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Regulation of systolic [Ca2+]i and cellular Ca2+ flux balance
in rat ventricular myocytes by SR Ca2+, L-type Ca2+ current
and diastolic [Ca2+]i

K. M. Dibb, D. A. Eisner and A. W. Trafford

Unit of Cardiac Physiology, University of Manchester, Core Technology Facility, 46 Grafton Street, Manchester M13 9NT, UK

The force–frequency response is an important physiological mechanism regulating cardiac

output changes and is accompanied in vivo byβ-adrenergic stimulation. We sought to determine

the role of sarcoplasmic reticulum (SR) Ca2+ content and L-type current (I Ca-L) in the frequency

response of the systolic Ca2+ transient alone and during β-adrenergic stimulation. Experiments

(on single rat ventricular myocytes) were designed to be as physiological as possible. Under

current clamp stimulation SR Ca2+ content increased in line with stimulation frequency (1–8 Hz)

but the systolic Ca2+ transient was maximal at 6 Hz. Under voltage clamp, increasing frequency

decreased both systolic Ca2+ transient and I Ca-L. Normalizing peak I Ca-L by altering the test

potential decreased the Ca2+ transient amplitude less than an equivalent reduction achieved

through changes in frequency. This suggests that, in addition to SR Ca2+ content and I Ca-L,

another factor, possibly refractoriness of Ca2+ release from the SR contributes. Under current

clamp, β-adrenergic stimulation (isoprenaline, 30 nM) increased both the Ca2+ transient and

the SR Ca2+ content and removed the dependence of both on frequency. In voltage clamp

experiments, β-adrenergic stimulation still increased SR Ca2+ content yet there was an inverse

relation between frequency and Ca2+ transient amplitude and I Ca-L. Diastolic [Ca2+]i increased

with stimulation frequency and this contributed substantially (69.3 ± 6% at 8 Hz) to the total

Ca2+ efflux from the cell. We conclude that Ca2+ flux balance is maintained by the combination

of increased efflux due to elevated diastolic [Ca2+]i and a decrease of influx on I Ca-L on each

pulse.

(Received 25 July 2007; accepted after revision 5 October 2007; first published online 11 October 2007)

Corresponding author K. M. Dibb: Unit of Cardiac Physiology, University of Manchester, Core Technology Facility, 46

Grafton Street, Manchester M13 9NT, UK. Email: katharine.dibb@manchester.ac.uk

In cardiac muscle changes in stimulation frequency alter
the force of contraction. This so-called ‘force–frequency’
response is an important mechanism by which cardiac
output changes to meet the varying metabolic demands of
the body. The force–frequency response is also observed
in isolated cardiac myocytes and is accompanied by a
frequency-dependent acceleration of the rate of decay
of the systolic Ca2+ transient (Hussain et al. 1997). The
nature of the force–frequency response varies between
studies with some reporting a positive (Janssen et al. 2002;
Antoons et al. 2002), some a negative (Bouchard & Bose,
1989; Maier et al. 2000) and even some showing both
positive and negative staircases (Layland & Kentish, 1999;
Kassiri et al. 2000). There are several potential mechanisms
underlying these disparate results: (i) the use of stimulation
rates that are non-physiological for the species concerned,
(ii) ranges in experimental temperature between 23 and
37.5◦C, and (iii) the species used.

Most of the Ca2+ required for the activation of
contraction is released from the sarcoplasmic reticulum
(SR) in response to Ca2+ entering the cell via ICa-L

during the action potential. Both the SR Ca2+ content
and ICa-L regulate the amplitude of the systolic Ca2+

