the legend
to Fig. 2 to express dnPKD at levels comparable with those for caPKD and wtPKD (see supplemental material). A, confocal images of fixed cells prepared for
double label immunofluorescent analysis using anti-HA antibody (green) with anti-titin-Z antibody (red) in the upper panel or with anti-obscurin Rho-GEF
antibody (red) in the lower panel. Scale bar, 10 �m. The bottom panel (labeled 3D) shows a three-dimensional image constructed from consecutive Z-scans
(0.3 �m apart) of the boxed region in the merged image and rotated by about 200° (so that the sarcolemma edge is close to the viewer). Scale bar, 1.5 �m.
The white arrows identify HA localization along the Z-line with a punctate, lattice-like/reticular distribution pattern. Control data in B–D are identical to con-
trol data presented in Fig. 3 so that direct comparisons of data sets collected on the same day could be made. B, representative traces of cell shortening
(twitch amplitude, %RL) and Ca2� transients (F/F0) measured simultaneously from individual cardiomyocytes treated with control adenovirus or those ex-
pressing dnPKD. The upper traces show the change in sarcomere length during 20-s stimulation at 1 Hz. The lower traces display the corresponding change
in the [Ca2�]i transient magnitude in these Fluo-3-loaded cells. C, summary data of Ca2� sensitivity of contraction for control adenovirus and dnPKD myo-
cytes. Data are means � S.E. from multiple culture preparations, n � 20 – 40 cells. *, statistical significance, p � 0.05 versus control. D, representative phase-
plane plots of instantaneous cell shortening as a function of the Ca2� transient during five consecutive steady-state twitch contractions for control (black)
and dnPKD (green). Phase-plane loops proceed counterclockwise and start from points indicated by the arrow. E, representative blot of cTnI phosphoryla-
tion before (�) and after (�) electrical stimulation for dnPKD myocytes. Western blots were probed with anti-phospho-cTnI antibody to detect levels of
P-cTnI and anti-cTnI antibody to detect total cTnI protein level within each sample. The histogram below presents summary data of cTnI phosphorylation
normalized to cTnI total protein. dnPKD values were further normalized to prestimulation level. Data are means � S.E. (error bars) from multiple culture
preparations, n � 3. Statistical significance, p � 0.01, was achieved in caPKD cells when comparing prestimulation levels with stimulation levels (data not
shown) but not in dnPKD cells.
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oncile with a prominent role of PKA or PKC in this novel,
stimulus-dependent regulation of cell shortening but rather
illuminate a role for PKD in this signaling cascade in cultured
cells.
A collection of related experiments reveals that this novel

PKD contractile regulation is not only seen in caPKD cells but
is operative in control myocytes as well. First, there was a
stimulus-dependent Ca2� desensitization response in control
cells, a 52% decrease in Ca2� sensitivity from the first to the
steady-state twitch. Second, control cells also showed a small
but significant increase in cTnI phosphorylation at Ser22/23
following stimulation that was sensitive to Gö 6976. This in-
crease was comparable with that seen in wtPKD cells but sig-
nificantly less than that seen in caPKD cells. It is important to
note that the magnitude of changes in cTnI phosphorylation,
although rather small, is physiologically relevant because it
has been reported that small changes in cTnI phosphorylation
can result in a marked decrease of cardiac contractile function
(38, 46). For example, Belin et al. (38) report that only an 11%
increase in the fraction of phosphorylated cTnI in control rat
myocytes compared with those from heart failure models re-
sulted in a 35% decrease in developed force. Finally, the ability
of dnPKD expression to block the stimulus-dependent in-
creases seen in control cells is best explained through the ac-
tion of endogenous PKD in these responses. These in situ ex-
periments provide new evidence implicating PKD as a
regulator of cardiac myofilament Ca2� sensitivity. Thus, stim-
ulus-dependent PKD must be considered as part of the hierar-
chy of kinases, including PKA and PKCs, that regulate cTnI
phosphorylation and Ca2� sensitivity of contraction of heart
tissue.
Ser916 Phosphorylation Is an Important Step in the PKD

