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Shen X, Tan Z, Zhong X, Tian Y, Wang X, Yu B, Ramirez-Correa G,
Murphy A, Gabrielson K, Paolocci N, Gao WD. Endocardial endothe-
lium is a key determinant of force-frequency relationship in rat
ventricular myocardium. J Appl Physiol 115: 383–393, 2013. First
published May 23, 2013; doi:10.1152/japplphysiol.01415.2012.—We
tested the hypothesis that removing endocardial endothelium (EE)
negatively impacts the force-frequency relationship (FFR) of ventric-
ular myocardium and dissected the signaling that underlies this
phenomenon. EE of rat trabeculae was selectively damaged by brief
(�1 s) exposure to 0.1% Triton X-100. Force, intracellular Ca2�

transient (iCa2�), and activity of protein kinase A (PKA) and protein
kinase C (PKC) were determined. In control muscles, force and iCa2�

increased as the stimulation frequency increased in steps of 0.5 Hz up
to 3.0 Hz. However, EE-denuded (EED) muscles exhibited a mark-
edly blunted FFR. Neither isoproterenol (ISO; 0.1–5 nmol/l) nor
endothelin-1 (ET-1; 10–100 nmol/l) alone restored the slope of FFR
in EED muscles. Intriguingly, however, a positive FFR was restored
in EED preparations by combining low concentrations of ISO (0.1
nmol/l) and ET-1 (20 nmol/l). In intact muscles, PKA and PKC
activity increased proportionally with the increase in frequency. This
effect was completely lost in EED muscles. Again, combining ISO
and ET-1 fully restored the frequency-dependent rise in PKA and
PKC activity in EED muscles. In conclusion, selective damage of EE
leads to significantly blunted FFR. A combination of low concentra-
tions of ISO and ET-1 successfully restores FFR in EED muscles. The
interdependence of ISO and ET-1 in this process indicates cross-talk
between the �1-PKA and ET-1-PKC pathways for a normal (positive)
FFR. The results also imply that dysfunction of EE and/or EE-
myocyte coupling may contribute to flat (or even negative) FFR in
heart failure.

endocardial endothelium; cardiac excitation-contraction coupling;
force-frequency relationship; isoproterenol; endothelin-1; rat myocar-
dium

CARDIAC ENDOTHELIAL CELLS have an obligatory role in heart
growth and performance (9). The interaction between endothe-
lial cells and myocytes, also known as cardiac endothelial-
myocardial signaling, influences cardiac contraction and force
development. The selective removal of endocardial endothe-

lium (EE) decreases the magnitude, time to peak, and rate of
force development and abbreviates contraction (10, 56). Inter-
estingly, the adverse effects are reversible with an unknown
endothelial contraction-prolonging factor (56) or endothelin-1
(ET-1) (62). One mechanism for cardiac endothelium to mod-
ulate contraction is to maintain normal myofilament Ca2�

responsiveness via autocrine and paracrine signaling from
endothelial cells (9). In this sense, agents such as nitric oxide
(NO), ET-1, prostacyclin (PGI2), and angiotensin II are criti-
cally involved. For instance, ET-1 is a potent positive inotropic
agent (41, 42) that increases myofilament Ca2� responsiveness
(63). Its positive inotropic effect requires activation of both
protein kinase C (PKC) and protein kinase A (PKA) (11).

Another important feature of myocardial contraction is the
dependency of force generation on the imposed frequency,
known as the force-frequency relationship (FFR). Under phys-
iological conditions, most, if not all, mammalian myocardia
exhibit a positive FFR with stimulation between 0.5 and 3.0 Hz
(22). Central to this phenomenon is the increase in intracellular
Ca2� (21) that results from 1) increased Ca2� entry via L-type
Ca2� channels (57) and increased uptake and release of Ca2�

by the sarcoplasmic reticulum (SR) (29); and 2) increased
intracellular Na�, which promotes Ca2� entry via Na�/Ca2�

exchange (39). Thus a positive FFR is tightly regulated by all
factors and signaling that control the activities of sarcolemmal
L-type Ca2� channels, SR Ca2�-ATPase, and the Na�/Ca2�

exchanger (22). These, in turn, are affected by the calmodulin
kinase system (39). The presence of phospholamban is also
important for a positive FFR (7). Perturbation at any of these
levels would affect intracellular Ca2� availability, dampening
the effects of FFR. For example, one of the adverse features of
heart failure, in which Ca2� handling is severely impaired, is
markedly blunted or null FFR enhancement of force generation
(7, 13, 23, 53).

FFR is generally believed to be an intrinsic property of the
myocyte. Yet, given the tight coupling between endothelial cell
and myocyte and the fact that endothelins have a profound
impact on basal myocardial contraction (9, 50), it is conceiv-
able that intact EE function chiefly contributes to a positive
FFR. For example, isolated cardiac muscles with intact endo-
thelium exhibited robust positive FFR (i.e., 2- to 4-fold in-
creases in force development) when stimulation rate increased
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from 0.5 Hz to 2.0–4.0 Hz (27, 35, 40, 46, 60). However, no
study has investigated the direct involvement of EE in FFR.
Therefore, we tested the hypothesis that intact endothelium is
essential for a fully developed positive FFR in rat cardiac
muscle. We also started dissecting the signaling pathways that
possibly connect changes in stimulation frequency to increased
force generation via EE, focusing in particular on PKA and
PKC signaling.