transient (Bassani et al. 1995; Trafford et al. 2000, 2001).
Additionally, with changes in stimulation frequency it is
reported that, depending on the experimental conditions,
ICa-L can be either increased (facilitated) (Guo & Duff,
2003; Picht et al. 2007) or reduced (Antoons et al.
2002), and thus also potentially contributing to the
mixed reports above. Furthermore, in vivo increases in
heart rate are due to increased β-adrenergic stimulation.
β-Adrenergic stimulation results in the phosphorylation
of key cellular proteins involved in regulating [Ca2+]i,
e.g. ICa-L and phospholamban, and thus the activity
of the SR Ca2+-ATPase (see Bers, 2001 for review).
However, how such β-adrenergic stimulation modulates
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the frequency-dependent response of isolated cardiac
myocytes remains unclear particularly at physiologically
relevant rates of stimulation and temperature. Another
important question concerns how Ca2+ flux balance is
maintained at increased frequencies since each action
potential results in Ca2+ entry into the cell via ICa-L and
therefore one might expect increased influx per unit time
at higher frequencies.

The aims of this work were therefore to determine: (i)
the mechanisms responsible for the frequency-dependent
changes in Ca2+ transient amplitude and how these
are altered by β-adrenergic stimulation, and (ii) how
cellular Ca2+ flux balance is maintained as stimulation
frequency is elevated. We have used conditions designed
to be as physiologically relevant as possible (stimulation
rates, temperature, current clamp and perforated patch to
minimize intracellular dialysis). The main findings are that
SR Ca2+ content increases with stimulation rate yet Ca2+

transient amplitude shows a biphasic (increasing and then
decreasing) response. Changes in ICa-L are involved but do
not fully explain the dissociation between SR Ca2+ content
and Ca2+ transient amplitude. β-Adrenergic stimulation
flattens both the frequency–Ca2+ transient amplitude and
frequency–SR Ca2+ content relationships. Finally, Ca2+

flux balance is maintained by a combination of decreased
Ca2+ entry per pulse and an increase of diastolic [Ca2+]i.

Methods

All experiments accord with the United Kingdom Animals
(Scientific Procedures) Act 1986.

Cell isolation and [Ca2+]i measurements

Rats were killed by stunning and cervical dislocation,
and single ventricular myocytes were isolated using
an enzymatic digestion process as previously described
(Trafford et al. 1997). Changes in intracellular Ca2+

concentration ([Ca2+]i) were measured using Fluo-3
AM as previously described (Dibb et al. 2004). Briefly,
myocytes were loaded with 5 μm Fluo-3 AM for 5 min
at room temperature before resuspension in a modified
Tyrode solution containing (mm): NaCl, 134; glucose, 11.1;
Hepes, 10; KCl, 4; MgCl2, 1.2; CaCl2, 1 and titrated to
pH 7.35 using NaOH. Myocytes were left for at least 30 min
for the indicator to de-esterify prior to experimentation.
Fluorescence was excited at 488 nm and emitted light
(> 520 nm) converted to [Ca2+]i assuming a K d of 864 nm
(Ito et al. 2000). The rates of decay of the systolic and
caffeine evoked Ca2+ transients were obtained by fitting
single exponential functions to the decay phase of the
transient. In each cell the decay curve was fitted over the
same range of [Ca2+]i. All experiments were performed at
37 ± 0.1◦C using a heat superfusion system (Cell Micro-
Controls, Norfolk, VA, USA).

Cell electrophysiology and SR Ca2+ content
measurements

All experiments were performed using the perforated
patch clamp technique under current- or voltage-clamp
control (using switch-clamp compensation for series
resistance errors) using the AxoClamp 2B voltage clamp
amplifier (Axon Instruments, Union City, CA, USA) as
previously described (Dibb et al. 2004). Micropipettes
(< 2 M�) were filled with (mm): KCH3O3S, 125; KCl, 20;
NaCl, 10; Hepes, 10; MgCl2, 5; titrated to pH 7.2 with KOH
and amphotericin-B (final concentration 240 μg ml−1).
Myocytes were stimulated to elicit action potentials
(current clamp) or ICa-L (voltage clamp) over a range
of frequencies (1–8 Hz) encompassing the physiological
range for the rat. Isoprenaline (30 nm) was used to
investigate the effects of β-adrenergic stimulation.

