
J Physiol 571.1 (2006) pp 131–146 131

Comparison of contraction and calcium handling between
right and left ventricular myocytes from adult mouse
heart: a role for repolarization waveform
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In the mammalian heart, the right ventricle (RV) has a distinct structural and electro-

physiological profile compared to the left ventricle (LV). However, the possibility that myo-

cytes from the RV and LV have different contractile properties has not been established. In

this study, sarcomere shortening, [Ca2+]i transients and Ca2+ and K+ currents in unloaded

myocytes isolated from the RV, LV epicardium (LVepi) and LV endocardium (LVendo) of adult

mice were evaluated. Maximum sarcomere shortening elicited by field stimulation was graded

in the order: LVendo > LVepi > RV. Systolic [Ca2+]i was higher in LVendo myocytes than in

RV myocytes. Voltage-clamp experiments in which action potential (AP) waveforms from

RV and LVendo were used as the command signal, demonstrated that total Ca2+ influx and

myocyte shortening were larger in response to the LVendo AP, independent of myocyte

subtypes. Evaluation of possible regional differences in myocyte Ca2+ handling was based on:

(i) the current–voltage relation of the Ca2+ current; (ii) sarcoplasmic reticulum Ca2+ uptake;

and (iii) mRNA expression of important components of the Ca2+ handling system. None of

these were significantly different between RV and LVendo. In contrast, the Ca2+-independent

K+ current, which modulates AP repolarization, was significantly different between RV, LVepi

and LVendo. These results suggest that these differences in K+ currents can alter AP duration

and modulate the [Ca2+]i transient and corresponding contraction. In summary, these findings

provide an initial description of regional differences in excitation–contraction coupling in the

adult mouse heart. Evidence that the AP waveform is an important causative factor for these

differences is presented.
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In hearts from adult mammals, right (RV) and
left (LV) ventricles have distinctive structural and
contractile characteristics as well as heterogeneous
electrophysiological properties (Katz, 2001). The RV
pumps blood into the relatively low-pressure pulmonary
vasculature. Accordingly RV chamber pressures are much
lower and the workload of the right ventricle (RV)
differs significantly from that of the left ventricle (LV).
In addition, the mechanical afterload in the right ventricle
is significantly smaller. Consistent with these physiological
differences, the free wall of the RV is much thinner than
that of the LV. Systematic electrophysiological studies
have also shown that the mammalian ventricle exhibits
a well-defined heterogeneity of AP waveforms. In adult
mice and rats, the AP duration (APD) at a fixed heart
rate is shorter in the RV than in the LV (Watanabe et al.

1983; Clark et al. 1993; Knollmann et al. 2001) while in
larger mammals, the notch during phase 1 of the AP is
deeper in the RV than in the LV (Di Diego et al. 1996). A
major reason for these differences is the higher density of
transient outward potassium current (I to,f) in the RV (Di
Diego et al. 1996; Rosati et al. 2003; Brunet et al. 2004).
While these RV–LV electrophysiological differences have
been demonstrated in a number of species, their effects on
contractile activity have not been explored systematically
(Grattan et al. 2005).

In cardiac muscle, trans-sarcolemmal Ca2+ influx is
an essential prerequisite for contraction (Nabauer et al.
1989), although in mammalian ventricle, the majority
of Ca2+ used for activating the contractile apparatus is
released from the sarcoplasmic reticulum (SR) (Wier, 1990;
Barry & Bridge, 1993; Bers, 2001). In the steady state,
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contractile strength at a fixed heart rate in response to
synchronous activation reflects a balance between the
Ca2+ influx plus SR Ca2+ release, and Ca2+ efflux and
SR-mediated uptake of Ca2+ during diastole. Contractile
strength is also strongly modulated by length-dependent
Ca2+ sensitivity of the contractile proteins (Solaro &
Rarick, 1998). Repolarizing K+ currents can indirectly
modulate contraction by altering AP profile and duration
and hence changing intracellular [Ca2+] dynamics (Wood
et al. 1969; Fiset et al. 1997; Volk et al. 1999; Bassani et al.
2004). In particular, it has been proposed that I to,f affects
contraction by changing the AP profile and therefore
modulates L-type Ca2+ current (ICa,L) during the early
phase of repolarization (Bouchard et al. 1995; Volk et al.
1999; Sah et al. 2003). In rodents, the density of I to,f is
relatively high (Fiset et al. 1997; Xu et al. 1999). Partly for
this reason, the rodent AP repolarizes rapidly and does not
have a distinctive plateau phase. In previous experiments
using ventricular myocytes from rodents, slowing of the
repolarization rate of the AP resulted in an enhanced ICa,L

and larger contraction (Bouchard et al. 1995). In rodents
and larger mammals, the APD of the LV is longer than
that of the RV (Watanabe et al. 1983; Clark et al. 1993;
Di Diego et al. 1996; Knollmann et al. 2001). This raises
the possibility that AP waveform modulates the contractile
strength of LV myocytes such that LV contraction is greater
than that of RV at a fixed heart rate.

To determine whether this is the case, we have measured
sarcomere shortening and [Ca2+]i transients in myo-
cytes isolated from RV, LV epicardium and LV end-
ocardium of adult mouse hearts. The consistent finding
was that maximal sarcomere shortening is significantly
greater in unloaded LV endocardial myocytes than in RV
myocytes and LV epicardial myocytes. [Ca2+]i transients
are also larger in LV endocardial myocytes compared to
RV myocytes. These significant regional differences of
excitation–contraction coupling in the adult mouse heart
were the focus of this study.

Methods

Isolation of ventricular cells from right
and left ventricles

The adult mouse ventricular myocyte isolation protocol
was adopted from the method published by Brouillette
et al. (2003). This protocol was approved by the Animal
Subjects Committee at the University of California,
San Diego. Male C57B6 mice (8–10 weeks) were killed
using a sodium pentobarbital overdose by intraperitoneal
injection (200 mg kg−1). The hearts were excised and
the aortas cannulated for retrograde perfusion with a
sequence of four solutions, all of which were warmed
to 37◦C: (1) Tyrode solution containing (mm): NaCl
130, KCl 5.4, CaCl2 1, MgCl2 1, Na2HPO4 0.3, Hepes
10 and glucose 5.5; pH adjusted to 7.4 with NaOH) for

4–5 min; (2) Ca2+-free Tyrode solution containing (mm):
NaCl 130, KCl 5.4, MgCl2 1, Na2HPO4 0.3, Hepes 10
and glucose 5.5; pH 7.3 for 10 min; (3) Ca2+-free Tyrode
supplemented with 0.4 mg ml−1 collagenase (Worthington
Type II), 30 μm CaCl2, 0.1% bovine serum albumin (BSA;
Sigma, Fraction V) and 20 mm taurine for 18 min; and
(4) Ca2+-free Tyrode solution supplement with 30 μm

CaCl2. Following this procedure, each heart was dissected
as follows: (1) approximately 0.25 mm × 0.5 mm strips
were prepared from the base region of the RV, LV
subepicardium and LV subendocardium; (2) these tissue
strips were digested with the same collagenase-containing
solution for 5–8 min in separate flasks in a shaking
water bath at 37◦C. The tissue was collected in separate
tubes containing Ca2+-free Tyrode solution supplemented
with 100 μm Ca2+. Individual myocytes were released
from the tissue by mechanical agitation, and then the
populations of cells were washed using two complete
cycles of low-speed centrifuge spin (IEC clinical no. 3
setting). This was followed by aspiration and addition
of Ca2+-free Tyrode solution supplemented with 0.2%
BSA and increasing levels of CaCl2: 200 μm and 600 μm.
After this final spin, the isolated myocytes were stored
in Tyrode solution containing (mm): NaCl 140, KCl 5.4,
MgCl2 1, CaCl2 1, Hepes 10 and glucose 10; pH 7.4 at room
temperature. Typical preparations contained 50–80%
rod-shaped, quiescent, Ca2+-tolerant myocytes which
had well-defined, regular cross-striations and sarcomere
patterns.