MATERIALS AND METHODS

Animals

LBN/F1 rats (250–300 g, Harlan Laboratories, Indianapolis, IN)
were used in these experiments. Animal care and experimental pro-
tocols were approved by the Animal Care and Use Committee of The
Johns Hopkins University School of Medicine.

Trabecular Muscle Preparation

The rats were anesthetized by intra-abdominal injection with pen-
tobarbital sodium (100 mg/kg); the heart was exposed by mid-
sternotomy, rapidly excised, and placed in a dissection dish. The aorta
was cannulated and the heart perfused in a retrograde fashion (�15
ml/min) with dissecting Krebs-Henseleit (K-H) solution equilibrated
with 95% O2-5% CO2. The dissecting K-H solution was composed of
(in mmol/l) 120 NaCl, 20 NaHCO3, 5 KCl, 1.2 MgCl, 10 glucose, 0.5
CaCl2, and 20 2,3-butanedione monoxime (BDM) [pH 7.35–7.45 at
room temperature (21–22°C)]. Trabecular muscle from the right
ventricle of the heart was dissected and mounted between a force
transducer and a motor arm, superfused with K-H solution without
BDM at a rate of �10 ml/min, and stimulated at 0.5 Hz. Unless
otherwise specified, all experiments were performed at an external
Ca2� concentration of 0.5 mM.

Force was measured by a force transducer system (KG7, Scientific
Instruments, Heidelberg, Germany) and expressed in millinewtons per
square millimeter of cross-sectional area. The muscles underwent
isometric contractions with the resting muscle length set such that
resting force was 15% of total force development (i.e., optimal muscle
length). This resting muscle length, corresponding to a resting sarco-
mere length of 2.20–2.30 �m as determined by laser diffraction (26),
was maintained throughout the experiments. All experiments were
carried out at room temperature (20–22°C).

Measurement of Intracellular Ca2� Concentration ([Ca2�]i)

[Ca2�]i was measured by using the free acid form of fura-2 as
described in previous studies (14, 25). Fura-2 potassium salt was
microinjected iontophoretically into one cell and allowed to spread
throughout the whole muscle (via gap junctions). The tip of the
electrode (�0.2 �m in diameter) was filled with fura-2 salt (1
mmol/l), and the remainder of the electrode was filled with 150 mM
KCl. After the electrode was successfully impaled into a superficial
cell in nonstimulated muscle, a hyperpolarizing current of 5–10 nA
was passed continuously for �15 min. In some muscles, multiple
injections (up to 3–4) were applied at different sites, with duration of
the injection limited to �10 min at each site to achieve an optimal
signal-to-noise ratio. As previously established, this loading did not
affect force development (23, 24). Fura-2 epifluorescence was mea-
sured by excitation at 380 and 340 nm. Fluorescent light was collected
at 510 nm by a photomultiplier system (PTI, Birmingham, NJ). The
output of the photomultiplier was collected and digitized. [Ca2�]i was
given by the following equation (after subtraction of the autofluores-
cence):

�Ca2��i � Kd�R � Rmin� ⁄ �Rmax � R� (1)

where R is the observed ratio of fluorescence (340 nm/380 nm), Kd is the
apparent dissociation constant, Rmax is the ratio of 340 nm/380 nm at

saturating [Ca2�], and Rmin is the ratio of 340 nm/380 nm at [Ca2�] �
0. The values of Kd, Rmax, and Rmin were determined by in vivo
calibrations as described previously (25).

Measurement of Action Potentials (APs)

Membrane potential was measured as described previously (15),
except that we used glass microelectrodes that were somewhat stiffer.
These fine electrodes were filled with 3 M KCl and connected to a
high-input impedance amplifier (MEZ-8201, Nihon Kohden). The center
of the trabecula was impaled. To ensure that we obtained stable mea-
surements with these electrodes but did not cause local damage during
contraction, we inhibited mechanical movements of muscle contraction
with 5 mmol/l BDM. We were able to inhibit contraction by more than
70% without causing changes in the excitation process, as evidenced by
the fact that Ca2� transients changed little (2).

Removal of EE

EE surrounding the trabeculae was selectively destroyed by brief
exposure (�1–2 s) to K-H solution containing 0.1% Triton X-100.
Multiple investigators have shown that this protocol causes little
myocardial damage (10, 56, 62). We chose trabecular muscles that
were �250 �m wide, �80–100 �m thick, and 2,000 �m long. Based
on these dimensions and the size of an individual myocyte (100 � 5 �
10 �m), �1,500 myocytes are covered by EE (i.e., �20–30% of
myocytes in the specimen were in contact with EE).