Activation Cascade—In general, it is well recognized that re-
ceptor activation of PKD includes a complex cascade of se-
quential auto- and transphosphorylation events (7, 30, 43).
The stimulus-dependent behavior for the “constitutively ac-
tive” PKD construct used here may appear counterintuitive
because this PKD mutant has conserved phosphomimetic
S744E/S748E substitutions in the activation loop, known sub-
strates for nPKCs. However, although caPKD can be recov-
ered in the resting state as a fully active, Ser916-phosphory-
lated form in many cells that possess high endogenous PKC/
PKD activity (47, 48), more recent reports reveal that this is
not the case in other cell types, such as lymphocytes (25) and
cardiac myocytes (7). The apparent low resting state activity
of caPKD may reflect insufficient levels of DAG cofactor in
quiescent cardiac myocytes, as speculated by Ozgen et al. (7)
(see Fig. 9).
The phosphorylation of Ser916 has been associated with

several important functions, which may be cell-specific. Al-
though phosphorylation of Ser916 has been linked to the PKD
activation pathway, it may or may not be a direct readout of
PKD activation state (2, 23, 30, 43). Further, this residue is
found in a PDZ binding motif and is associated with a phos-
phorylation-dependent scaffolding and subcellular localiza-
tion function in neuronal cells (44). Thus, we suspected that,
regardless of its function, phosphorylation of Ser916 is critical
in the stimulus-dependent PKD cascade and explains the

stimulus-dependent behavior of caPKD cells. This view is
supported by results showing a 50% increase of phospho-
Ser916 in caPKD cells following electrical stimulation. As a
direct test of this conclusion, cells were infected with a phos-
phorylation defective mutant, caPKD-S916A. Such cells re-
sponded normally to electrical stimulation with none of the
enhanced desensitization or cTnI phosphorylation seen in
their caPKD counterparts. Because Ser916 phosphorylation is
important in scaffolding and targeting in neuronal cells (44), a
series of high resolution confocal imaging studies examined
subcellular targeting of this mutant in cardiac myocytes. Be-
cause this localization was identical to that seen for caPKD in
cardiac myocytes, aberrant targeting in the S916A mutant is
not a likely explanation for the lack of responses in such cells.
Taken together these results underscore the importance of
Ser916 phosphorylation in the PKD cascade reported here.
Although the precise downstream events remain to be de-

fined, these in situ results are consistent with a recent report
that, in vitro, caPKD autophosphorylation can proceed at
multiple sites following Ser916 phosphorylation (30). Such
phosphorylation events could mediate changes in activity
and/or subcellular targeting. Regardless, these results high-
light the critical importance of Ser916 phosphorylation in the
control of PKD signaling in stimulated myocytes as depicted
in the schematic diagram in Fig. 9. It will be important to de-
termine if the other PKD targets in excitation-contraction
coupling that we have seen, the sarcoplasmic reticulum and
L-type Ca2� channel (11, 12), are also under stimulus-depen-
dent control.
Spatial Segregation of PKD in Adult Cardiac Myocytes—In-