Shortening and [Ca2+]i transients

Sarcomere length and [Ca2+]i transients were recorded
from single myocytes using an epi-fluorescence inverted
microscope (Nikon TS100) with an attached CCD camera
(Ionoptix MyoCam, Ionoptix, Milton, MA, USA). [Ca2+]i

was measured using a dual excitation spectrophotometer
which detects the fluorescence excited by UV light at
340 and 380 nm. In these experiments, an aliquot of
myocytes was placed into a small superfusion chamber
which received Tyrode solution containing either 1.0
or 1.8 mm CaCl2 at 19–21◦C. All measurements were
made on rod-shaped myocytes which had regular well
defined striations. Myocytes were field stimulated using
platinum electrodes. Steady-state trains of stimuli (2 ms)
were applied at frequencies of 0.5, 1 and 2 Hz. Average
sarcomere length within the user-determined window, was
measured using the Ionoptix Ltd software that determines
the average periodicity of the Z-line density based on
the fast Fourier transform algorithm. Unloaded sarcomere
shortening was calculated as the difference between peak
systolic length and maximum diastolic length. Kinetic
parameters for the shortening transient were determined
using a curve-fitting algorithm (Ionoptix). [Ca2+]i trans-
ients were measured using the ratiometric dye, fura-4F
(Molecular Probe Ltd.). Fura-4F was chosen because it
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has a lower affinity for Ca2+ than Fura-2. This reduced
the possibility of significantly altering myoplasmic [Ca2+]
by intrinsic dye-dependent buffering. The acetoxymethyl
ester form of Fura-4F (2 μm) was dissolved in DMSO
and added to an aliquot of myocytes for 20 min and then
washed out with normal Tyrode solution. A 30-min time
period was then allowed for de-esterification of the dye in
the myoplasm. In some of the experiments, fluorescence
and sarcomere shortening were measured simultaneously.
Fluorescence ratios were calibrated using a modification
of a published protocol (Williams & Fay, 1990) which
requires determination of Rmin and Rmax, the fluorescence
ratios of Fura-4F in a Ca2+-free and Ca2+-saturating intra-
cellular environment, respectively. [Ca2+]i is computed
as K dB(R − Rmin)/(Rmax − R) (Grynkiewicz et al. 1985)
where B is the ratio of fluorescence of Ca2+-free Fura-4F
to Ca2+-saturated Fura-4F excited by 380 nm. Rmin

was assessed in myocytes following complete metabolic
inhibition (5- to 10-min exposure to 10 μm H+ lonophore
FCCP). The fluorescence ratio was determined in five myo-
cytes after the [Ca2+]i was clamped to very low levels by (i)
removal of [Ca2+]o; and (ii) the addition of 10 mm EGTA
and 2–5 μm ionomycin, a Ca2+ ionophore. Subsequently,
[Ca2+]o was restored to normal levels by the re-addition of
1 mm [Ca2+]o and the removal of the EGTA. Finally, Rmax

was determined in five myocytes following the addition
2–5 μm ionomyocin to insure rapid Ca influx in order to
raise the [Ca2+]i to millimolar levels. The K d of Fura-4F
for Ca2+ is 1.1 μm (Wokosin et al. 2004).

Voltage-clamp measurements

The total outward K+ current and ICa,L were recorded using
the conventional whole-cell, voltage-clamp technique
with an Axopatch 200B patch-clamp amplifier (Axon
Instruments). Glass microelectrodes which were made
from 1.5-mm capillary glass (WPI instruments, PG52151),
were pulled to achieve a final pipette resistance of
1.5–2.5 M� when filled with one of the two patch pipette
solutions. For K+ current measurements, the pipette
solution consisted of (mm): potassium aspartate 110, KCl
20, NaCl 8, MgCl21, CaCl21, EGTA 10, K2ATP 4 and
Hepes 10; pH 7.2, and the extracellular solution was Tyrode
solution containing (mm): NaCl 140, KCl 5.4, MgCl21,
CaCl21 and Hepes 10; pH 7.4. For recording ICa,L, the
pipette solution contained (mm): CsCl 140, MgCl2 1,
CaCl2 1, EGTA 5, Mg-ATP 4 , Hepes 5, TEA-Cl 10 and
cAMP 0.1; pH 7.2. The isotonic replacement of K+ by Cs+

and the addition of TEA to the pipette solution for the
measurements of ICa,L was done to eliminate K+ currents.
In these experiments, the extracellular solution was a
modified Tyrode solution containing (mm): NaCl 110,
CsCl 5.4, MgCl2 1, CaCl2 1.8, TEA-Cl 30 and Hepes 10;
pH 7.4, and 2.5 mm 4-aminopyridine (4-AP) was added
to this solution to block total outward K+ current. All

whole-cell voltage-clamp recordings were performed at
room temperature (19–21◦C). Data were retained only if
the initial series resistance following rupture was 15 M� or
less. Series resistance was compensated (80–85%) and the
capacitance of the myocyte was measured and subtracted.
Membrane potentials were corrected for liquid junction
potential by −10 mV (K+ current experiments) or −5 mV
(Ca2+ current studies). Total outward K+ current was
recorded during 500-ms depolarizing voltage steps from
−50 to +30 mV from a holding potential (HP) of −80 mV
(Fiset et al. 1997; Brouillette et al. 2004). The interval
between voltage steps was set at 10 s in order to allow
complete recovery of total outward K+ current. ICa,L was
recorded in response to 500-ms depolarizing voltage steps
from −50 to +45 mV from an HP of −40 mV. This HP
strongly inactivated the large transient inward Na+ current
(INa). In these experiments, a 400-ms hyperpolarization
to −80 mV was used to accelerate the recovery of ICa,L

and enhance Ca2+ extrusion (Bouchard et al. 1995). This
voltage-clamp protocol was repeated at 2-s intervals. Peak
ICa was determined as the difference between the peak
inward current and the steady-state outward current at
the end of the voltage-clamp pulse. Cell capacitance was
determined by integrating capacitance transients recorded
during a brief 5-mV step from an HP of −70 mV. The cell
capacitance was calculated as the ratio of the integral of the
capacitance transient divided by the voltage step (RV myo-
cytes. The values were: 138 ± 9 pF (30); LV endo myocytes
158 ± 10 pF (33), P value: 0.14).