We also verified that the muscles used in these experiments were
not overtreated with Triton X-100, which leads to chemical skinning
of the muscle. First, immunofluorescence imaging of the whole
trabeculae was performed in selected control and EED muscles. These
muscles were immediately fixed in 4% paraformaldehyde after treat-
ment, washed three times in PBS, blocked in Image iT Enhancer
(Invitrogen, Carlsbad, CA) for 30 min, and washed three more times
in PBS. Then Alexa Fluor Oregon Green 488 WGA (5 �g/ml;
Invitrogen) was added. After a 10-min incubation, the muscles were
washed three times in PBS, permeabilized for 20 min in PBS-0.1%
Triton X-100, washed three times in PBS, and incubated in Alexa
Fluor 594 Phalloidin (Invitrogen) according to the manufacturer’s
instructions. After the muscles were washed three times in PBS,
nuclei were counterstained with Hoechst 33342 (Pierce, Rockfort, IL)
for 5 min according to the manufacturer’s instructions, washed, and
mounted in ProLong Gold Antifade (Invitrogen). Image stacks were
acquired on a Zeiss AxioExaminer upright microscope with a 40�/
1.1W LD C-Apo, water objective, with a 710NLO-Meta multiphoton
and confocal module. Z stacks were processed for 3D reconstruction/
visualization, and surface area was calculated. Endothelial nuclei
intensities were analyzed with Imaris 6.4.2 (Bitplane Scientific Soft-
ware). Second, we stained the muscles with Evan blue. Both control
and Triton-treated muscles were fixed in buffered formalin solution
(10%) and transferred to tissue cassettes. After being dehydrated in
alcohol and washed, the samples were infiltrated with paraffin wax,
sectioned, and then transferred onto glass slides. The images were
viewed under a light microscope.

Determination of FFR

The FFR of individual muscles was measured by stimulating
trabeculae in increments from 0.5 to 3.0 Hz. Each individual muscle
was studied in a paired fashion: FFR was obtained before (control)
and after EE removal. EE-denuded (EED) muscles were further
divided into several experimental groups for FFR determinations:
1) EED alone (untreated); 2) EED muscle treated with isoproterenol
(ISO), which had two subgroups, 0.1 nmol/l and 5 nmol/l. A baseline
FFR was obtained and then the muscles were treated with ISO for 10
min before another FFR was obtained; 3) EED muscle treated with
endothelin 1 (ET-1), which had two subgroups, 20 �mol/l and 100
�mol/l. A baseline FFR was obtained and then the muscles were
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treated with ET-1 for 10 min before another FFR was obtained;
4) EED muscle treated with a combination of 0.1 nmol/l ISO and 20
�mol/l ET-1; and 5) EED muscle treated with PKA or PKC inhibitors.
Two PKA pathway inhibitors (CGP, 2 �mol/l, and H-89, 1 �mol/l)
and two PKC pathway inhibitors (neomycin, 10 �mol/l, and stauro-
sporine, 10 nmol/l) were used. In these EED muscles, a baseline FFR
was obtained, muscles were treated with a PKA or PKC inhibitor for
10 min, and then another FFR was obtained. A separate series of
experiments was carried out for PKA and PKC activity determination
(see below).

Measurement of PKA and PKC Activity

Tissue sample collection. The trabeculae were divided into four
experimental groups. Group 1 comprised control, intact trabeculae.
We first determined the FFR by stimulating the muscle in increments
from 0.5 to 3.0 Hz. Then we froze these muscles during stimulation at
0.5 or 3.0 Hz with specially crafted forceps whose tips had been
immersed in liquid nitrogen. Group 2 comprised untreated EED
muscle. We first determined the FFR and then selectively damaged the
EE. We then stimulated the muscle in increments from 0.5 to 3.0 Hz
to determine the blunting of FFR. Muscles were flash frozen for
collection as in the control group. In group 3, we treated EED muscles
with low concentrations of ISO (0.1 nmol/l) and ET-1 (20 �mol/l)
alone and in combination before stimulating them in increments from
0.5 to 3.0 Hz to determine FFR. Muscles were flash frozen for
collection as in the control group. In group 4, we used inhibitors of
PKA (H-89) or PKC (staurosporine). In one set, EED muscles were
treated with H-89 (1 �mol/l) for 20 min before being exposed to
ISO � ET-1. After confirming the block of positive FFR, the muscles
were flash frozen for collection at 0.5 Hz and 3.0 Hz. In a second set,

EED muscles were treated with ISO (0.1 nmol/l) first for 15 min,
followed by staurosporine (10 nmol/l) for 15 min, before ET-1 (20
nmol/l) was added. The muscles were flash frozen at 0.5 Hz and 3.0
Hz after confirming the block of positive FFR. After being flash
frozen with the forceps, all muscles were placed into liquid nitrogen
and then stored at �80°C for later determination of PKA and PKC
activity.

Tissue sample processing. Each sample was ground in liquid
nitrogen and placed in RIPA lysis buffer [25 mM Tris-HCl, 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS (pH 7.6)].
Samples were then sonicated at 4°C. The protein concentrations were
determined by using the Bio-Rad DC protein assay. We adjusted the
protein content in all samples to 0.74–0.84 mg/ml to facilitate the
kinase activity assays.

