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Abstract
Significant up-regulation of the protein kinase CβII (PKCβII) develops during heart failure and yet
divergent functional outcomes are reported in animal models. The goal here is to investigate
PKCβII modulation of contractile function and gain insights into downstream targets in adult
cardiac myocytes. Increased PKCβII protein expression and phosphorylation developed after gene
transfer into adult myocytes while expression remained undetectable in controls. The PKCβII was
distributed in a perinuclear pattern and this expression resulted in diminished rates and amplitude
of shortening and re-lengthening compared to controls and myocytes expressing dominant
negative PKCβII (PKCβDN). Similar decreases were observed in the Ca2+ transient and the Ca2+

decay rate slowed in response to caffeine in PKCβII-expressing myocytes. Parallel
phosphorylation studies indicated PKCβII targets phosphatase activity to reduce phospholamban
(PLB) phosphorylation at residue Thr17 (pThr17-PLB). The PKCβ inhibitor, LY379196 (LY)
restored pThr17-PLB to control levels. In contrast, myofilament protein phosphorylation was
enhanced by PKCβII expression, and individually, LY and the phosphatase inhibitor, calyculin A
each failed to block this response. Further work showed PKCβII increased Ca2+- activated,
calmodulin-dependent kinase IIδ (CaMKIIδ) expression and enhanced both CaMKIIδ and protein
kinase D (PKD) phosphorylation. Phosphorylation of both signaling targets also was resistant to
acute inhibition by LY. These later results provide evidence PKCβII modulates contractile
function via intermediate downstream pathway(s) in cardiac myocytes.
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INTRODUCTION
Protein kinase C (PKC) modulates cardiac function and there is evidence isoforms of PKC
target proteins in Ca2+ cycling and the contractile apparatus of myocytes [1, 2]. Increased
cardiac PKC isoform expression is associated with contractile dysfunction and a variety of
pathological conditions [2–5]. However, it remains difficult to identify the role played by
each PKC isoform in modulating contractile function or dysfunction. In particular, it is
known that PKCβII expression and activity increases during the development of cardiac
hypertrophy and the progression to heart failure [3,6–8]. While up-regulation of this isoform
is linked to cardiac dysfunction in humans [3,7,8], the functional role played by PKCβII in
modulating contractile function remains uncertain.

In earlier work with transgenic mice expressing PKCβII, cardiomyocyte contractility
increased in one and decreased in a second animal model [4,9]. More recently, investigators
reported little difference in the ventricular response to ischemia or pressure overload after
PKCβ knockout [10]. The explanation for these different phenotypes is not well understood,
and may result from a number of possibilities. For example, there may be divergent
localization of PKCβII in response to up-regulation, as the wildtype isoform is expressed in
one transgenic model while a constitutively active form is utilized in the other [4,9].
Differences in the developmental expression and/or compensatory adaptations to load also
may contribute to the divergent functional outcomes in these models [4]. Thus, questions
remain about the role PKCβII plays in modulating contractile function in cardiac myocytes.

One step toward understanding PKCβII modulation of function is to identify the targets for
phosphorylation. Biochemical and animal model studies identified several targets for
PKCβII, including proteins with a direct role in Ca2+ handling and myofilament proteins
involved in contractile function. For example, in vitro activation of PKCβII phosphorylated
the regulatory protein, cardiac troponin I (cTnI) [11]. Enhanced cTnI phosphorylation also
developed in wildtype PKCβII transgenic mouse hearts with impaired contractile
performance [9]. Additional biochemical studies indicated PKCβII activation phosphorylates
the sarcoplasmic reticulum (SR) protein, phospholamban (PLB) which modulates
sarcoplasmic reticulum (SR) Ca2+ uptake via the SR Ca2+-ATPase, SERCA2A [12]. PKCα,
the other major classical isoform expressed in mammalian heart also modulates PLB
phosphorylation [2]. Given PKC-α and -β both increase in failing hearts [3,7,13], the
influence of PKCβII on myofilament and Ca2+ cycling targets continues to be of interest.

Efficient gene expression in intact cardiac myocytes can be used to acutely increase
expression using adenoviral-mediated gene transfer. This approach is utilized here to gain
insights into the role of PKCβII in modulating cardiac myocyte contractile function, and
serves as an important adjunct to earlier findings in animal models by determining the acute
influence of PKCβII up-regulation on cellular contractile function. In addition, the present
study is designed to determine whether the PKC targets identified in earlier biochemical
studies [14–16] are phosphorylated in intact cells and correlates with the functional
response. Our study also set out to determine whether this isoform targets other signaling
pathways in intact myocytes.
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METHODS
Adenoviral constructs

Recombinant PKCβII and dominant negative PKCβII (PKCβDN) adenoviruses were kind
gifts from Jeffery Molkentin (Cincinnati Children’s Hospital) and were originally generated
by Ohba et al. [17,18]. PKCβ was cloned into the Kpn1/Xba1 site of pEGFP-1 (Clontech
Laboratories, Inc, Mountain View, CA), subcloned into the pACCMVpLpA shuttle plasmid,
and then co-transfected with pJM17 in HEK 293 cells to generate the PKCβGFP
recombinant adenovirus. High titer stocks of each viral construct were prepared as described
earlier (19).

Myocyte isolation and gene transfer
Adult rat cardiac myocytes were isolated as described in earlier studies [19]. Briefly,
myocytes were isolated from heparinized rats with collagenase and hyaluronidase to digest
the heart, and then cells were made Ca2+ tolerant over 15 min. Isolated myocytes were
plated on laminin-coated coverslips for 2 hours in DMEM plus penicillin (50 U/ml),
streptomycin (50 µg/ml; P/S), and 5% FBS. Two hours later, gene transfer was carried out
with high titer PKCβII, PKCβDN or PKCβGFP (10 MOI) recombinant adenovirus [19]. At
this MOI, ~80% of cardiac myocytes expressed GFP 2 days after gene transfer (unpublished
results). Myocytes were electrically paced in M199 plus P/S media 24 hrs after plating, with
subsequent media changes every 12 hrs [20].

A similar protocol was used to isolate adult myocytes from New Zealand male rabbits (2.2–
2.6 kg) with the following modifications. Isolated hearts were immersed in an ice cold 50:50
mixture of Joklik-modified MEM (JMEM) and Hank’s Balanced Salt Solution plus 15 mM
HEPES and P/S. Hearts were initially perfused with Ca2+-free DMEM plus 15 mM HEPES
and P/S at 37°C, followed by DMEM supplemented with 10 mM HEPES, P/S, collagenase
(250 U/ml), and hyaluronidase (0.1 mg/ml) for 10 min, Protease type XIV (0.2 mg/ml) was
added to the perfusate for an additional 15 min. Isolated myocytes were made Ca2+ tolerant
in DMEM plus 10 mM HEPES, 2.5 mg/ml BSA, P/S and 1.25 µM CaCl2, with re-addition
of Ca2+ to a final concentration of 1.80 mM over 1 hr, and then plated in DMEM
supplemented with 5% FBS and P/S. Two hours later, gene transfer was carried out with
recombinant adenovirus diluted in serum free DMEM plus P/S for 1 hr, followed by the
addition of fresh serum-free media. Myocytes were then cultured in M199 plus P/S within
24 hrs after plating. All animal procedures followed the guidelines and were approved by the
University Committee on Use and Care of Animals at the University of Michigan.