Ca2+ currents and myocyte shortening were recorded
simultaneously during voltage-clamp experiments in
which selected AP-like waveforms were used as the
command signal. Figure 1 shows the AP waveforms that
are representative of measured RV and LV endocardial
AP (Knollmann et al. 2001). A sequence of 20–25 RV
or LVendo AP clamps was applied at 2 Hz and the data

Figure 1. AP-like waveforms used for AP voltage-clamp
experiments
These RV and LV endocardial AP-like waveforms were used for AP
clamp experiments for both recording Ca2+ currents and myocyte
shortening. The resting potential was −80 mV, the peak
depolarization was +30 mV and the duration to the end of early
repolarization (−40 mV) was 4 ms (RV) and 10 ms (LV endo). The
durations were based on the primary data on mouse ventricle APD by
Knollmann et al. (2001).
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were analysed at steady state (reached within one to five
AP command waveforms). In these experiments, series
resistance was 1.4 ± 0.6 M� (RV) and 1.4 ± 0.6 M� (LV
endo). The inward currents were blocked completely by
Cd2+ (300 μm CdCl2) which confirms that they were
L-type Ca2+ currents (Linz & Meyer, 1998). Following
leak subtraction, the inward current was averaged during
the steady-state response to AP-controlled voltage clamps.
This leak-subtracted inward current was compared to the
inward current computed as the difference current before
and after Cd2+ application (Fig. 2). Both were similar in
seven different myocytes. Leak-subtracted currents were
used for data analysis. All currents were normalized to
whole-cell capacitance to allow these data to be expressed
as peak current densities.

In these experiments, voltage clamped myocytes were
imaged using a rapid scan (240 Hz) CCD camera (Philips)
attached to an inverted microscope (Nikon Diaphot). The

Figure 2. Isolation of the AP-triggered Ca2+ current
A, LV endocardial AP waveform used for AP-controlled voltage clamp.
B, superimposed traces of inward currents recorded during LV
endocardial AP clamp applied at 2 Hz. Steady-state currents were
reached within four applied clamps. C, after the addition of 300 μM

CdCl2, inward currents were blocked, demonstrating that the inward
current was the L-type Ca2+ current. D, following leak subtraction, the
inward current was averaged during the steady-state response to
AP-controlled voltage clamps. The leak-
subtracted inward current was similar to the inward current computed
as the difference current before and after Cd2+ application (and were
similar in seven other myocytes). Therefore leak-subtracted currents
were used for the data analysis.

motion of the myocyte edges was tracked by a video edge
detector (Crescent Electronics, Salt Lake City, UT, USA)
and its voltage output was proportional to the change in
myocyte length.

Measurements of SR 45Ca2+ uptake

RV free wall and LV subendocardial tissue from C57B6 8-
to 10-week-old mouse hearts were homogenized at 4◦C
in 2.5 ml buffer solution (25 mm imidazole, pH 7.0) using
a Teflon glass Thomas tissue grinder. SR 45Ca2+ uptake
assays were performed in those ventricular homogenates at
room temperature using a protocol modified from that of
Pagani & Solaro (1984). Aliquots (350 μl) of homogenates
were transferred into tubes containing 2.8 ml experimental
solution containing (mm): KCl 100, potassium oxalate
10, imidazole 40, sodium azide 10 and MgCl2 4 plus
1 μm ruthenium red, and 45Ca2+–EGTA buffer containing
0.185 μCi ml−145Ca2+ (Perkin Elmer) and a preselected
[Ca2+] (20 and 200 nm), which was calculated on the basis
of the amount of added EGTA. Ruthenium red was used
to block 45Ca2+ efflux from the sarcoplasmic reticulum
via the ryanodine receptor. After 5-min preincubation,
the Ca2+ uptake reaction was initiated by the addition
of 2.5 mm sodium ATP. 45Ca2+ uptake was terminated at
selected times (1, 3 and 5 min for 200 nm [Ca2+]; and 1, 10
and 20 min for 20 nm [Ca2+]) by filtering 500-μl aliquots
on 0.45-μm nitrocellulose membranes (Millipore-type
MA), followed by two washes (5 ml) with uptake buffer
without Ca2+ and ATP. The remaining radioactivity on the
nitrocellulose filters was determined by liquid scintillation
spectroscopy. Protein concentration was assayed with a DC
protein assay kit (Bio-Rad). 45Ca2+ uptake was calculated
from the slope of the linear regression relating 45Ca2+

uptake (mg protein)−1 to reaction time.

Real-time PCR determination of Ca2+-handling genes

Quantitative RT-PCR was performed to determine the
relative mRNA expression pattern of the SR Ca2+ pump
(SERCA2a), phospholambam (PLN), the predominant
cardiac isoform of the Na+–Ca2+ exchanger (NCX1),
cardiac ryanodine receptor (RyR2) and cardiac L-type
Ca2+ channel (Cav1.2) in the RV, LV subepicardium
and LV subendocardium. RV, LV subepicardial and
LV subendocardial tissue was manually dissected and
pooled from three hearts of adult C57B6 male mice
for each RNA isolation. Total RNA was extracted using
the Trizol reagent (Gibco-BRL) and purified to remove
any contaminating genomic DNA by on-column DNase
digestion (Qiagen). First-strand synthesis and real-time
amplification were performed using the Platinum
qRT-PCR ThermoScript One-Step System (Invitrogene)
with and the TaqMan Assays-on-Demand primer/probes
pairs specific for GAPDH (Mm99999915 g1), cardiac
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SERCA (Mm00437634 m1), RyR2 (Mm00465877 m1),
PLN (Mm00452263 m1), NCX1 (Mm00444524–1)
and Cav1.2 (Mm00437917 m1) (Applied Biosystems).
Standard amplification curves were generated from
GAPDH and the target genes with 320, 80 and 20 ng total
RNA. Optimal PCR curves were observed within 40 cycles
using the Mx4000 Multiplex Quantitative PCR System
(Stratagene). Three sets of RNA isolations were evaluated
and each measurement was performed in triplicate. The
threshold value (Ct) was set with the amplification-based
threshold algorithms from Stratagene. GAPDH expression
of each sample was used as endogenous control. The
fold-change expression differences of the target genes in
80 ng isolated RNA from the different locations (RV, LV
endocardium and LV epicardium) were compared to the
target gene expression in 80 ng whole-heart total RNA.
Negative controls for possible contamination artefacts
were performed, using Taq-Polymerase (Invitrogene)
with the TaqMan primers/probes pairs, but without the
reverse transcription step. These manoeuvres revealed no
product amplification.

Data analysis

A two-way analysis of variance (ANOVA) with repeated
measures was done to determine whether there
were overall differences in the sarcomere shortening
data at the three stimulation frequencies in the
myocytes from RV, LV epicardium and LV endocardium.
If an overall difference (P < 0.05, overall F statistic) was
detected, one-way ANOVA was performed to compare RV,
LV epicardium and LV endocardium at each individual
stimulation frequency. Similarly, to analyse the frequency
dependence of sarcomere shortening of myocytes from
each tissue, one-way ANOVA with repeated measures
was performed to compare the sarcomere shortening
data at all three stimulation frequencies for each region.
When the P-value for the overall F statistic for the
one-way ANOVA was less than 0.05, post hoc Bonferroni
tests were performed to assess the statistical significance
(P < 0.05) for differences between the individual groups.
When comparing two groups, paired t tests were used and
P < 0.05 was considered significant. Data are expressed as
mean ± s.e.m.