Kinase assay. We measured myocardial tissue PKA and PKC
activity using kinase assay kits from Enzo Life Sciences (Plymouth
Meeting, PA). The PKA/PKC activity assay is based on a solid-phase,
enzyme-linked immunosorbent assay (ELISA) that utilizes a specific
synthetic peptide as substrate for PKA/PKC and a polyclonal antibody
(rabbit) that recognizes the phosphorylated form of the substrate. In
our preliminary experiments, we determined that the amount of
protein in our samples (0.80–1.90 mg/ml) was adequate for measure-
ments of PKA and PKC activity. Briefly, at room temperature, the
PKA or PKC substrate microtiter plate was soaked with kinase assay
dilution buffer for 10 min. The processed samples were added to the
appropriate wells of the plate. ATP was then added to wells to initiate
the reaction. After incubation for 90 min at 30°C, the reaction was
stopped by emptying each well. Then, phosphospecific substrate
antibody was added to each well and incubated for 60 min. After the
wells were washed, anti-rabbit IgG:HRP conjugate was added and

Fig. 1. Right ventricle rat trabeculae with intact and detergent-denuded endothelium. A: immunofluorescent images of trabecular muscles. Top left: intact/control
trabecula shows 209 nuclei in the endocardial endothelium (EE) wrapping the muscle when normalized to total muscle area (i.e., 4.05 � 103/�m2 of nuclear
density). Bottom left: magnified images of a longitudinal section of the muscle showing components of the surface layer and underlying myocardium stained with
Oregon Green 488 WGA (green for surface glycan), Hoechst 33342 (blue for cell nuclei), and Alexa Fluor 594 Phalloidin (red for 	-sarcomeric actin). Top right:
endocardial endothelium-denuded (EED) trabecula shows only 46 nuclei in the endocardial surface when normalized to the total muscle area (i.e., 8.31 �
10�4/�m2 of nuclear density). Bottom right: magnified image of the longitudinal section of an EED trabecula. Note the paucity of nuclei and the abnormal
morphology (arrows) of those that remain, and the normal-appearing myocytes underneath. B: Evans blue staining of control (left) and EED (right) muscles.
Control muscle showed intact EE with well-organized nuclei that were not stained by Evans blue (black arrows) and intact myocytes (red arrows). Note that
in EED muscles, EE nuclei are absent, cell borders are ill-defined (black arrows), and Evans blue staining is evident (black stars). However, the underlying
myocytes appear intact (red arrows). C: effect of external Ca2� on force development before and after EE removal by Triton X-100. The muscles were first
exposed to various concentrations of external Ca2�, and twitch forces were recorded. Then, the same muscles were treated with Krebs-Henseleit solution
containing 0.1% Triton X-100 (Ca2� � 0.5 mmol/l) for less than �1 s. After stabilization, the muscles were exposed to various external Ca2� concentrations
again. Note the full recovery of maximal twitch force after EE removal.
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incubated for 30 min. The wells were washed again, and stabilized
tetramethylbenzidine substrate was added to each well. A 30- to
60-min incubation allowed full color development. The light absor-
bance was measured at 450 nm. Purified active PKA or PKC was
diluted to 0.25 and 0.025 ng/�l to serve as positive controls. Kinase
assay dilution buffer (without kinases) was used as the assay blank.
The relative kinase activity was determined by the equation:

Relative kinase activity

�
Absorbance �sample� � Absorbance �blank�

Quantity of crude protein used ��g�
(2)

and its value was expressed as arbitrary units per microgram protein.

Statistical Analysis

Paired t-test, Student’s t-test, and multivariate ANOVA were used
for statistical analysis of the data (Systat 10.2.01; Systat Software, San
Jose, CA). A value of P � 0.05 was considered to indicate significant
differences between groups. Unless otherwise indicated, pooled data
are expressed as means 
 SE.

RESULTS

Removal of EE Markedly Blunts FFR in Isolated Rat
Trabeculae

Muscles with selectively damaged EE appeared morpholog-
ically normal under light microscope and exhibited a 10–15%
decrease in force development at baseline. We performed
several experiments to illustrate that EE was successfully
removed without damage to the underlying myocytes (Fig. 1).
We stained some EED muscles with fluorescent dyes to display
key structural components in the surface of the muscles (Fig.
1A). As evidenced by blue-colored endothelial nuclei, over
75–80% of endothelial cells were removed from the EED

muscle, and the remaining cells exhibited abnormal morphol-
ogy. The surface glycans (green) and the underlying myocytes
(red) remained intact. We also stained the muscles with Evans
blue. Evans blue, owing to its highly charged state, stains only
damaged cells. There was persistent staining of the endocardial
surface of the EED muscle, suggesting that the EE was dam-
aged/removed. However, Evans blue did not stain the under-
lying myocytes (Fig. 1B). Finally, we compared maximal
twitch force development before and after EE removal because
maintained maximal twitch force would suggest no loss of
myocytes after Triton treatment. After EE removal, EED mus-
cles responded to external Ca2� in a concentration-dependent
manner similar to that observed before EE removal and, except
for a higher requirement for external Ca2�, the maximal twitch
force was maintained as before EE removal (Fig. 1C), indicat-
ing that myocytes were undamaged by EE removal.