Contractile function and Ca2+ transient measurements
Sarcomere shortening was measured in isolated myocytes 2–3 days after gene transfer, as
described previously [21]. Briefly, coverslips were transferred to a 37°C temperature-
controlled chamber, perfused with M199 plus P/S and paced at 0.2 Hz. Sarcomere
shortening under basal conditions was measured using video-based microscope camera
system (Ionoptix, Beverly, MA). Resting sarcomere length, peak shortening amplitude,
shortening and re-lengthening rate, and time to 50% of peak amplitude (TTP50%) plus time
to 25%, 50%, and 75% re-lengthening (TTR25%, TTR50%, and TTR75%) were determined
for each myocyte. Calcium transients and sarcomere shortening were measured
simultaneously in a subgroup of myocytes. These cells were loaded with Fura-2AM, as
described earlier [21]. Signal averaged measurements of resting and peak Fura-2 ratios, the
rates of Ca2+ rise and Ca2+ decay, and time to 50 and 75% decay (TTD50%, TTD75%) along
with the sarcomere shortening measurements described above were collected from each
myocyte.
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Western Analysis
PKCβ expression and phosphorylation in myocytes were measured by Western analysis
after gene transfer. Myocyte proteins were separated with 12% SDS-PAGE, as described
earlier [20,21]. Separated protein bands were transferred onto PVDF membrane for 2000 V-
hours, and expression detected on milk-blocked membranes using PKCβII primary antibody
(Ab) (1:400; BD Biosciences, San Jose, CA). Anti-phospho-PKCα/β antibody (1:1000; Cell
Signaling Technology, Inc, Danvers, MA) was used to measure phospho-PKC on BSA-
blocked membranes. Both primary antibodies were detected with horseradish peroxidase-
conjugated secondary antibodies and enhanced chemiluminescence. Quantitative analysis of
protein expression on blots was determined with Quantity One software and normalized to
actin expression (5C5; Sigma) and/or a silver-stained band on the SDS-PAGE.

PKCβII expression was assessed in tissue homogenates from failing human ventricular heart
samples. Biopsy samples from non-failing donor hearts (non-failing; n=3) were compared to
discarded explant tissue collected at the time of ventricular assist device (VAD)
implantation in 15 patients with heart failure (n=15; 3 female, 12 male; 13 Caucasian, 2
African-American, Mean+SEM for age = 41±3 yr; ejection fraction = 11±1.2%, time from
initial diagnosis to VAD implantation: 2.7±0.9 yr). All samples were frozen in liquid N2 at
the time of explant and stored at −80°C. Homogenates were prepared from tissue ground to
a powder in liquid N2 and then resuspended in sample buffer. Protein concentrations were
determined for each sample prior to protein separation and Western detection of PKCβII
(1:200; C-18; Santa Cruz Biotechnology, Santa Cruz, CA) by ECL. The protocol used to
procure human heart tissue is approved by the University of Michigan Internal Review
Board and Gift of Life – Michigan.

Western blot analysis also was used to detect expression and phosphorylation of
downstream targets. For phosphorylation studies, media was replaced with fresh M199 + P/
S to study basal phosphorylation, or media containing either 30 nM LY379196 (LY; ref 22;
kind gift of C Vlahos, Eli Lilly, Indianapolis, IN) or 10 nM calyculin A (CalA) for 10 or 60
min. Then, myocytes were collected in ice-cold sample buffer and immediately stored at
−80°C until proteins were separated by SDS-PAGE. Primary antibodies and dilutions used
to detect each protein were: phospholamban (PLB; 1:1000; Millipore, Billerica, MA),
phospho-PLB (pSer16-PLB, 1:1000 Millipore and pThr17-PLB; 1:5000; Badrilla, Leeds,
UK), phospho-extracellular regulated kinase 1/2 (pERK1/2; 1:1000; Cell Signaling Tech,
Beverly, MA), phospho-Ser23/24cTnI (pSer23/24-cTnI, Cell Signaling Tech), TnI (1:5000;
MAB1691; Cell Signaling Tech), Ca2+/calmodulin kinase IIδ (CaMKIIδ, 1:500; R&D
Systems, Minneapolis, MN), phospho-Ser286CaMKIIδ (pCaMKIIδ; 1:500, ProMega,
Madison, WI), protein kinase D (PKD; 1:1000, Cell Signaling, Inc), phospho-PKD (p-PKD;
1:1000, Cell Signaling, Inc), cardiac myosin binding protein C (cMyBP-C; pan) and
phosphorylated cMyBP-C (Ser273, Ser282, and Ser302; 23), and SERCA2A (1:2000; Santa
Cruz Biotechnology). An Odyssey infrared system was used to detect PLB, SERCA2A,
cTnI, and all antibodies for MyBP-C with AlexaFluor700 or AlexaFluor800 secondary
antibodies (1:5000; Invitrogen, Grand Island, NY). Horseradish peroxidase-conjugated
secondary antibodies were used to detect pERK1/2, pSer23/24cTnI, pSer16PLB-Ser16,
pThr17PLB, CaMKIIδ, pCaMKIIδ, PKD and pPKD by enhanced chemiluminescence.
Protein expression on Western blots is expressed relative to antibody detection of actin on
the same blot or a silver-stained portion of the gel and then normalized to expression in 2
day controls (control expression = 1.0). Expression of the phosphorylated/total protein ratio
determined by Western analysis also was normalized to the ratio detected in 2 day controls.
Myosin heavy chain (MHC) isoform composition was determined on silver (Ag)-stained 8%
SDS-PAGE gels, as described earlier (24).
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Immunofluorescence
PKCβ localization was analyzed by indirect immunohistochemistry in paraformaldehyde-
fixed myocytes, as described previously [19]. Primary PKCβII antibody (BD Biosciences)
and fluorescein isothiocyanate- (FITC, Invitrogen) conjugated goat anti-mouse secondary
antibody were used to label myocytes 2 days after gene transfer. Live cell imaging of
PKCβGFP was performed using a Nikon TiU inverted fluorescent microscope equipped
with DS-Fi1 5 megapixel digital imaging 2–3 days after gene transfer.