Results

Sarcomere shortening in RV and LV epicardium
and endocardium

To assess whether there may be interventricular and/or
regional differences in the unloaded shortening of
isolated myocytes, sarcomere shortening in response
to steady-state field stimulation was analysed in a
large number of individual myocytes isolated from

RV, LV subepicardium and LV subendocardium. Each
myocyte was paced at three selected frequencies: 0.5,
1 and 2 Hz. In each case, measurements of sarcomere
length were made at steady state and in Tyrode solution
containing 1.0 mm CaCl2. Figure 3A illustrates a typical
experimental record from an RV myocyte and an LV endo
myocyte. Figure 3B shows superimposed traces that were
averaged over several beats (n = 5–15) during steady-state
pacing of RV, LV subepicardial and LV subendocardial
myocytes. Note that maximal sarcomere shortening in RV
myocytes is significantly less than in myocytes from the LV
endocardium from the same hearts at 0.5, 1 and 2 Hz.
Additionally, a small but consistent difference at 2 Hz
was observed between LV subepicardial myocytes and
subendocardial myocytes (Figs 3B and 3C, and Table 1).

A related index of the phasic contraction of unloaded
myocytes is the maximal velocity of shortening (Brady,
1991). Our analysis revealed that the maximal shortening
velocity was significantly less in the RV myocytes
than in LV myocytes (at 2 Hz: RV, 0.61 ± 0.07 μm s−1;
LVepi, 0.88 ± 0.1 μm s−1; LVendo, 0.97 ± 0.095 μm s−1;
P < 0.05).

The steepness of the relation between frequency and
maximum unloaded sarcomere shortening also differed
between RV, LV epicardial and LV endocardial myocytes.
Increasing stimulation frequency decreased maximal
sarcomere shortening in RV myocytes (Fig. 3). In contrast
between 1 and 2 Hz, this relationship between sarcomere
shortening and stimulation frequency was flat for LV
endocardial myocytes (Fig. 3).

It is well known that sarcomere length can influence
the development of force generation (Katz, 2001) and
this has been demonstrated in ventricular trabeculae from
mouse heart (Stuyvers et al. 2002). Accordingly, diastolic
sarcomere length for each group of myocytes was assessed.
However, there were no significant differences in resting
sarcomere length in the myocytes from the three regions
(Table 1).

To further evaluate support the previous pattern of
results, additional experiments were done at [Ca2+]o

of 1.8 mm. Again, as expected, the contractions were
significantly smaller in RV myocytes compared to LV endo-
cardial myocytes (RV, 0.045 ± 0.005 μm, n = 74; LVepi,
0.081 ± 0.008 μm, n = 84; LVendo, 0.088 ± 0.008 μm,
n = 75; ANOVA RV versus LVepi, P < 0.001; and RV versus
LVendo, P < 0.001).

[Ca2+]i transients in RV and LV endocardial myocytes

To determine whether the interventricular and regional
differences in sarcomere shortening were due to
differences in [Ca2+]i, [Ca2+]i transients were recorded
in individual myocytes isolated from the RV and the
LV subendocardium from the same hearts. [Ca2+]i was
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Figure 3. Region-specific differences in sarcomere shortening in
ventricular myocytes from adult mouse hearts
A, a typical sarcomere shortening record from RV (top trace) and LV
Endo (bottom trace). Both myocytes were paced in a sequence of 1,
0.5, 1 and 2 Hz and data were analysed at steady state. Calibration
bars: vertical, 0.3 μm; horizontal, 10 s. B, records of sarcomere
shortening averaged over 5–15 beats within the train of steady-state
contractions. Each trace is a typical example from RV, LV
subepicardium and LV subendocardium. C, plot of maximal sarcomere
shortening at the pacing frequencies of 0.5, 1 and 2 Hz. Statistical

monitored using Fura-4F, a Ca2+-sensitive fluorescence
indicator. In these experiments, the myocytes were paced
at 0.5, 1 and 2 Hz; and all [Ca2+]i transient measurements
were made at steady state. To account for the expected
Ca buffering by Fura-4F, the extracellular [Ca2+] was
increased to 1.8 mm. Figure 4A shows typical experimental
records (averaged over several beats, n = 5–15) from RV
and LV subendocardial cells. Each [Ca2+]i transient was
analysed in terms of its baseline value and the height of the
transient. Note that the amplitude of the Ca2+ transient
is significantly larger in the LV subendocardial myocytes
than in the RV myocytes (Fig. 4B) at 1 and 2 Hz. There
were no differences in diastolic [Ca2+]i (RV, 150 ± 30 nm;

LVendo, 177 ± 18 nm). In agreement with the data in
Fig. 3, maximum sarcomere shortening was greater in LV
endocardial myocytes than in RV myocytes (at 2 Hz: RV,
0.032 ± 0.005 μm; LVendo, 0.0516 ± 0.009 μm, P = 0.05,
t test) in this set of experiments.

K+ current density in RV and LV epicardial
and endocardial myocytes

The early phase of repolarization of the ventricular
AP in mouse heart is more rapid in the RV compared
to the LV (Knollmann et al. 2001) The APD is also
shorter in LV epicardial myocytes compared to LV endo-
cardial myocytes (Brunet et al. 2004). These differences
are caused mainly by larger outward repolarizing
K+ currents in the RV and in the LV epicardium. In
myocytes from adult mouse ventricle, the repolarizing K+

currents at depolarized membrane potentials, consist of
I to and IKur (Fiset et al. 1997; Xu et al. 1999; Brouillette
et al. 2004). We first sought to confirm that the K+ current
activated by depolarization differed in RV, LV epicardial
and LV endocardial myocytes from adult mouse heart.
Figure 5A illustrates typical examples of K+ currents
recorded during voltage-clamp step depolarization
between −50 mV and +30 mV from an HP of −80 mV
in RV, LV epicardial and LV endocardial myocytes. The
current–voltage (I–V ) relation of peak current density
was approximately linear above the threshold voltage
(Fig. 5B). When evaluated in terms of slope conductance
(−10 mV to +30 mV) peak K+ current density was
significantly larger in RV myocytes compared to LV

analysis revealed significant differences between RV, LV epicardium
and LV endocardium (two-way ANOVA with repeated measures;
P < 0.001). Testing at each stimulation frequency showed that RV
shortening (n = 84) was significantly less than LV subepicardial
shortening (n = 147) at 2 Hz (P < 0.01) and LV subendocardial
shortening (n = 150) at 0.5 Hz (P < 0.05), 1 Hz (P < 0.01) and 2 Hz
(P < 0.01). Additionally, there was a significant decrease in sarcomere
shortening in response to increases in stimulation frequency
(∗∗∗P < 0.001, 0.5 Hz versus 1 Hz and ††P < 0.01 1 Hz versus 2 Hz,
†††P < 0.001 1 Hz versus 2 Hz). Temperature, 21◦C.
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Table 1. Myocyte shortening parameters in response to 2-Hz pacing

Parameter RV LV Epi LV Endo

Baseline SL(μm) 1.738 ± 0.009 (6,84) 1.744 ± 0.005 (8147) 1.73 ± 0.005 (8150)
SL shortening (μm) 0.033 ± 0.003∗∗,‡‡ 0.041 ± 0.003†† 0.056 ± 0.004
Rise time 54.7 ± 1 51 ± 1 54.7 ± 1