Intact rat cardiac trabecular muscle exhibited a positive FFR
at room temperature and an external Ca2� concentration of 0.5
mmol/l in the stimulation rate range of 0.5–3.0 Hz (Fig. 2). The
positive FFR was accompanied by a positive Ca2�-frequency
relationship, suggesting that the positive FFR was the result of
intracellular Ca2� transients (iCa2�) increasing as stimulation
frequency increased. These observations are fully consistent
with those of previous studies conducted at even higher tem-
peratures (30°C and 37.5°C) (32, 60). The selective removal of
EE blunted, but did not abolish the positive FFR staircase and
increase in iCa2�. In endothelium-intact preparations, systolic
force increased by 243 
 35% when stimulation frequency was
increased from 0.5 to 3.0 Hz. After EE removal, systolic force
increased by only 110 
 28% (P � 0.05; Fig. 3A) over the
same stimulation frequency range. Consistent with this finding,
the increase in iCa2� diminished from 165 
 25% in EE-intact

Fig. 2. Raw recordings of force (top panels) and corresponding intracellular Ca2� transients (bottom panels) of trabeculae before and after endocardial
endothelium denudation (EED) with 0.1% Triton X-100. Trabeculae were superfused with Krebs-Henseleit solution and stimulated at the frequencies shown.
Experimental conditions: external [Ca2�] � 0.5 mmol/l, temperature � 22°C.
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muscles to 47 
 10% in EED muscles (P � 0.05; Fig. 3B). It
should be mentioned that removal of EE resulted in an approx-
imately 15% decrease in force development with little effect on
Ca2� transient at baseline. Diastolic force and Ca2� were not
affected by EE removal or by changes in stimulation fre-
quency.

Prolongation of the AP contributes to positive FFR (57). To
examine whether the flattened FFR after EE removal was due to
AP shortening, we measured membrane APs in trabeculae before
and after EE removal. Consistent with results of previous studies
(48), AP duration was significantly prolonged by 15–25% after
EE removal at the base stimulation rate of 0.5 Hz (P � 0.05 by
paired t-test; Fig. 4). However, increasing the stimulation rate did
not produce any appreciable difference in AP duration, either
before or after EE removal. Thus changes in AP duration did not
contribute to the flattened FFR response after EE removal.

Neither ISO nor ET-1 Alone Restores Positive FFR Staircase
in EED Muscles

Another factor that affects the characteristics of FFR is Ca2�

release from the SR (manifested as iCa2�). We found that the
frequency-dependent increases in iCa2� were attenuated in
EED muscles. Therefore, we attempted to restore the steepness of
the positive FFR in these muscles with ISO, a �-receptor agonist
that increases SR Ca2� release. A low concentration of ISO (0.1
nmol/l) did not affect force development, FFR (Fig. 5A), or
iCa2�. Higher doses (5–10 nmol/l) increased force and iCa2�

significantly but did not increase the steepness of FFR within
the range of stimulation frequencies (results not shown). Thus
the flattening of FFR in EED muscles could not be corrected by
�-receptor stimulation.

ET-1 is a potent positive inotropic agent produced in endothe-
lium (38). Conceivably, removal of EE would impair production
of ET-1, dampening FFR. We tested this possibility by exposing
EED muscles to ET-1 (20–100 nmol/l). ET-1 at 20 nmol/l
increased baseline force development but did not change the slope
of FFR (Fig. 5B). Similarly, the highest ET-1 dose (100 nmol/l)
resulted in higher baseline force but did not increase the slope of
FFR (results not shown) in EED muscles. Thus neither ISO nor
ET-1 alone was able to restore positive FFR staircase.

Combination of ISO and ET-1 Restores Positive FFR After
EE Removal

In canine trabeculae, low concentrations of the �-agonist
norepinephrine unmask ET-1-induced positive inotropic atti-
tude, whereas high doses prevent ET-1 effects (11). Based on
this evidence of endothelial-myocardial signaling, we tested
whether a combination of ISO and ET-1 could obviate negative
FFR in EED muscles.

Both ISO and ET-1 at high concentrations increased baseline
forces but blunted FFR in EED muscles (data not shown).
Therefore, we tested the combined effects produced by low
concentrations of ISO (0.1 nmol/l) and ET-1 (20 nmol/l). When
ET-1 was added to the perfusion buffer 10 min after ISO, the
combination completely rescued FFR positive slope (Fig. 6A).
This effect was associated with nearly complete recovery of
iCa2� (force: 203 
 63%; iCa2�: 94 
 15%, P � 0.05 vs.
untreated EED, n � 7; Fig. 6B). In parallel experiments, the
combination of ISO and ET-1 did not affect FFR in intact
control muscles (Fig. 7A). Also, application of ET-1 20 min
before ISO did not restore FFR positive slope (Fig. 7B),
suggesting that a low concentration of a �-agonist exerts a
“permissive” effect on ET-1 signaling to restore FFR when EE
is absent. Finally, FFR was inhibited by propranolol (30
nmol/l), confirming the involvement of the �1-adrenergic path-
way in positive FFR in intact control muscle (Fig. 7C).

Blockade of the PKA or PKC Pathway Abolishes the
Recovery of FFR by ISO and ET-1 in EED Muscles

To confirm the involvement of �-receptor and ET-1 receptor
in rescuing positive FFR in EED muscles, we studied separate
groups of muscles in the presence of �1-adrenergic and ET-1
pathway blockade. CGP (2 �mol/l), a �1-adrenergic pathway

Fig. 3. Pooled data of the effect of EED on force-fre-
quency relationship in rat trabeculae. Both systolic force
(A) and intracellular Ca2� transients (B) were suppressed
as stimulation rate increased in EED muscles. Diastolic
force and Ca2� were not significantly affected. P � 0.05,
control vs. EED groups, multivariate ANOVA, n � 7.