Phosphodetection after radiolabeling with 32P
Phosphorylation also was analyzed in myocytes labeled with 32P-orthophosphate (100 µCi)
for 2 hrs [25] and then transferred to M199 media with or without 30 nM LY for 10 min.
Phosphorylation was terminated in ice-cold relaxing solution (RS; 7 mM EGTA, 20 mM
imidazole, 1 mM free Mg2+, 14.5 mM creatine phosphate, and 4 mM MgATP with KCl
added to yield an ionic strength of 180 mM, pH 7.00) and myocytes were immediately
collected in ice-cold sample buffer (15% glycerol, 1% SDS, 62.5 mM Tris (pH 6.8), 0.01%
bromophenol blue, 15 mM DTT, 1 mM leupeptin). Proteins from each sample were
separated on 12% SDS-PAGE gels, silver stained and dried overnight. Radioactive
phosphate incorporation was measured with a phosphor-imager (Bio-Rad, Hercules, CA)
and bands were quantified using Quantity One software. Proteins were identified based on
their migration relative to molecular weight markers. Phosphorylation is expressed relative
to a silver (Ag)-stained band on the SDS-PAGE gel and normalized to control levels.

Statistical analysis
Results are expressed as mean ± SEM. A one-way analysis of variance (ANOVA) and post-
hoc Newman-Keuls tests were used to analyze protein expression and indices of myocyte
contractile function (resting length, peak amplitude, shortening and re-lengthening rate, TTP
and TTR measurements) and the Ca2+ transient (basal ratio, peak Ca2+, TTD, tau, and rate
of rise and decay of Ca2+), with statistical significance set at p<0.05 (*). Phosphorylation
detected with 32P-labeling in PKCβII-expressing myocytes was compared to the control
value set at 1.0 using a Student's T-test, with p<0.05 considered statistically significant.

RESULTS
Gene transfer and expression of PKCβII in adult myocytes

Temporal increases in PKCβII expression developed over 3 days after gene transfer into rat
myocytes (Fig. 1A,B), while expression remained undetectable over the same time interval
in controls. This level of expression in myocytes is comparable to levels reported in earlier
work in transgenic mice [26]. Further analysis showed PKCβII up-regulation did not cause
changes in PKC α, δ, or ε expression (Fig. 1C, Table 1), which could independently
influence contractile performance [2,27–29]. The increased PKCβII expression also
produced a corresponding increase in classical PKC phosphorylation (Fig. 1D; Control, 0.2
± 0.1 arbitrary unit; AU; PKCβII, 2.2 ± 0.1 AU; n=12; *p<0.05). The up-regulation and
phosphorylation of PKCβII are consistent with an increase in kinase activity [30], although
commercial antibodies cannot distinguish between PKC-α (Thr638) and PKC-β (Thr641)
phosphorylation. Comparable titers of PKCβDN also increased expression after gene
transfer (Fig. 1A,B), with negligible changes in classical PKC phosphorylation (Fig. 1D).
However, initial dominant negative expression sometimes lagged slightly behind the
increase in PKCβII (Fig. 1B). Our studies in failing human hearts also verified there were
similar increases in PKCβ up-regulation (Fig. 1E; 3, 8, 31).
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Gene transfer-mediated changes in myosin heavy chain β composition
PKCβII expression has the potential to alter myofilament protein isoform expression, and
causes a shift from α to βMHC gene expression in transgenic mice [26]. These changes are
not observed in rat myocytes over 5–7 days in culture (24) and gel analysis confirmed MHC
isoform expression remained comparable to controls after gene transfer (Fig. 1F; βMHC/
total MHC: Control = 9.0±1.8%, n=8 hearts; PKCβII = 7.0±0.6%, n=8; p > 0.05).

Influence of PKCβII on myocyte contractile performance
Basal function—The impact of PKCβII and PKCβDN up-regulation on sarcomere
shortening was then measured in intact, electrically paced adult rat myocytes. Two days
after gene transfer of PKCβII, the amplitude (e.g. peak height) decreased and shortening rate
slowed compared to controls. Resting sarcomere length, re-lengthening rate, TTR25% and
TTR75% were not different among the 3 groups (Fig. 2A, B). Shortening and re-lengthening
rates and the amplitude remained significantly depressed 3 days after gene transfer (Fig 2B
right panel). A similar trend also began to develop within 1 day after gene transfer, although
these changes were not statistically significant (Supplemental Fig. 1). At both day 2 and 3,
peak shortening, and the rates of shortening and re-lengthening were not different between
controls and myocytes expressing PKCβDN (Fig. 2). Collectively, these observations show
PKCβII up-regulation negatively modulated rat myocyte shortening and re-lengthening,
independent of resting length.

Expression and function in rabbit myocytes—To determine whether species
differences influence PKCβII protein expression and/or modulation of contractile
performance, additional functional studies were carried out using isolated adult rabbit
myocytes. PKCβII and PKCβDN protein expression increased over time, with comparable
increases 2 days after gene transfer into rabbit myocytes (Supp Fig. 2A). As with rat, the
shortening rate decreased in rabbit myocytes with PKCβII up-regulation (Supp Fig. 2B).
Although there was a trend for diminished shortening amplitude in myocytes expressing
PKCβII, this difference was not statistically different from controls. Overall, the impact of
up-regulation on contractile function was similar in rat and rabbit myocytes, and qualitative
functional differences may be related to species differences.

Relationship between Ca2+ transient and contractile function—Rat myocytes
were loaded with Fura-2AM to determine whether the Ca2+ transient contributed to
diminished cellular function with PKCβII expression. In these studies, a decrease in the Ca2+

transient amplitude accompanied the PKCβII-induced reduction in peak shortening (Fig. 3).
Comparable reductions in Ca2+ transient decay also developed with the slowed re-
lengthening rate and longer TTR75% for PKCβII- compared to controls or PKCβDN-
expressing myocytes. PKCβII slowed shortening rate in these myocytes, and while the Ca2+

transient rate tended to decrease, this change was not significantly different from controls. In
further studies, Ca2+ reuptake in response to caffeine was significantly slowed in PKCβII-
expressing myocytes, while the amplitude of Ca2+ release was similar among cells from all
three groups (Fig. 4). Together, these experiments show increased PKCβII expression
correlates with changes in peak shortening, Ca2+ transient amplitude, and the re-lengthening
and Ca2+ decay rates. The slowing of Ca2+ re-uptake by the SR likely contributes to the
diminished decay rate.

PKCβII localization in cardiac myocytes—Our studies then turned to the PKCβII
localization pattern in myocytes. Immunohistochemical staining and confocal imaging
showed a peri-nuclear distribution of PKCβII 2 days after gene transfer along with a less
intense, but consistent punctate pattern (Fig. 5A). This isoform remained non-detectable in
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controls (Fig. 5B). Fluorescence imaging of myocytes expressing PKCβGFP also showed a
peri-nuclear localization along with a punctate distribution pattern (Fig. 5C).