(50% to peak, ms)
Decay time 117 ± 5∗∗, ‡‡ 103 ± 3 98 ± 3

(50% to baseline, ms)

Within parenthesis, the first number indicates the number of hearts, and the second number indicates
the total number of cells that have been studied. One-way ANOVA overall group difference P < 0.01.
Pairwise comparisons: RV (∗∗P < 0.01) and LVepi (††P < 0.01) different from LVendo; RV (‡‡P < 0.01)
different from LVepi.

endocardial myocytes (RV, 1.31 ± 0.15 pA−1 pF−1 mV−1;
LV Endo, 0.37 ± 0.05 pA−1 pF−1 mV−1, P < 0.05
ANOVA). This slope conductance was significantly larger
in LV epicardial myocytes compared to LV endocardial
myocyte (LV Epi, 1.0 ± 0.16 pA−1 pF−1 mV−1; LV Endo,
0.37 ± 0.05 pA−1 pF−1 mV−1, P < 0.05 ANOVA).

At membrane potentials near the resting potential, the
inward rectifier K+ current (IK1) constitutes a significant
repolarizing K+ current in mouse ventricle. IK1 was
recorded by applying, 500-ms steps between −120 mV
to −40 mV from an HP of −80 mV. Figure 5C shows
the I–V plot of IK1 density from RV, LV epicardial and
LV endocardial myocytes. Note that there were no inter-
ventricular and transmural differences in IK1 density
(Fig. 5C).

Ca2+ current density in RV and LV endocardial
myocytes

As noted, the very brief AP plateau in mouse ventricular
myocytes is modulated in part by the L-type Ca2+ current.
This Ca2+ influx triggers phasic contraction. In principle,
a larger calcium current could account for the greater
sarcomere shortening in LV myocytes. Therefore, we
compared L-type Ca2+ currents in RV and LV endocardial
myocytes because these populations of myocytes show the
greatest difference in APD and unloaded shortening. A
HP of −40 mV was used to inactivate the Na current.
To block K+ currents, intracellular KCl was replaced
isotonically by CsCl; TEA was added to the intracellular
and extracellular solution and 2.5 mm 4-aminopyridine
(4-AP) was added to the extracellular solution. L-type
Ca2+ currents were recorded in RV and LV endocardial
myocytes using rectangular depolarizing voltage-clamp
steps between −50 mV and +45 mV from an HP of
−40 mV. As shown in Fig. 6, there were no statistically
significant differences in the I–V relation of peak
Ca2+ current density between RV and LV endocardial
myocytes (Fig. 6; P = 0.11 by t test, RV versus LVendo at
V m = 0).

Does the rate of repolarization during the AP
modulate the Ca2+ current in mouse ventricle?

The duration of the early phase of repolarization of the
mouse AP is similar to that of the L-type Ca2+ current.

Figure 4. Region-specific differences in [Ca2+]i transients in
ventricular myocytes from adult mouse hearts
A, typical [Ca2+]i transients (averaged over 5–15 beats) recorded
during steady-state contractions from RV and LV endocardial myocytes
paced at 2 Hz with 2-ms stimuli. Calibration bar, 200 ms.
B, graph showing the height (systolic − diastolic) of the [Ca2+]i
transient in RV and LV endocardial myocytes at the pacing frequencies
of 0.5, 1 and 2 Hz. The height of the [Ca2+]i transient in RV myocytes
was significantly larger than that in LV subendocardial myocytes
(P < 0.03, two-way ANOVA with repeated measures).
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Thus the AP waveform may be an important modulator
of the amplitude and kinetics of the Ca2+ current. To
determine whether sarcolemmal Ca2+ influx is different
during the RV AP compared to the LV endocardial AP,

Figure 5. Region-specific differences in total outward K+

current and inward rectifier K+ current
A, superimposed traces of outward currents recorded in RV, LV
epicardial and LV endocardial myocytes during a voltage-clamp
protocol (HP, −80 mV; 500-ms depolarizing steps between −50 and
+40 mV). Calibration bars apply for all three traces. The capacitance
of the three myocytes was 70 pF (RV), 91 pF (LV Epi) and 49 pF (LV
Endo), respectively. B, I–V plot of peak current density of K+ current in
RV, LV epicardial and LV endocardial myocytes. In terms of slope
conductance of the respective I–V curves, RV and LV epicardial
myocytes are significantly different from LV endocardial myocytes (see
text). C, I–V relation of current density of the inward rectifier K+
current (IK1) recorded during 500 ms steps between −120 and
−30 mV from an HP of −80 mV. There were no significant differences
in IK1 between RV and LV myocytes.

Ca2+ currents were measured in voltage-clamp
experiments in which a digitally synthesized waveform
resembling the AP of the RV and the LV endocardium
was used as the command waveform. Figure 1 shows the
applied RV and LV endocardial waveforms. Note that the
only significant difference is the rate of repolarization
following the peak of the AP. The same superfustate
and Cs-based pipette solution were used as in the
experiments shown in Fig. 6 except that 30 μm TTX
was added to the extracellular solution to block the Na+

current. The experimental protocol consisted of the
application of 20 AP clamps having a selected waveform
at 2 Hz frequency. Figure 7A shows typical steady-state
recordings of Ca2+ current in an RV myocyte (left panel)
and in an LV endocardial myocyte (right panel) (see
Online Supplementary Material). To calculate the total
Ca2+ influx during each such AP clamp waveform,
the Ca2+ current was integrated. The integrals of the
currents shown in Fig. 7A are plotted in Fig. 7B. Note
that peak Ca2+ current was larger in response to RV AP

Figure 6. Lack of region-specific differences in the
current–voltage relation of the L-type Ca2+ current
I–V plot of peak current density of ICa,L in RV and LV endocardial
myocytes. A, ICa,L recorded during a voltage-clamp protocol using a
depolarizing step for 500 ms to 0 mV from an HP of −40 mV. INa was
inactivated by the HP of −40 mV and K+ currents were blocked by
isotonic replacement of K+ by Cs+, and the addition of 10 mM TEA
and 2.5 mM 4-AP. The right panel shows a recording from an RV
myocyte and the left panel illustrates a recording from an LV
endocardial myocyte. B, the I–V relation of peak ICa,L was determined
by 500-ms depolarizing steps from −50 to +45 mV from an HP of
−40 mV. There was no significant difference in the ICa,L I–V relation
between RV and LV endocardial myocytes.
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compared to LV endocardial AP. This was true irrespective
of myocyte origin (Fig. 7C). However, the integrated
Ca2+ current was significantly larger in response to LV
endocardial AP waveform, irrespective of the myocyte
origin (Fig. 7D). Figure 7E shows the strong correlation
between the integrated Ca2+ current for the RV AP and LV
endocardial AP (RV myocytes, R2 = 0.95; LV endocardial
myocytes, R2 = 0.96). The slope of the straight line fitted
to this data was 1.20 ± 0.14 (RV myocytes) and 1.22 ± 0.1
(LV endocardial myocytes).

Does the rate of repolarization during the AP
modulate myocyte shortening in mouse ventricle?