Fig. 4. Effect of EED on action potential duration (APD). The action potential
was measured by impaling a microelectrode filled with NaCl (140 mmol/l) into
one myocyte in the muscle. N � 3; *P � 0.05 by paired t-test.
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blocker (51, 64), increased force development at all stimulation
frequencies considered (Fig. 8A). However, it abolished the
positive FFR induced by combined ISO and ET-1 in EED
muscles. CGP per se had no effect in intact EE muscles (data
not shown). To confirm the involvement of �1-PKA signaling,
we also tested the effects of the PKA inhibitor H-89 (1 �mol/l)
(17). H-89 abolished the action of ISO and ET-1 on FFR in
EED muscles (Fig. 8B).

In ventricular myocytes, ET-1 acts on membrane ETA re-
ceptors to increase contractility (33). One important step in
ET-1 signaling is phospholipase C (PLC)-diacylglycerol-de-
pendent activation of PKC (58). To cement the role of the
ET-1-PLC-PKC pathway in FFR, we used the PLC inhibitor
neomycin. Neomycin (10 �mol/l) was added to the perfusion
buffer after muscles had been treated with 0.1 nmol/l ISO for
15 min. Neomycin did not affect contraction in either intact or
EED muscles at baseline. However, it blocked the restoration
of FFR in EED muscles by the combination of ISO and ET-1
(Fig. 8C) by blunting the increase in iCa2�. High concentra-
tions of neomycin (0.1–0.5 mmol/l) decreased force and abol-
ished the positive FFR in intact control muscles (results not
shown). To further demonstrate the involvement of the ET-1-
PLC-PKC pathway, we treated EED muscles with the PKC
inhibitor staurosporine (10 nmol/l). Like neomycin, stauro-
sporine prevented the restoration of positive FFR by ISO plus
ET-1 in these muscles (Fig. 8D).

PKA and PKC Activity at Low and High Stimulation Rates
in Cardiac Muscles

To strengthen the evidence that both PKA and PKC signaling
pathways are involved in the restoration of positive FFR in EED

muscles by ISO plus ET-1, we measured the activity of PKA and
PKC during stimulation of trabeculae at low (0.5 Hz) and high
(3.0 Hz) frequencies. In intact muscles, the ascending slope of the
FFR was associated with increases in activity of both PKA and
PKC (Fig. 9, A and B). Removal of EE not only flattened the FFR
but also abolished the increases in PKA and PKC activity. As in
Fig. 6, combining low concentrations of ISO and ET-1 restored
the FFR of EED muscles almost to the level of intact muscle (Fig.
9C) and augmented PKA and PKC activity (Fig. 9D). The PKA
inhibitor H-89 and the PKC inhibitor staurosporine prevented the
increase in activity of the respective kinase, retarding the recovery
of FFR (Fig. 9, C and D). Hence, restoration of FFR by the
combination of ISO and ET-1 depends on the simultaneous and
synergistic activation of PKA and PKC pathways.

DISCUSSION

Here we provide the first direct proof that EE is essential for
a fully developed positive FFR in the cardiac muscle. Central
to this phenomenon is the synergy between PKA- and PKC-
driven signaling that rises in the myocardium proportionally to
the increase in the stimulation rate.

Coupling of EE to Cardiomyocytes Impacts FFR

That EE and myocytes actively interact is a well-consoli-
dated fact (9). Myocytes interact with endothelium at two sites,
EE (9) and myocardial capillaries. In this study, we chose to
investigate the role of EE-myocyte coupling in FFR for three
main reasons. First, EE and myocardial capillary endothelium
share common features in their effect on myocardial contrac-
tion (59). Thus studies of either one could be representative of

Fig. 5. Pooled data showing the effect of
isoproterenol (ISO) or endothelin 1 (ET-1)
on the force-frequency relationship (FFR) in
rat trabeculae with damaged endocardial en-
dothelium. Trabeculae were intact (control)
or endocardial endothelium-denuded (EED).
The depressed FFR of the EED trabeculae
was not improved by ISO (0.1 nmol/l, n � 4,
A) or by ET-1 (20 nmol/l, n � 5, B). P �
0.05 vs. treated groups by multivariate
ANOVA.

Fig. 6. Pooled data showing the effect of ISO
plus ET-1 on the FFR in rat trabeculae with
damaged endocardial endothelium. FFR was
measured in intact trabeculae (control), en-
docardial endothelium-denuded trabeculae
(EED), and EED trabeculae treated with a
low concentration of ISO (0.1 nmol/l) and
ET-1 (20 nmol/l). The combination of ISO
and ET-1 almost completely restored devel-
oped force (A) and intracellular Ca2� tran-
sients (B) to the levels of control trabeculae.
P � 0.05 vs. EED group by multivariate
ANOVA; n � 7.
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the other. Second, EE-myocyte coupling can be easily inter-
rupted experimentally without affecting neighboring myocytes.
Third, in right ventricle, the extent of EE-myocyte interaction
can be as much as 50% of wall thickness because of intense
trabeculations. Thus the impact of EE-myocyte coupling alone
on right heart contraction can be substantial.