Targets for PKCβII: Phosphorylation and Isoform Expression
Western analysis of PLB phosphorylation—The localization of PKCβII and
functional outcomes observed in myocytes raised questions about the impact on SERCA2A
and PLB expression and phosphorylation. Western analysis indicated SERCA2A and PLB
expression were comparable among the 3 myocyte groups (Fig. 6A). However, a complex
pattern of PLB phosphorylation emerged from these studies. Phosphorylation of Ser16
(pSer16-PLB) was not different among the 3 groups. In contrast, PKCβII up-regulation
produced a significant reduction in pThr17-PLB compared to controls (Fig. 6B). Myocytes
were then treated with LY for 10 min to determine whether this response was specific for
PKCβ. In these studies, the reduced pThr17-PLB levels returned toward control values in
PKCβII-expressing myocytes, but had no influence on the pSer16-PLB level (Fig. 6C). The
pThr17-PLB results are consistent with phosphatase activation by PKCβII and therefore,
phosphatase inhibition should produce an outcome similar to the LY effect in PKCβII-
expressing myocytes. Indeed, pThr17-PLB levels were similar in control and PKCβII-
expressing myocytes acutely treated with the phosphatase inhibitor, calyculin A (Cal A; Fig.
6D).

Phosphorylation also was studied in myocytes labeled with 32P-orthophosphate. In these
studies, phosphorylation of a 6–11 kDa protein, which would coincide with PLB, was not
consistently different between controls and PKCβII-expressing myocytes. The lack of
difference detected with radiolabeling may reflect the variable levels of pSer16-PLB
detected by Western analysis. The phosphorylation results observed at Thr17 of PLB point
to PKCβII modulation of protein phosphatase I, which would appear to be a common target
for classical PKC isoforms (32). Phosphorylated proteins migrating at 400 and 245 kDa also
were examined on radiolabeled gels because they could coincide with the ryanodine receptor
and α1c subunit of the L-type Ca2+ channel [15,33], respectively. While phosphorylation
was detected in these bands, PKCβII expression was not associated with significant changes
in their phosphorylation levels compared to controls (Fig. 7A).

Additional targets—There were some significant increases in 32P incorporation for other
protein targets. Phosphor-imaging showed PKCβII up-regulation produced prominent
increases in phosphorylation of multiple bands migrating (Fig. 7A) between 15–150 kDa.
Many of these protein bands coincide with several myofilament proteins including, MLC2
(19 kDa), cTnI (24 kDa), tropomyosin (Tm, 36 kDa), cardiac troponin T (cTnT, 41 kDa),
and cardiac myosin binding protein C (cMyBP-C, 150 kDa). The phosphorylation of protein
bands migrating at molecular weights comparable to MLC2, cTnI, and cTnT were
significantly increased in PKCβII-expressing myocytes compared to controls (Fig. 7A).

To further explore potential targets, Western analysis with phospho-specific antibodies also
was performed for cTnI and cMyBP-C. The phosphorylation pattern for cMyBP-C was
complex. The most striking increase in phosphorylation was detected at Ser302 in PKCβII-
expressing myocytes compared to controls or myocytes expressing PKCβDN (Fig. 7B). In
contrast, PKCβII expression did not significantly influence Ser273 phosphorylation, which
remained nearly undetectable in all 3 groups (Fig. 7C). Phosphorylation at Ser282 tended to
increase in PKCβII-expressing myocytes, but did not reach statistical significance among the
3 groups (Fig. 7B). Interestingly, the enhanced phosphorylation at cMyBP-C Ser302 was not
blocked by the PKCβ inhibitor, LY (Fig. 7C). Studies with the pSer23/24-cTnI Ab also
verified radiolabeling results for this protein, and showed a significant increase in cTnI
phosphorylation with PKCβII expression (Fig. 7D). Both 10 min and 60 min LY treatment
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failed to block the enhanced cTnI phosphorylation (Fig. 7E), and the increase in pSer23/24-
cTnI produced by PKCβII-expressing myocytes was maintained in the presence of CalA
(Fig. 7F). Increased phosphorylation of cMyBP-C and cTnI and decreased pThr17PLB
suggests PKCβII up-regulation targets multiple signaling pathways in myocytes.

A number of pathways are linked to upstream PKCβII, and yet a specific signaling pathway
responsible for LY-resistant phosphorylation of downstream targets has not been described
in cardiac myocytes. Phosphorylation and activation of ERK1/2 is a common PKC target
(32), but ERK1/2 phosphorylation was not different in control and PKCβ-expressing
myocytes (Fig 8A). A logical next step was to determine whether Ser/Thr kinases with long-
term activation profiles, such as CaMKIIδ are associated with PKCβII up-regulation in adult
myocytes. Indeed, this idea was supported by further work showing increases in both the
expression level and phosphorylation of CaMKIIδ in myocytes expressing PKCβII
compared to controls or myocytes expressing PKCβDN (Fig. 8B–E). Most importantly,
CaMKIIδ phosphorylation remained elevated in response to LY (Fig. 8C,E). The Thr17-
PLB and cMyBP-C are documented targets for CaMKIIδ (34,35), and the resistance to acute
PKCβ inhibition by LY observed with CaMKIIδ and cMyBP-C phosphorylation in PKCβII-
expressing myocytes suggests this PKC isoform may indirectly target cMyBP-C via
downstream activation of CaMKIIδ. While this idea is consistent with previous work
showing CaMKIIδ targets cMyBP-C, the same does not appear to be true for CaMKIIδ
targeting of cTnI (36).

Thus, we pursued the alternative idea that PKCβII activates additional kinases known to
target Ser23/24 in cTnI. Protein kinase A (PKA) targets this Ser cluster, but its inhibition by
PKI failed to alter cTnI Ser23/24 phosphorylation in myocytes expressing PKCβII (results
not shown). Protein kinase D (PKD) also targets cTnI Ser23/24 (37). In further studies,
PKCβII up-regulation led to increased PKD phosphorylation (Fig. 8F,G) and LY failed to
inhibit this enhanced phosphorylation (Fig. 8F,H). As with cMyBP-C, CalA treatment
produced a response that was similar to LY (Fig. 8G). Overall, these analyses indicate
multiple signaling pathways are activated in response to PKCβII up-regulation.