The larger total Ca2+ influx during the LV endocardial AP
command waveform suggests that myocyte contraction
could be modulated by the AP waveform. To assess whether
changing the repolarization rate of the AP modulates
myocyte contraction in mouse ventricle, myocyte
shortening was measured during AP clamp. The
extracellular solution was the same as that used for the
experiments shown in Fig. 8. In these experiments, the
pipette solution was to a standard K+-based solution. This
was considered to be necessary because K+ serves as an
effective counterion during SR Ca2+ release (Abramcheck
& Best, 1989). In these studies, Ca2+ buffering in the pipette
solution was reduced by the replacement of 5–10 mm

EGTA, which is usually used in our voltage-clamp
experiments, by 200 μm BAPTA. A sequence of 25 AP
clamp was applied at waveform 2 Hz. Each protocol
sequence was applied number of different times and the
command waveform was altered between the RV AP and
LV endocardial AP. To address the influence of a small
rundown of myocyte shortening between protocols, the
data for two successive RV AP protocol sequences were
interpolated. This allowed more meaningful comparison
of the intermediate data recorded using the LV end-
ocardial waveform. Figure 8 shows representative current
recordings (Fig. 8A) as well as the myocyte shortening
records from the same myocytes (Fig. 8B). Note that the
LV endocardial AP caused significantly larger myocyte
shortening in both RV and LV endocardial myocytes than
the RV waveform (Fig. 8C).

Sarcoplasmic reticulum Ca2+-ATPase activity

To determine whether the larger [Ca2+]i transient in LV
myocytes could be due to an intrinsically greater SR
Ca2+-ATPase activity in these myocytes, SR Ca2+-ATPase
activity was assessed in RV and LV endocardial tissue.
A 45Ca2+ flux assay was applied using SR vesicles
prepared from RV and LV subendocardium (Pagani &
Solaro, 1984). At the extravesicular [Ca2+] of 20 nm, 45Ca2+

flux was 0.66 ± 0.2 (RV) and 1.1 ± 0.37 (LVendo) and

at the extravesicular [Ca2+] concentration of 200 nm,
45Ca2+ flux was 49.5 ± 2 (RV) and 44.7 ± 6 (LVendo).
No statistically significant differences between RV and LV
endocardium were found.

mRNA expression of Ca2+-handing proteins in mouse
ventricular myocytes

To assess whether there are interventricular differences in
the expression levels of well-known Ca2+-handling
proteins in these myocytes, the relative mRNA
transcript level of SERCA2a, PLN, RyR2, NCX1 and
Cav1.2 were compared in RV, LV subepicardium and LV
subendocardium using quantitative PCR. No differences
in mRNA expression were identified (Fig. 9).

Can block of voltage-dependent K+ currents
modulate shortening in ventricular myocytes
from adult mouse?

In myocytes from adult mouse ventricle, the
depolarization-activated outward K+ current is composed
at least of two separate K+ conductances, I to and IKur.
These K+ currents have different voltage ranges for
activation and inactivation and also exhibit different
kinetics of inactivation (Xu et al. 1999; Brouillette et al.
2004). Both K+ currents are blocked by 4-AP (Josephson
et al. 1984; Brouillette et al. 2004). IKur is strongly inhibited
by 50–100 μm 4-AP (Fiset et al. 1997), while I to is blocked
by concentrations of 2–5 mm 4-AP (Brouillette et al.
2004). 4-AP (100 μm) markedly slows the rate of early
repolarization and broadens the AP at both early and later
phases (Brouillette et al. 2004) by blocking IKur.

To test whether the block of K+ currents can
affect unloaded shortening in mouse ventricular
myocytes, sarcomere shortening was recorded in RV,
LV epicardial and LV endocardial myocytes exposed to
100 μm 4-AP which blocks IKur. The [Ca2+]o was 1 mm

in these experiments as in the initial studies, (Fig. 3).
In all experiments, 100 μm 4-AP increased maximal
sarcomere shortening in RV, LV epicardial and LV
endocardial myocytes compared to the maximal sarcomere
shortening at the same stimulus frequencies in the
absence of 4-AP (Fig. 10). However, even with 100 μm

4-AP present, sarcomere shortening in RV myocytes
was smaller than in LV subendocardial myocytes.
Increasing the stimulation frequency from 0.5 to 1 and
2 Hz, decreased sarcomere shortening for RV myocytes
(P < 0.001). This also appeared to be the case for LV
epicardial myocytes although the small difference failed
to reach statistical significance (P = 0.06). In contrast, the
shortening versus frequency relationship was flat for LV
endocardial myocytes.
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Figure 7. Ca2+ currents elicited by RV and LV endocardial AP clamp in myocytes from RV or LV
endocardium
A, Ca2+ currents recorded during an RV AP (solid line) and LV endocardial AP (dashed line) in an RV myocyte
(left panel) and an LV endocardial myocyte (right panel). Sequences of either 20 RV AP clamp waveforms or
20 LV endocardial AP clamp waveforms were applied at 2 Hz. Following leak-subtraction, the inward current
was averaged over the train of steady-state current recordings. INa was blocked by 30 μM TTX and K+ currents
were blocked by isotonic replacement of K+ by Cs+, and addition of 10 mM TEA and 2.5 mM 4-AP (see Methods).
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Millimolar levels of 4-AP would be required to block
both I to and IKur. However, experiments could not be
done in the presence of 3–5 mm 4-AP; many myocytes
exhibited rapid, spontaneous contractions. This precluded
meaningful measurements of resting sarcomere length and
field-stimulated phasic contractions (data not shown).

Discussion

Summary of main findings

The present study demonstrates large and consistent
differences in sarcomere shortening between unloaded
myocytes isolated from RV and LV myocardium of
the adult mouse heart. These differences in maximal
shortening are both interventricular and transmural as
demonstrated by the significant differences in sarcomere
shortening of myocytes from LV subepicardium and LV
subendocardium. The transmural difference in sarcomere
shortening is consistent with a somewhat similar
‘mechanical gradient’ described for myocytes isolated
from dog LV epicardium and endocardium (Cordeiro et al.
2004). Our data (Fig. 3) show that whether assessed in
terms of maximal contraction or by maximal shortening
velocity, unloaded shortening of myocytes from RV is less
than that of LV myocytes. In addition, unloaded shortening
of LV epicardial myocytes is less than that of LV endocardial
myocytes. [Ca2+]i measurements reveal corresponding
differences in [Ca2+]i transients between RV and LV
endocardial myocytes. In particular, the peak values of
[Ca2+]i are significantly larger in LV endocardial myocytes.
These results suggest that different [Ca2+]i dynamics in
RV, LV epicardium and LV endocardium are an important
factor which can regulate the differences in unloaded
myocyte shortening that were observed in these tissues.