It is well known that at resting rates, endothelial cells
influence myocyte contraction via autocrine and paracrine
factors such as endothelins (58), NO (49), prostacyclins (45),
and angiotensin II (43). However, whether EE influences the

positive FFR staircase exhibited by normal cardiac muscle (22)
is an unasked question. The central phenomenon accounting
for a positive FFR is the frequency-dependent increase in
intracellular Ca2� availability during excitation-contraction
coupling. The effect, namely greater cytosolic Ca2 availability,
results from enhanced Ca2� entry and SR Ca2� release (20, 55,
57). Consistent with prior studies (22), our results showed a
frequency-dependent increase in iCa2� that led to a positive
FFR in control muscles that maintain endo-myocyte interac-
tions. In contrast, the FFR became less steep in EED muscles,

Fig. 7. Effect of ISO, ET-1, and propranolol on the FFR in trabeculae. A: combination of ISO and ET-1 had no effect on FFR in intact trabeculae (n � 4). B: effect
of ET-1 plus ISO on FFR in endocardial endothelium-denuded (EED) trabeculae. The muscles were treated with ET-1 (20 nmol/l) for 20 min before ISO (0.1
nmol/l) was added to the perfusion solution. Despite some recovery of force at all test stimulation frequencies, the slope of the FFR was not improved.
C: propranolol (30 nmol/l) inhibited the FFR, especially at higher stimulation frequencies (n � 5).

Fig. 8. Effect of adrenergic, PKA, PKC, and
PLC blockade on the FFR. FFR was measured
in intact trabeculae (control) and in EED tra-
beculae. A and B: EED trabeculae were treated
with CGP (2 �mol/l), a �1-adrenergic blocker
(A), or H-89 (1 �mol/l), a PKA inhibitor (B),
for 20 min after the endocardial endothelium
was selectively damaged. Then ISO (0.1 nmol/l)
and ET-1 (20 nmol/l) were added. C and D: EED
muscles were treated with ISO (0.1 nmol/l) for
15 min followed by neomycin (Neo; 10 �mol/l),
a PLC inhibitor (C), or staurosporine (Stau; 10
nmol/l), a PKC inhibitor (D), for 15 min. Then
ET-1 (10 nmol/l) was added for 20 min. P �
0.05, control vs. other groups by multivariate
ANOVA; n � 3–5 in each group.
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in which such interactions were disrupted. Furthermore, it is
evident from our study that this blunted FFR results from the
inability of the excitation-contraction coupling machinery to
increase iCa2� as the stimulation frequency increases in these
EED muscles (Fig. 3). Therefore, the first main conclusion that
can be drawn from our study is that an intact EE is not required
for a positive FFR staircase in the cardiac muscle. However, it
is essential for a fully developed positive FFR.

Decreased myofilament Ca2� responsiveness may be re-
sponsible for the flattening of FFR in EED muscles. However,
this mechanism became less prominent at high stimulation
rates, during which the frequency-dependent increases in
iCa2� were also significantly suppressed. The finding that
ET-1, a known myocardial Ca2� sensitizer (62), could not
restore FFR in EED muscles also argues against a major role of
myofilament desensitization (Fig. 4B). It appears that de-
creased intracellular Ca2� availability is responsible for the
blunting of positive FFR in EED muscles.

PKA and PKC Signaling are Implicated in EE-Mediated,
Fully Developed FFR Response in the Cardiac Muscle

As discussed above, frequency-dependent SR Ca2� release
is limited by disruption of EE-myocyte coupling. It is known
that when stimulation rate is increased, SR Ca2� load/uptake

(relative to Ca2� extrusion via sarcolemma) increases (1, 3),
leading to augmented Ca2� release (20, 55). The SR Ca2�-
ATPase is crucial for SR Ca2� loading (24) and is modulated
by phospholamban (34). Importantly, �-adrenergic-PKA path-
way activation phosphorylates phospholamban and increases
SR Ca2� loading and release (6). However, in EED muscles,
�1-adrenergic stimulation alone (either low or high concentra-
tion) could not restore the flat FFR response to the positive
staircase typical of normal muscle (Fig. 5A). Although a high
concentration of ISO increased force development significantly
in EED muscles at baseline stimulation rate, the positivity of
the FFR was still lost. SR Ca2� overload and the overwhelm-
ing myofilament desensitization with high �-adrenergic stim-
ulation likely underlay the failure of force to rise when stim-
ulation rate was increased. Only a combination of ISO and
ET-1 at low concentrations was able to produce the frequency-
dependent increases in iCa2� and restore FFR in EED muscles.
This finding suggests that cross-talk occurs between ISO and
ET-1 in modulating FFR. Furthermore, such cross-talk is
associated with synergistic activation of PKA and PKC (Fig.
9). Apparently, such cross-talk requires subthreshold activa-
tions of both PKA and PKC at baseline stimulation frequency
as activation of each individually did not produce appreciable
effect on force development. As stimulation frequency was