DISCUSSION
The parallel analysis of function, localization, and downstream signaling targets in the
present study showed diminished shortening (Fig. 2,3) coincided with a peri-nuclear
distribution pattern of PKCβII (Fig. 5) and complex changes in the phosphorylation of
downstream targets (Fig. 6–8). The slowing of Ca2+ reuptake and contractile function (Fig.
4,6) was consistent with the reduced phosphorylation of Thr17 on PLB, and indicated
PKCβII activates one or more phosphatase(s). In contrast, the increased phosphorylation of
myofilament proteins, CaMKIIδ, and PKD (Fig. 7,8) and the inability of LY to acutely
block their phosphorylation suggests PKCβII also modulates other targets such as
myofilaments via intermediate signaling pathways. Collectively, these results indicate the
documented up-regulation of PKCβII associated with human heart failure (Fig. 1; [3,8,31])
may modulate function via multiple pathways. The specific pathway(s) and functional
response may depend on external neurohormones, as well as the spatial and temporal
distribution of PKCβII and/or downstream signaling targets in myocytes. Thus, our results
support the idea PKCβII acts as a complex mini-processor or signaling hub in adult
myocytes, rather than a binary or linear signal transduction pathway [38].

Insights into animal models and failing hearts
An important goal of the present study was to determine the impact of PKCβII on contractile
function in isolated myocytes. Our results provide a foundation for eventually understanding
the impact of PKCβII on contractile function during heart failure, which remains
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controversial [3,4,8,9,10]. In earlier animal models, there was disagreement about the
influence of PKCβII up-regulation on contractile function [3,4,8,9]. Phenotypic differences
among the transgenic models were attributed to developmental or load-dependent
adaptations and/or alterations in gene expression [4,39]. For example, higher levels of β-
MHC expression develop in transgenic mice expressing wildtype PKCβII in the myocardium
[26,40]. This change alone slows myocyte shortening rate and may be responsible for
decreased cardiac function in these mice [41,42]. More recently, knockout of PKCβ reduced
fractional shortening when compared to controls [10]. Our results show acute PKCβII up-
regulation decreased contractile function in isolated myocytes without changes in the α/β
myosin heavy chain ratio, the expression of other PKC isoforms, and/or key Ca2+ handling
proteins (Figs. 1,2,7). Moreover, decreased function developed in both rodent and rabbit
myocytes (Fig. 2,3). Together, our results show PKCβII negatively modulates contractile
function independent of developmental or load-induced adaptations.

While our work indicates load-dependent adaptations are not required for PKCβII
modulation of contractile function, adaptations likely played an important functional role in
earlier work with animal models and in human heart failure. The attenuated Ca2+ transient
observed in the present study (Fig. 3), and lack of difference in this transient for PKCβII-
expressing transgenic mice and their littermates [9] are indicative of this possibility. Direct
and/or adaptive responses also could contribute to the milder hypertrophy and the shift to
faster relaxation and Ca2+ decay rates in mice expressing constitutively active PKCβ [4,39].
Thus, the relative contribution of primary versus adaptive responses to the divergent cellular
phenotypes observed in genetic models remains unclear. The relative role of these responses
during chronic PKCβII up-regulation and the progression of human heart failure will require
further work in animal models.

Localization of PKCβII in cardiac myocytes
An additional goal of our work was to determine the PKCβII localization pattern associated
with up-regulation in myocytes. Our immunohistochemical studies demonstrated a distinct
PKCβII peri-nuclear localization with a less intense punctate striated staining pattern a
different pattern (Fig. 5A), which differed from earlier work. A more diffuse or cytoplasmic
distribution pattern was detected in isolated neonatal myocytes [32,43] and failing and non-
failing human heart sections [3]. Localization and trafficking of wild-type and constitutively
active PKCβII in the myocardium of the transgenic models remains unclear. The peri-
nuclear pattern detected in the present study is reminiscent of proteins localized to the rough
ER and/or Golgi [44,45]. The less prominent punctate and striated distribution is consistent
with the recent observation of PKCβII localization in sheep cardiac SR [46]. This SR
distribution also is consistent with downstream post-translational modification of PLB (Fig.
6). The differences in localization observed here compared to earlier studies are consistent
with PKCβII playing multiple roles in response to circulating neurohormones or
pathophysiological conditions such as pressure overload and/or heart failure [47]. These
findings also suggest localization studies may provide important clues about PKCβII
trafficking, target protein localization as well as their relative role in modulating contractile
function.

Ca2+ handling targets and their role in the functional response
The parallel measurements of contractile function and target proteins also provided a
number of new insights into PKCβII modulation of contractile function. The diminished
cellular shortening and slowed re-lengthening correlated well with changes in the cellular
Ca2+ transient after PKCβII up-regulation (Fig. 3). This functional response was not
associated with altered expression of SR Ca2+ cycling proteins (Fig. 6), and led us to focus
on potential phosphorylation targets. While radiolabeling indicated similar phosphorylation
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levels of PLB in controls and PKCβII-expressing myocytes, a more complex pattern
emerged in experiments with phospho-specific antibodies. This response included LY-
sensitive decreases in Thr17-PLB phosphorylation, increased Ser16-PLB and restored
Thr17-PLB phosphorylation in response to CalA, and the slowing of Ca2+ decay with and
without caffeine in PKCβII-expressing myocytes (Figs. 4,6). Based on these results, this
PKC isoform modifies SR Ca2+ uptake, which is linked to phosphatase activation and a
downstream reduction in Thr17-PLB phosphorylation. These observations suggest slowing
of SR Ca2+ uptake over a longer time span and/or with sustained PKCβII up-regulation at a
physiological rodent heart rate is anticipated to gradually reduce Ca2+ loading and lead to
diminished Ca2+ release in myocardium. The classical isoform PKCα also is expressed in
myocytes, is up-regulated during heart failure [3], and up-regulation results in diminished
PLB phosphorylation [2]. This decrease in PLB phosphorylation is caused by PKCα-
mediated phosphorylation of inhibitor-1 (I-1) and the subsequent downstream activation of
protein phosphatase I [2]. PKCβII may signal via a comparable mechanism, although the
failure of PKCβII to modulate I-1 in neonatal myocytes [10] indicates this isoform may
target alternative phosphatase(s). The possibility also remains for PKCβII localization and/or
signaling to adapt or change during chronic versus acute up-regulation.

The increased radiolabeling of additional protein bands in the present study indicated
PKCβII up-regulation may target other proteins involved in Ca2+ handling and/or contractile
function. In earlier work, enhanced and reduced voltage-gated Ca2+ currents were linked to
PKCβ in cardiac myocytes [14,33]. PKC phosphorylation of two N-terminal threonine
residues in the L-type Ca2+ channel (e.g. Cav1.2) is believed to reduce Ca2+ current [48],
while phosphorylation at Ser1928 is associated with enhanced Ca2+ current [14,49]. The net
effect of PKCβII on channel phosphorylation and function in intact adult myocytes remains
unclear. PKCβ activation also phosphorylates the ryanodine receptor (Ryr) in isolated SR
preparations [15] and is usually associated with improved function [14] rather than the
diminished Ca2+ transient observed here (Fig. 4). Increased radiolabeling of proteins
migrating at molecular weights associated with Ryr (400 kDa), and the α1c (110 kDa)
subunit of the Ca2+ channel also were not detected in our study. However, the detection of
PKCβ in SR vesicles was recently shown to modify Ryr2 gating by uncoupling Ryr from
Ca2+ regulation [46], which could play a role in the diminished Ca2+ transient and reduced
shortening amplitude observed here (Figs. 2–4). Carter and colleagues [46] concluded PKC
may phosphorylate alternative residues in Ryr. The downstream activation of intermediate
signaling pathways observed in the present study also could indicate intermediate signaling
pathways may play a role in modulating Ryr activity.