Difference from previously reported results
with cat myocytes

It should be noted that in cat, no differences in
contractile properties were observed between RV and LV
myocytes (Kleiman & Houser, 1988). It is interesting that
in this same study, no differences in APD between RV and
LV were identified. On the other hand in studies of rat,

B, the integral of the inward Ca2+ current from A. C, mean peak Ca2+ current density recorded during AP
clamp. Note that the peak current recorded during LV endocardial AP clamp was significantly smaller (compared
using paired t test) than during RV AP clamp for both RV myocytes and LV endocardial myocytes. There was no
difference in peak Ca2+ current between RV and LV endocardial myocytes. D, mean integral of the Ca2+ current
(total charge, Q) entering the myocyte, expressed in terms of myocyte capacitance. Total charge entering both RV
and LV endocardial myocytes is significantly greater with the LV endocardial AP waveform than with the RV AP
voltage-clamp waveform. E, the correlation between the total charge entry during an RV AP compared to during
an LV endocardial AP. The solid line shows the linear regression fit for RV myocytes and the dashed line is the fit
for LV endocardial myocytes. Note that the correlation is very similar for both myocyte populations. The slope of
the lines are 1.2 ± 0.14 (RV myocytes) and 1.22 ± 0.1 (LV endo myocytes). F. Confirmation of the recording of a

the force generation of RV papillary muscle was less than
that of LV papillary muscle and the shortening velocity of
isolated RV myocytes was less than that of LV myocytes
(Brooks et al. 1987; Harding et al. 1990). LV transmuted
that electrophysiological differences are manifest in mouse
(Brunet et al. 2004), rat (Casis et al. 1998) and dog
(Di Diego et al. 1996; Antzelevitch & Dumaine, 2001) and
that these differences may play a role in chamber-specific
myocyte contractile properties, the results from cat may
reflect a species-specific phenotype.

Regional differences in cardiac electrophysiology
in mouse ventricle

Shorter APD in the RV relative to LV as well as shorter APD
in LV epicardium relative to LV endocardium have been
identified in studies in a number of different mammalian
ventricles (Clark et al. 1993; Di Diego et al. 1996;
Knollmann et al. 2001). In general, this pattern of APD
differences correlates with a similar pattern of K+ current
density (RV > LV and LV epi > LV endo)(Clark et al. 1993;
Di Diego et al. 1996; Brunet et al. 2004). In contrast, we
did not observe a statistically significant difference in the
I–V relation of ICa,L peak current density of RV vs LV myo-
cytes. Thus, our data do not support the hypothesis that a
reduced ICa,L density is responsible for the shorter RV APD.
Furthermore, the lack of regional differences in the mRNA
transcript level of Cav1.2, the α-subunit of the L-type Ca2+

channel (Fig. 9), is consistent with the conclusion that a
reduction in Cav1.2 in the RV is not responsible for the
shorter RV APD.

Effect of AP waveform on Ca2+ currents
and myocyte shortening

The initial repolarization rate as well as AP height
and duration are important inotropic factors (Wood
et al. 1969; Allen, 1977). As shown in our previous
AP-controlled voltage-clamp study in rat ventricular
myocytes, slowing the rate of the initial repolarization
of the AP increased the total amount of Ca2+

entry per AP waveform and also increased maximal
myocyte shortening (Bouchard et al. 1995). The larger
total Ca2+ entry per AP myocytes provide a larger
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Figure 8. Unloaded myocyte shortening in RV and LV endocardial myocytes due to applied RV and LV
endocardial AP voltage clamp waveform
A, Ca2+ currents recorded using an RV AP waveform (solid line) and LV endocardial AP waveform (dashed line) in
an RV myocyte (left panel) and an LV endocardial myocyte (right panel). The experimental protocol was the same
as in Fig. 6 except that the stimulation sequence consisted of 25 AP clamps at 2 Hz. B, record of average myocyte
shortening at steady state (determined from the shortening data). Contractions were triggered by the sequence
of AP clamps from the same myocytes from which Ca2+ currents were recorded for panel A. The solid line shows
shortening in response to the RV AP and the dashed line shows shortening in response to the LV endocardial AP.
C, scatter plot of myocyte shortening due to RV AP and LV endocardial AP waveforms in individual myocytes.
The connecting broken lines indicate the effect of switching AP waveform on the same myocyte. The open boxes
with error bars show the mean data with S.E.M. Note that myocyte shortening was significantly greater with the
LV endocardial AP than with the RV AP (paired t test) in both RV (left panel) and LV endocardial myocytes (right
panel).

C© 2006 The Authors. Journal compilation C© 2006 The Physiological Society



J Physiol 571.1 Interventricular heterogeneity of cardiac myocyte contractions 143

trigger for SR Ca2+ release. If it persists (e.g. APD are
prolonged for a substantial time period), the Ca2+ influx
results in enhanced SR Ca2+ loading and increased SR Ca2+

content. The evidence provided by Bouchard et al. (1997)
suggests that slowing repolarization has a modest effect on
the Ca2+ trigger for SR release but a greater effect on SR
Ca2+ loading in rat ventricular myocytes.

This finding and subsequent results by others
(Sah et al. 2003) suggests the possibility that the
slower repolarization of the LV endocardial AP might
contribute to the larger sarcomere shortening in LV end-
ocardial myocytes. Figures 7 and 8 confirm that slowing
repolarization can increase. The total influx of Ca2+ and
myocyte shortening in mouse ventricular myocytes. These
results also show that the quantitative effect of AP
waveform on Ca2+ entry and myocyte shortening is
independent of the anatomical origin of the myocyte. Thus
the data strongly suggest that the regional differences in
AP waveform, and in repolarization rate in particular, are
critical for explaining the regional differences in myocyte
contraction and Ca2+ handling.

We did not directly explore the mechanisms underlying
the transmural differences in sarcomere shortening in the
LV. However, given the similar, albeit smaller in magnitude,
differences in outward K+ current density (Fig. 5) and APD
(Knollmann et al. 2001), a similar pattern of differences
would be expected. Previous work using AP-controlled
voltage clamp with rat ventricular myocytes, has shown
that switching the voltage clamp from an epicardial-like AP
to an endocardial-like AP in the same ventricular myocyte

Figure 9. Quantitative PCR of gene expression major of Ca2+

handling proteins in mouse ventricle tissue
Comparison of mRNA levels of SERCA2a, PLB, RyR2, PLB and Cav1.2
in RV and LV endocardial tissue. The mRNA expression levels of these
proteins and the reference that compound GAPDH in RV, LV
epicardium, LV endocardium and whole heart, were quantified by
real-time PCR. The mRNA levels of the Ca2+-handling proteins were
normalized relative to the GAPDH mRNA expression level. The
expression level in RV, LV epicardium and LV endocardium were
expressed as a ratio relative to the expression level in the whole heart.
There were no observed differences between RV, LV epicardium and LV
endocardium.

significantly increased the amount of Ca2+ entry (Volk &
Ehmke, 2002).