formation on the localization of cardiac PKD is derived pri-

FIGURE 9. Schematic diagram emphasizing a localized PKD signaling
cascade that contributes to the dynamic regulation of Ca2� sensitivity
of contraction in cardiac myocytes. The diagram depicts a multistep
model for stimulus-dependent PKD activation, emphasizing an nPKC-de-
pendent pathway to achieve PKD activation loop phosphorylations (oval
labeled Act. Loop phos.), which is mimicked by our caPKD construct. An elec-
trical stimulus is required to achieve further activation of this kinase. This
step is reversible and most likely reflects the stimulus-dependent autophos-
phorylation of Ser916 (rectangle labeled PKD S916 phos.) within the catalytic
domain of PKD and possibly at other sites within the regulatory domain of
PKD (30). Although phosphorylation of Ser916 may or may not be a direct
readout of PKD activation state, it is required for the subsequent stimulus-
dependent phosphorylation of cTnI at Ser22/23 and development of myofila-
ment Ca2� desensitization (pathway 1). Pathway 2 demonstrates additional
EC coupling targets of PKD signaling that are consistent with the spatial
distribution of PKD and functional analyses on sarcoplasmic reticulum (SR)
Ca2� load and L-type calcium channel (LTCC) current (ICa) (11, 12).
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marily from studies with neonatal myocytes. These include
identification of localized PKD scaffolding to AKAPs (49, 50),
targeting to Z-discs (41), and nuclear targeting and subse-
quent phosphorylation of class II histone deacetylases (1, 4, 5,
19) and CREB (6, 7). Because the subcellular architecture of
cultured neonatal cells is unique and quite distinct from the
central features seen in adult myocytes, it is not possible to
extrapolate these interesting previous findings to those in the
adult heart. It is important to note that low levels of PKD ex-
pression in adult myocytes limit precise confocal imaging of
endogenous protein in that setting. However, the character-
ization of the epitope-tagged PKD mutant probes developed
here afforded the opportunity to assess, for the first time, sub-
cellular targeting of activation mutants in adult myocytes.
Regardless of the activation state, all forms of PKD used here,
including wild type, constitutively active, kinase-dead, and
Plum-tagged wild type and constitutively active, distributed in
a predominant striated pattern associated with Z-lines, which
is reminiscent of Z-disc targeting in cultured neonatal myo-
cytes (41). This contrasts with the distinctly different distribu-
tion of kinase-dead mutants compared with wild-type PKD in
neurons (44). More precise three-dimensional analyses re-
vealed a punctate, reticular pattern for all PKDs, indicating
that localization is not strictly limited to the Z-disc but rather
recalls a distinctive network indicative of the T-tubular/junc-
tional sarcoplasmic reticulum found in adult cardiac myo-
cytes in other imaging studies using dextran-linked fluores-
cein in live cells (33). Although other studies have shown
targeting of PKD to perinuclear vesicular structures in un-
stimulated cells, consistent with localization to the Golgi
compartment (51–55), to our knowledge, this is the first study
to show localization of PKD at reticular structures in ARVMs.
This novel spatial distribution suggests that PKD plays unap-
preciated roles in regulation of excitation-contraction cou-
pling and is also consistent with PKD regulation of the sarco-
plasmic reticulum and L-type Ca2� channel we have reported
(11, 12).
The z-stack confocal images also showed that the activation

state of PKD was important in specifying a relatively minor
localization at the plasma membrane. In particular, minor
fractions of wtPKD and dnPKD, but not caPKD, were seen at
the sarcolemmal membrane when all three forms were ex-
pressed to the same level in cardiac myocytes. These results
are in accord with previous studies where both wild-type and
kinase-dead PKD translocate to plasma membranes in acti-
vated lymphocytes, fibroblasts, and epithelial cells (56, 57). In
addition to this plasma membrane translocation of fluores-
cently tagged PKD following stimulation of various cell types,
it appears that a small fraction of wtPKD and kinase-dead
PKD forms reside at distinct sites on the plasma membrane in
these quiescent cells as well (55–59). For example, Spitaler et
al. report that a kinase-dead PKD mutant showed partial ac-
cumulation at the plasma membrane and perinuclear vesicu-
lar structures in unstimulated T cells (55). It has been pro-
posed from studies with fibroblasts and epithelial cells that
the second cysteine-rich domain within the regulatory do-
main of PKD, and not the catalytic domain, is necessary and
sufficient to mediate the translocation of this kinase to the

plasma membrane (57). Additional evidence is consistent with
a lack of plasma membrane targeting for caPKD reported
here. In studies in activated lymphocytes, fibroblasts, and epi-
thelial cells, phosphorylation of Ser744 and Ser748, mimicked
by the caPKD mutant here, destabilized PKD-plasma mem-
brane interactions (57). Accordingly, Rey et al. (57) concluded
that in response to GPCR activation, PKC-dependent phos-
phorylation of Ser744 and Ser748 are key events necessary for
the rapid reverse translocation of GFP-PKD from the plasma
membrane. Taken together, the distinct pattern of plasma
membrane localization of PKD activation mutants reported
here for cardiac cells is in accord with proposed mechanisms
in several cell types.
This study reveals that PKD can dynamically regulate the

normal contraction-relaxation process in cardiac mycoytes
(Fig. 9). Given that PKD activity is increased in failing hearts,
it will be important to determine the role of increased signal-
ing at these newly appreciated cellular locales in the develop-
ment of heart failure. Additionally, because PKD inhibition is
proposed as a therapeutic strategy for heart disease (2, 4, 19),
this approach has the potential to produce marked negative
effects on excitation-contraction coupling in addition to the
desired effects on nuclear targets and gene expression.
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