Our radiolabeling studies also showed PKCβ up-regulation increases the phosphorylation of
protens migrating at 43 and 115 kDa (Fig. 7) and it is possible these proteins contribute to
the modulation of Ca2+ handling. Connexin-43 migrates at 43 kDa, is a known PKC target
[50] phosphorylated on multiple residues [51], and PKCβII inhibitors modify CX-43
electrical conductance [52]. The enhanced radiolabeling at 115 kDa could be the Na+/Ca2+

exchanger (NCX). PKC phosphorylation activates NCX in biochemical studies, and
phosphorylation-independent PKC-mediated reductions in NCX activity are reported in a
mouse model [53]. Alternatively, this 115 kDa band may reflect enhanced PKD
phosphorylation (Fig. 8) More work is needed to identify the proteins targeted in intact cells
and determine the contribution of these proteins to PKCβII modulation of cardiac
performance.

Myofilament and signaling pathway targets
A significant component of our work focused on myofilament protein and intermediate
signaling pathways phosphorylation after PKCβII up-regulation (Fig. 7,8). The increased
radiolabeling of cTnI and phospho-antibody detection of Ser23/24 in cTnI in intact
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myocytes (Fig. 7) are consistent with earlier results in mouse myocardium, permeabilized
myocytes and recombinant cTnI studies [9,11,38,54]. Phosphorylation of Ser23/24-cTnI is
expected to counteract the slowing of Ca2+ decay to preserve relaxation rate [21]. This
ability of Ser23/24-cTnI phosphorylation to accelerate relaxation helps to explain the
proportionally larger slowing of Ca2+ decay compared to re-lengthening rate (Fig. 4). There
also is mass spectrometry (MS) evidence PKCβII phosphorylates Thr144 and Ser45 in cTnI
(rat sequence) [54,55], although detection of these phosphorylated residues is more variable
[11,54]. Phosphorylation of Thr144 likely serves a functional role similar to Ser23/24 [5,56–
58], while Ser45 phosphorylation would be expected to contribute to the contractile deficit
observed here (Figs. 2,3).

In addition to cTnI, phosphorylation of myofilament MLC2, cTnT, and cMyBP-C increased
in response to PKCβ up-regulation (Fig. 7). Earlier, PKCβII phosphorylated these targets in
purified myofilaments [54] and a PKCβII mouse model [39]. The specific residue PKCβII
phosphorylates on cTnT is not established, but previous work showed PKCα targeted
residue Thr206 in permeabilized papillary muscles and contributed to a loss of function [59].
MLC2 phosphorylation more likely aids in adaptive processes to preserve function [60]. The
intense phosphorylation of cMyBP-C Ser302 in response to PKCβII up-regulation is very
similar to the phosphorylation produced by PKD [23]. This cMyBP-C Ser302
phosphorylation is associated with accelerated crossbridge cycling [23], which would
counteract the diminished shortening observed here. More importantly, the similarity
between cMyBP-C Ser302 phosphorylation observed in Fig. 7 and the response to PKD [23]
raises the possibility PKCβII targets intermediate kinases to modify contractile performance
in the adult myocyte. Our studies showing acute LY is unable to inhibit or block the
phosphorylation of cTnI and MyBP-C (Fig. 7) provided further evidence intermediate
signaling pathways may be activated in response to PKCβII up-regulation.

The phosphorylation of CaMKIIδ and PKD indicated PKCβII could also signal via these two
kinase pathways (Fig. 8). Increased expression, phosphorylation and activity of CaMKIIδ
develops during human and animal models of heart failure [61]. The diminished Ca2+

transient and shortening amplitudes observed in our work are consistent with enhanced
CaMKIIδc activity. However, other responses such as Ca2+ release in response to caffeine,
Thr17-PLB phosphorylation, and the SERCA/PLB ratio were not similar to the phenotype
produced by CaMKIIδc up-regulation [62], and our understanding of proteins targeted for
phosphorylation by CaMKIIδ and enzyme localization differ from the phenotype observed
here [63]. Instead, the phosphorylation and functional results observed in the present study
are more consistent with increased PKD activity [23,37,64]. Prolonged PKC activation
results in sustained PKD auto-phosphorylation independent of PKC activity [64] which
would explain the inability of LY to acutely inhibit PKCβII (Fig. 8) and yet similar
functional outcomes are observed in control and PKCβDN-expressing myocytes. In
addition, PKD phosphorylates cTnI and cMyBP-C [23,37] and the functional response
shows similarities to shortening observed with sustained PKD activation in cardiac
myocytes [65]. While our results implicate downstream signaling of PKD, more work is
needed to understand the contribution of PKD and determine whether the PKD response is
directly initiated by PKCβII or depends on additional intermediate signaling pathways.

In summary, our results indicate acute PKCβII up-regulation modulates contractile function
via a complex set of downstream targets, which include activation of phosphatase(s) and
intermediate signaling pathways, which ultimately modulate the phosphorylation state of a
number of Ca2+ handling and myofilament targets. The picture emerging for this work
strongly supports PKCβII acting as a mini-processor or hub within cardiac myocytes.
Additional work is needed to identify additional phosphorylated targets detected by
radiolabeling (Fig. 7). Future studies on the temporal and spatial trafficking of PKCβII and
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its downstream targets will be critical for understanding the impact of chronic PKCβII up-
regulation on cardiac performance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ANOVA Analysis of variance

Ab antibody

AU arbitrary units

BSA bovine serum albumin

CalA calyculin A

CaMKIIδ Ca2+-mediated calmodulin-dependent kinase IIδ

pCaMKIIδ phospho-CaMKIIδ

cTnI cardiac troponin I

cTnT cardiac troponin T

CX-43 connexin-43

DMEM Dulbecco’s modified Eagle’s medium

ERK1/2 extracellular signal regulated kinase 1 and 2

FBS fetal bovine serum

FITC fluorescein isothiocyanate

GFP green fluorescent protein

JMEM Joklik-modified minimal essential media

LY LY379196

MOI multiplicity of infection

cMyBP-C cardiac myosin binding protein C

MHC myosin heavy chain

MLC2 myosin light chain 2

NCX Na+/Ca2+ exchange

P/S penicillin and streptomycin

PLB phospholamban

PKC protein kinase C

PKCβDN dominant negative protein kinase CβII
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SERCA2A sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2A

SR sarcoplasmic reticulum

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEM standard error of the mean

TR Texas Red

TTD time to Ca2+ decay

TTP time to peak

TTR time to re-lengthening

VAD ventricular assist device
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Highlights

This study provides a detailed analysis of PKCβII modulation of cardiac myocyte
contractile function

We examined the distribution of PKCβII and phosphorylation of Ca2+ cycling and
myofilament proteins.