Other potential mechanisms causing regional
differences in myocyte shortening

Despite the consistent difference in [Ca2+]i transients
between RV and LV myocytes, our measurements of 45Ca2+

uptake in SR vesicles isolated from RV and LV endocardial
tissue homogenates demonstrate that there is no
measurable difference in intrinsic SR Ca2+ pump activity
between RV and LV (Fig. 7). A quantitative PCR analysis
failed to reveal any differences in the mRNA transcript
levels of five important Ca2+ handling proteins (SERCA2a,
phospholambam, NCX1, RYR2 and Cav1.2) (Fig. 9).
However, our results do not exclude the possibility of other
differences in Ca2+ handling in addition to the mechanism
we have studied. A more complete analysis would require
an assessment of the protein levels of the components of the
Ca2+-handling system, including their phosphorylation
state and changes in the setting of adrenergic signalling
in RV, LV epicardium and LV endocardium. Furthermore,
the AP waveform-dependent mechanism operates on a
rapid time scale (several beats), while changes in the
phosphorylation state of Ca2+-handling proteins are likely
to provide slower, longer-term regulation of the contractile
state. Thus, our AP waveforms differences can produce
regional conclusion that variations of myocyte contraction

Figure 10. Sarcomere shortening in the presence
of the K+ current blocker, 100 μM 4-aminopyridine
Plot of maximal sarcomere shortening recorded during steady state at
three different pacing frequencies of 0.5, 1 and 2 Hz in myocytes from
RV, LV epicardium and LV endocardium. Also shown on this plot is the
sarcomere shortening data from Fig. 3 without 4-AP for comparison.
In the presence of 100 μM 4-AP, maximal sarcomere shortening for all
three types of ventricular myocytes is significantly larger than without
4-AP. There were significant differences in sarcomere shortening
between RV, LV epicardium and LV endocardium (two-way ANOVA
with repeated measures, P = 0.05). Increasing stimulation frequency
decreased sarcomere shortening for RV myocytes (∗P < 0.05, 0.5Hz
versus 1Hz and †P < 0.05 1 Hz versus 2 Hz; one-way ANOVA with
repeated measures).
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could in parallel e.g. a mechanism involving could be
modulated by differential phosphorylation.

Based on the findings on this study, we cannot exclude
the possibility that there are region-specific differences
in the Ca2+ sensitivity of the contractile proteins in the
myofilaments. Therefore, it is possible that a lower Ca2+

sensitivity of the contractile proteins in the RV compared
to the LV may contribute to an overall reduction in myocyte
shortening in RV myocytes compared to LV myocytes.

Similarly, we cannot exclude the possibility that a
specific feature of the experiments (e.g. temperature)
contributed to this pattern of findings. In previous studies,
APs have been measured in the RV epicardium, LV
epicardium and LV endocardium of the intact mouse
heart perfused at physiological temperatures (Knollmann
et al. 2001). Regional differences of APD are present
at all of these temperatures. The large current densities
(Na+ and K+), which are characteristic of murine
and rat myocytes, make it difficult if not impossible
to ensure adequate voltage control in single-electrode,
voltage-clamp experiments in these species at physio-
logical temperatures (Bouchard et al. 1995; Clark,
Bouchard and Giles, 1996). Accordingly, we have
conducted the experiments at room temperature where
difficulties with voltage control are reduced.

Effect of the block of K+ currents
on myocyte shortening

In our study, blocking one component of the time-
and voltage-dependent K+ current (IKur or IKv1.5) with
100 μm 4-AP, increased unloaded sarcomere shortening
(Fig. 10). This is consistent with our previous work in
which 50 μm 4-AP increased the force of contraction in
the isolated, working mouse heart (Fiset et al. 1997). In
RV myocytes, 100 μm 4-AP has been shown to increase
time from peak AP to 50% repolarization (APD50) from 4
to 15 ms (Brouillette et al. 2004); thus, the mechanism of
the 4-AP-induced inotropic effect is probably due to the
effect of slowed repolarization and prolonged APD on net
Ca2+ influx.

It is important to note that 100 μm 4-AP did not
eliminate the regional differences in sarcomere shortening.
It is possible that after the block of IKur (Kv1.5) there
are still differences in AP repolarization between RV, LV
epicardial and LV endocardial myocytes. However, we did
not measure the effect of 100 μm 4-AP on APD50 in LV
epicardial and LV endocardial myocytes.

Frequency dependence of sarcomere shortening

A change in the stimulation frequency causes a change in
force generation by cardiac muscle (Blinks & Koch-Weser,
1961; Bers, 2001; Georgakopoulos & Kass, 2001; Stuyvers
et al. 2002). In mouse ventricular myocytes, we observed a

negative frequency dependence between the stimulation
frequencies of 0.5 and 2 Hz at 19–21◦C. In mouse
ventricular myocytes, the relation between stimulation
frequency and steady-state sarcomere shortening has been
shown to be dependent on the balance between a decrease
in ICa,L with increasing stimulation frequencies, and an
increase in SR Ca2+ loading at higher frequencies (Antoons
et al. 2002). Our data suggest that this balance of Ca2+ entry
and SR Ca2+ loading differs between ventricular myocytes
from RV, LV epicardium and LV endocardium.

Physiological relevance of these results

Our findings are consistent with the previously identified
relationship between K+ current density, APD and myo-
cyte shortening (Bouchard et al. 1995; Volk et al. 1999; Sah
et al. 2003). Thus, sarcomere shortening was largest in LV
endocardial myocytes where the K+ current density is
smallest (Brunet et al. 2004). In fact, sarcomere shortening
varied approximately inversely with total outward K+

current density and APD (Knollmann et al. 2001; Brunet
et al. 2004) in mouse heart. In summary, our data suggest
that regional differences of outward K+ current density
may play a role in modulating excitation–contraction
coupling in addition to its established role in setting
the gradient for early repolarization of the AP
(Antzelevitch, 2001; Kuo et al. 2001; Costantini et al.
2005).

It should be noted that in the present study, the
RV myocyte population was a mixture of RV epicardial
and RV endocardial myocytes. The thin wall of the
RV prevented an unambiguous separation of myocytes
from these two regions. Transmural differences in
repolarization across the RV wall have been reported
(Knollmann et al. 2001); thus, it is probable that
transmural differences exist in contractile properties of
RV myocytes.

Contraction of the intact ventricular chamber involves
a torsional twisting of the laminar architecture of the
myocardial fibres (Costa et al. 1999). How a trans-
mural gradient of contractile properties of LV myo-
cytes contributes to this remains unknown. However,
a recent simulation study has indicated that trans-
mural heterogeneity of repolarization provides an
electromechanical advantage in myocardial mechanics
(Nickerson et al. 2005).

Limitations of this study

The known anatomical differences between the right
and left mammalian ventricles present a significant
limitation for detailed comparisons of contractility. These
variations include differences in fibre orientation and
muscle thickness. Thus, studies of force generation by
ventricular trabeculae would be difficult to inter-
pret given the differential fibre orientation and
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muscle thickness in RV and LV. Isolated myocytes
provide an opportunity to measure contractile
characteristics from well-defined, reproducible sites
in the myocardium. Another limitation of our approach
uncertainly concerning is whether differences in unloaded
shortening parameters measured at room temperature
are a reliable index of in vivo contractility. This has
not been addressed in this paper. Nonetheless, our
results demonstrate substantial, consistent differences in
contractile behaviour between RV and LV and provide
new insights into the potential mechanisms responsible
for distinct RV and LV pathophysiology in models of
cardiac disease (Grattan et al. 2005). Finally, studies
have identified different RV and LV diastolic filling
patterns in mouse heart (Zhou et al. 2003) and revealed
a significant role of preload in regulating murine cardiac
contractility (Stull et al. 2002). Accordingly in vivo, the
reduced unloaded shortening in RV myocytes may arise
from the distinct pressure profiles of the right and left
chambers of the mouse heart as well as intrinsic differences
in APD.
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