Fig. 9. Association between the FFR and activity levels of PKA and PKC. A: effect of stimulation frequency on developed force in control (intact) and EED cardiac
muscle. B: effect of stimulation frequency on PKA activity and PKC activity in control and EED cardiac muscle (n � 8–12). Frequency-dependent increases in PKA
and PKC activity were observed in control but not in EED muscles. C and D: the combination of ISO (0.1 nmol/l) and ET-1 (10 nmol/l) restored the FFR (C) and
frequency-dependent increases in PKA and PKC activity (D) in EED muscle. However, H-89 blocked the increase in PKA activity and staurosporine blocked the increase
in PKC activity (n � 5–8). *P � 0.05 vs. 0.5-Hz stimulation frequency; #P � 0.05 vs. other groups at the same stimulation frequency.
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increased, the activity of PKA and PKC increased, resulting in
increased iCa2� and a positive FFR. Thus the presence of
intact EE and, therefore, EE-myocyte coupling, enables the
cross-talk and orchestrate balanced activation of both PKA and
PKC pathways to increase iCa2� as stimulation rate is in-
creased. It is currently unknown exactly how PKA and PKC
pathways interact to promote SR Ca2� release during positive
FFR.

Although individual myocytes alone are able to produce a
positive FFR, the presence of EE and EE-myocyte coupling
enhances the magnitude of a positive FFR. This enhancement
is achieved by maintaining synergistic activation of PKA and
PKC via �1-adrenergic and ET-1 receptors in myocytes. Con-
ceivably, ET-1 receptors are stimulated by ET-1 that is se-
creted by EE. It is unclear, however, how EE-myocyte cou-
pling stimulates �1-adrenergic receptors/pathway. Although
factors produced by EE that can act directly on �1-adrenergic
receptors have yet to be discovered, two agents (among those
known to be involved in EE-myocyte coupling), NO (low
concentrations) and prostacyclins, have been shown to increase
cAMP production (8, 44). Low concentrations of NO (corre-
sponding to levels generated endogenously by endothelial cell
NO synthase) produce low levels of cGMP, which inhibit
phosphodiesterase III and elevate cAMP levels (61). NO itself
does not have a measurable effect on FFR (12). Prostaglandin
E increases cAMP levels in the cytosol (30). The consequences
of prostaglandin-induced increases in cellular cAMP content
are still the focus of many investigators. Whether NO and/or
prostaglandins are involved in mediating FFR by EE-myocyte
coupling remains as an interesting future study.

Neuregulin (NRG)-1-ErbB signaling has recently been rec-
ognized to play a crucial role in maintaining normal function of
the heart (18) and may be involved in regulating FFR, espe-
cially given that EE cells are the major source of NRG (36).
The NRG-1-ErbB pathway activates the PI3K-Akt system,
which maintains iCa2� (28). Thus the flattened FFR could be
due to loss of EE NRG, and ET-1 � ISO might restore a
positive FFR by transactivating ErbB receptors (16, 47). Elu-
cidating the role of the NRG-1-ErbB pathway in EE-myocyte
coupling remains as an appealing project for future investiga-
tions.

Limitations

We did not investigate the interaction between coronary
endothelium and myocytes directly in this study. Therefore,
extrapolation of our data to the left ventricle, where myocardial
capillary endothelium is predominant, may be limited owing to
morphological and functional differences (9). Nevertheless,
prior studies have demonstrated that selectively disabling cor-
onary endothelium produces an effect similar to that of remov-
ing EE in isolated cardiac muscles (37). Another limitation of
the study is that we determined only whole tissue PKA/PKC
activity, thus offering little insight into molecular mechanisms
for the cross-talk between PKA and PKC, which remains to be
studied in future investigations. For example, the presence of
kinase-anchoring proteins for PKA (19) and the existence of
PKC isoenzymes and associated receptors (31) compartmen-
talize PKA and PKC signaling pathways. Studies of the in-
volvement of these proteins would provide important informa-
tion on the cross-talk between PKA and PKC pathways in

modulating FFR. Finally, the status of phosphorylation of
contractile proteins in the trabeculae under varied experimental
conditions was not examined in this study. Such challenging
experiments would substantiate our study.

Pragmatic Implications and Conclusions

FFR is an important intrinsic regulatory property of cardiac
muscle. FFR is also modulated by a number of receptor-
mediated signal transduction processes. To our knowledge, our
study is the first to highlight the ability of endothelial-myocyte
coupling to modulate FFR. The translational implications are
significant, especially for chronic cardiac disease conditions
such as congestive heart failure (CHF). Cardiac endothelial
dysfunction is closely involved in pathogenesis and progress of
heart failure (4, 5). For instance, endothelial dysfunction
causes abnormal coronary vasoconstriction in rats with CHF
(54). Additionally, EE has been shown to be damaged in rat
hearts after cardiac infarction (52). In particular, muscles from
failing hearts behaved like control muscles with EE damage
(52). A negative FFR staircase is a prominent hallmark of
CHF. Given its critical role in modulating FFR, altered EE-
myocyte coupling could play an important role in the patho-
genesis of negative FFR in heart failure.

In conclusion, removal of EE or disrupting EE-myocyte
coupling negatively impacts FFR. The mechanism for EE-
myocyte coupling to maintain a positive FFR involves syner-
gistic activations of PKA and PKC, indicating balanced cross-
talk between the �1-adrenergic-PKA pathway and the ET-1-
PKC pathway. Although the molecular nature for the cross-talk
between the two pathways remains to be identified, our study
highlights the crucial role of EE in FFR and links altered
EE-myocyte coupling to the negative FFR in heart failure
states.
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