PKCβII signaling involves intermediate downstream phosphatase and kinase activation
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FIGURE 1.
Expression of PKC isoforms and myosin after gene transfer of PKCβII or PKCβDN (10
MOI) into rat myocytes. A. Representative expression of PKCβII and PKCβDN protein 1–3
days after gene transfer into adult rat myocytes. A silver-stained (Ag) portion of the SDS-
PAGE gel is shown below blots in A, B, D and E to indicate protein load in each lane. B.
Quantitative analysis of increased PKCβII and PKCβDN expression 1–3 days after gene
transfer into rat myocytes. PKC expression is normalized to actin expression for each group
and an asterisk indicates a statistically significant difference (p<0.05) compared to the
control group. The number of samples analyzed for each data set is shown in the figure. C.
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Representative expression of PKCα, PKCβII, PKCδ, and PKCε isoforms in adult rat
myocytes 2 days after PKCβII gene transfer compared to time-matched control myocytes.
Protein expression of PKCα, PKCδ, and PKCε remained comparable to control levels 2
days after gene transfer (see Table 1). D. Representative detection of the increased PKCβ
phosphorylation after gene transfer of PKCβII, and the negligible phosphorylation detected
in time-matched controls and myocytes expressing PKCβDN. E. PKCβII up-regulation in
failing (F) compared to non-failing (NF) human heart tissue. Total homogenate protein
loaded into each lane was 40 µg for the first two NF samples and 10 µg protein for the third
NF sample and all F samples (upper panel). Proteins were separated by 12% SDS-PAGE,
transferred onto PVDF and probed for PKCβII. Quantitative analysis and significant up-
regulation of PKCβII in failing versus non-failing human hearts is shown in the lower panel.
F. Representative myosin heavy chain (MHC) isoform expression resolved with 8% SDS-
PAGE in adult rat myocytes.
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FIGURE 2.
Rat cardiac myocyte contractile function 2 and 3 days after PKCβII or PKCβDN gene
transfer compared to controls. A. Composite shortening traces collected from control
myocytes (n=46 myocytes; black), and myocytes expressing PKCβII (n=46; red) or
PKCβDN (n=45; blue) 2 days after gene transfer. B. A comparison of contractile function in
isolated rat cardiac myocytes 2 (left panel) and 3 (right panel) days after gene transfer. The
number of cells analyzed for each group is shown at the bottom of each bar in the re-
lengthening rate panels. Peak shortening amplitude and the rate of shortening were
significantly reduced in myocytes expressing PKCβII compared to controls both 2 and 3
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days post-gene transfer (*p<0.05). While there were no significant changes in resting
sarcomere length or re-lengthening rate among the 3 groups of myocytes by 2 days, there
was a significant slowing of re-lengthening rate 3 days after gene transfer in myocytes
expressing PKCβII compared to controls. Measurements at both 2 and 3 days after gene
transfer were not different in myocytes expressing PKCβDN compared to controls.
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FIGURE 3.
Analysis of sarcomere shortening (left panel) and the Ca2+ transient (right panel) in
Fura-2AM loaded rat myocytes 2 days after gene transfer. Basal and peak amplitude of
shortening, the rates of shortening and re-lengthening, rates of Ca2+ rise and Ca2+ decay,
and the time to 75% re-lengthening (TTR75%) and time to 75% Ca2+ decay (TTD75%) are
shown for each group. Decreases in shortening amplitude and re-lengthening rate (*p<0.05)
in PKCβ-expressing myocytes developed in parallel with diminished Ca2+ amplitude and
slowing of the Ca2+ decay rate compared to control values. These values were not different
in PKCβDN-expressing and control myocytes (p>0.05). The rate of shortening also slowed
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in PKCβII-expressing myocytes, although the corresponding rate of Ca2+ rise was not
significantly different in control and PKCβII-expressing myocytes.
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FIGURE 4.
Caffeine-induced Ca2+ release and re-uptake in control, PKCβII- and PKCβDN-expressing
adult rat myocytes. A. Composite caffeine-induced Ca2+ transients recorded in Fura-2AM-
loaded myocytes expressing PKCβDN (blue), PKCβII (red), and control myocytes (black) 3
days after gene transfer. B. Analysis of caffeine-induced Ca2+ release and re-uptake in the 3
groups of myocytes. Peak Ca2+, basal Ca2+, and Ca2+ release rate (results not shown) were
not significantly different between groups. All indices of Ca2+ re-uptake (decay rate, tau,
TTD50% and TTD75%) slowed significantly (*p<0.05) in myocytes expressing PKCβII,
compared to PKCβDN- and control myocytes.
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FIGURE 5.
Representative immunohistochemical labeling of PKCβ (left panels) and differential
interference contrast (DIC; right panels) imaging of adult rat cardiac myocytes 2 days post-
gene transfer. Myocytes were immunostained with anti-PKCβ antibody (Ab; 1:400) and
FITC-conjugated goat anti-mouse secondary Ab (1:1000). A. The perinuclear distribution
pattern of PKCβII observed in myocytes (left panels) is shown in these representative
images. Scale bar in top panel equals 25 µm and 10 µm in lower panel. B. A representative
control myocyte showing an absence of PKCβ protein detection at 2 days. Scale bar = 10
µm. Results in C show the perinuclear along with striated distribution detected with live cell
imaging in myocytes expressing PKCβGFP. Scale bar equals 10 µm in both panels.
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FIGURE 6.
Analysis of sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2A (SERCA) and
phospholamban (PLB) expression and phosphorylation in control, PKCβII and PKCβDN-
expressing adult rat myocytes. A. Representative expression of SERCA, PLB, actin and a
silver- (Ag) stained gel portion in the 3 groups of myocytes is shown in the left panel.
Quantitative analysis of SERCA/PLB ratio in the right panel showed no difference among
the 3 groups of myocytes. The number of samples in each group is shown in the figure
legend of each quantitative analysis panel for A-C, with statistical differences from control
indicated by an asterisk (p<0.05). B. Upper panel. Representative phosphorylation of
Ser16-PLB (pSer16PLB) and Thr17-PLB (pThr17-PLB) relative to total PLB expression
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one and three days after gene transfer. Lower panel. Quantitative analysis of Ser16 (left)
and Thr17 (right) PLB phosphorylation expressed relative to total PLB. C. Upper panel.
Representative blots showing pSer16-PLB (left) and pThr17-PLB (right) relative to total
PLB in the absence and presence of the PKCβ inhibitor LY379196 (LY; 30 nM). Lower
panel. Quantitative analysis of pSer16-PLB/PLB and pThr17-PLB/PLB in the presence and
absence of LY379196 for 3 groups of myocytes. D. Representative pSer16-PLB (left panel)
and pThr17-PLB (right panel) detected after incubating myocytes with and without the
protein phosphatase inhibitor, calyculin A (CalA; 10 nM) in control, PKCβII-, and
PKCβDN-expressing myocytes. In 2 separate experiments, CalA increased pSer16-PLB and
restored pThr17-PLB to baseline in myocytes expressing PKCβII compared to controls.
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FIGURE 7.
Myofilament protein phosphorylation in response to PKCβII up-regulation in adult rat
myocytes. A. Left panel. Representative phosphorimage showing 32P-orthophosphate
incorporation into proteins from control and PKC-βII expressing myocytes 2 days after gene
transfer. Radiolabeled proteins were separated with 12% SDS-PAGE and the quantitative
analysis of phosphor-image bands (n=4 rats for each group) migrating at 20, 24, 36, 41 and
150 kDa and the myofilament protein migrating at each of these molecular weights is shown
in the right panel. This analysis showed enhanced phosphorylation of proteins migrating at
the molecular weights of myosin light chain 2 (MLC2), cardiac troponin T (cTnT), and
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cardiac troponin I (cTnI) in PKCβII-expressing myocytes compared to control levels.
Phosphorylation of the 36 kDa and 150 kDa phosphor-image bands were not significantly
different between the two groups (Student’s T-test, p>0.05; n=4). B. Left panel.
Representative Western analysis (left panel) of cardiac myosin binding protein C (cMyBP-
C) expression (pan) and phosphorylation of Ser282 (pS282) and Ser302 (pS302) in control,
PKCβII-, and PKCβDN-expressing myocytes 1 and 3 days after gene transfer. Right panel.
Quantitative analysis indicated PKCβII-expressing myocytes showed a significant increase
in pS302 compared to controls. The ratio of the phosphorylated cMyBP-C residue (pSer282;
pSer302) detected relative to pan MyBP-C is normalized to day 2 controls in this pane and
in the right panel of C. The number of myocyte preparations analyzed for each quantitative
comparison is shown in the right panel figure legend for B-F, and asterisks indicate
statistically significant differences compared to control (p<0.05). C. Left panel.
Representative Westerns showing cMyBP-C protein expression (pan Ab) and
phosphorylation of Ser273 (pSer273), pSer282, and pSer302 detected with phospho-specific
antibodies in the absence and presence of LY379196 (LY). Detection of pSer273 was not
significantly elevated above background in all groups of myocytes. Right panel.
Quantitative analysis of pan, pSer282 and pSer302 cMyBP-C indicates LY379196 failed to
inhibit enhanced pSer302 in PKCβII-expressing myocytes. D. Left panel. Representative
phosphorylation detected by Western analysis of cTnI Ser23/24 (pSer23/24) after PKCβII
gene transfer. Right panel. The ratio of pSer23/24 in cTnI relative to total cTnI is
normalized to day 2 controls in this panel and in the right panel of E. Quantitative analysis
indicated PKCβII expression caused an increase in cTnI pSer23/24 levels compared to
controls. E. Left panel. Representative Western blot of pSer23/24 and cTnI expression in
the absence and presence of Ly379196 (LY, 60 min). Right panel. The quantitative analysis
of pSer23/24 levels in response to LY379196 indicates this PKCβ inhibitor failed to prevent
or block the enhanced pSer23/24 of cTnI in PKCβII-expressing myocytes. F. Left panel.
Representative Western blot showing pSer23/24-cTnI relative to actin in the absence and
presence of CalA and LY379196 (10 min). Right panel. Quantitative analysis of pSer23/24-
cTnI in the presence of CalA demonstrates the enhanced pSer23/24-cTnI also is preserved in
the presence of the phosphatase inhibitor, CalA in PKCβII-expressing myocytes.
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FIGURE 8.
Influence of PKCβII expression on potential downstream signaling pathways in adult rat
myocytes. A. A representative blot showing phosphorylation of ERK1/2 (pERK1/2) in adult
myocytes expressing PKCβII compared to controls. B. Representative Westerns showing
enhanced CaMKIIδ expression (left panel) and phosphorylation of this kinase (right panel)
in myocytes expressing PKCβII compared to controls and myocytes expressing PKCβDN.
C. Western analysis indicates LY379196 (LY) fails to inhibit the enhanced CaMKIIδ
phosphorylation observed in adult myocytes expressing PKCβII. Actin and an Ag-stained
portion of the gel are shown to indicate the protein load in each lane. D. Representative blot
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showing PKCβII-induced increases in CaMKIIδ phosphorylation in the absence and
presence of Cal A. CaMKIIδ phosphorylation remains enhanced in the presence of CalA
compared to controls and there is no difference between the PKCβDN and control groups.
E. Quantitative analysis of PKCβII-induced increases in the ratio of phosphorylated
CaMKIIδ (pCaMKIIδ) to total CaMKIIδ in the absence and presence of LY379196 (left
panel). Expression of CaMKIIδ is normalized to actin in the 3 myocyte groups and is up-
regulated in myocytes expressing PKCβII compared to controls(right panel). F. Western
analysis of phospho-PKD (pPKD) and PKD indicates PKCβII expression does not acutely
modify PKD expression in myocytes, but produces significantly enhanced PKD
phosphorylation. In addition, the PKCβ inhibitor, LY379196 failed to inhibit or block the
phosphorylation of PKD in adult myocytes expressing PKCβII. G. Representative Western
demonstrates CalA has no influence on PKD phosphorylation in the 3 groups of myocytes.
H. Quantitative analysis of the PKCβII-related increases in pPKD in the absence and
presence of LY379196 (left panel). The right panel shows similar levels of PKD expression
in control, PKCβII- and PKCβDN-expressing myocytes (right panel). Expression of pPKD
is normalized to total PKD in the left panel and PKD expression is normalized to actin in the
right panel. The number of experiments is indicated in the figure legend of each quantitative
panel, with *p<0.05 considered statistically significant.
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Table 1

Summary of protein expression levels of PKC isoforms normalized to a silver (Ag) stained gel band after gene
transfer of PKCβ compared to time-matched control myocytes. Data was collected as relative absorbance units
(AU) and results shown are mean±SEM compared with an unpaired Student’s t-test

Western analysis Control (n)
(AU Western/

AU for Ag stain)

AdPKCβII (n)
(AU Western/

AU for Ag stain)

PKCα 1.88±0.26(10) 2.18±0.39(10)

PKCδ 0.38±0.02 (7) 0.46±0.09 (7)

PKCε 1.54±0.47 (6) 1.64±0.61 (5)

(*p<0.05 versus control values; ( ) = number of hearts).
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