SR Ca2+ content was assessed following trains of action
potentials by rapidly switching to voltage clamp control at a
holding potential of −80 mV and applying 10 mm caffeine
to discharge SR Ca2+. The resultant Na+–Ca2+ exchanger
current was integrated and corrected for Ca2+ removal
by non-electrogenic mechanisms as previously described
(Varro et al. 1993).

Frequency-dependent effects on ICa-L were investigated
under voltage clamp control using a holding potential of
either−40 mV or−80 mV and a 50 ms test pulse to 0 mV at
the above range of frequencies. In some experiments where
a holding potential of −80 mV was used (Figs 5, 6 and 7),
30 μm tetrodotoxin (TTX) was added to the superfusate
to block the fast sodium current.

The SR-dependent rate of Ca2+ uptake (kSR) was
calculated by subtracting the rate of decay of the caffeine
evoked Ca2+ transient (kcaff, e.g. Fig. 2B, where SR
mediated Ca2+ uptake is effectively inhibited) from the
rate of decay of the systolic Ca2+ transient (ksys, where SR
and sarcolemmal Ca2+ efflux are active) (Dı́az et al. 2004).

Statistics

All data are presented as mean ± standard error of the
mean (s.e.m.) for n experiments. Tests for differences
were performed using repeated measures analysis of
variance with a suitable post hoc test or Student’s t test
where appropriate. P < 0.05 was considered significant.

Results

Frequency dependence of the systolic Ca2+ transient

The results of a typical experiment are illustrated in
Fig. 1A. At physiological rates of stimulation for the
rat (4–8 Hz), diastolic [Ca2+]i increases with frequency
(Fig. 1B, 4 Hz, 155 ± 25 nm; 6 Hz, 202 ± 31 nm; 8 Hz,
255 ± 39 nm; n = 11–14 cells, P < 0.001). However, the
amplitude of the systolic Ca2+ transient is greatest at
6 Hz (Fig. 1B, 4 Hz, 244 ± 21 nm; 6 Hz, 319 ± 28 nm; 8 Hz,
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279 ± 27 nm; P < 0.01 for 4 and 8 Hz versus 6 Hz and
P < 0.05 for 4 Hz versus 8 Hz). Thus under physio-
logical conditions of temperature and frequency the
amplitude of the Ca2+ transient does not simply increase
with stimulation frequency. Changes in action potential
duration are examined in Fig. 1C and D. Whilst the
time to 90% repolarization increases between 4 and 6 Hz
with the larger Ca2+ transient amplitude (51.7 ± 3 versus
62.8 ± 5 ms, P < 0.05) there is no further change in action
potential duration at 8 Hz (59.1 ± 8 ms). Given that action
potential duration was unchanged between 6 and 8 Hz
other factors must underlie the decrease in Ca2+ transient
amplitude between these frequencies. In the next sections
we investigate whether changes of SR Ca content or ICa-L

contribute.

A role for enhanced SERCA function
and SR Ca2+ content?

Figure 1E shows normalized systolic Ca2+ transients.
With increasing stimulation frequency the rate of

Figure 1. Frequency dependence of the systolic Ca2+ transient, action potential duration and SR function
during current clamp stimulation
A, slow time course of a typical experiment showing the effects of stimulation rate on [Ca2+]i. Action potentials
were initiated at the frequencies indicated by a 2–4 ms depolarizing current pulse. B, mean data summarizing
the frequency dependence of diastolic [Ca2+]i (open symbols) and Ca2+ transient amplitude (filled symbols). C,
representative action potentials obtained at the stimulation frequencies indicated. D, mean data summarizing time
to 90% repolarization of the action potential. E, normalized Ca2+ transients illustrating frequency-dependent
acceleration of [Ca2+]i decay. F, mean data summarizing rate decay constant of the systolic Ca2+ transient. G,
mean data summarizing the SR dependent rate of Ca2+ removal. ∗P < 0.05, #P < 0.01 and §P < 0.001.

decay of [Ca2+]i accelerates (4 Hz, 13.7 ± 0.6 s−1; 6 Hz,
20.8 ± 0.9 s−1; 8 Hz, 24.2 ± 1.4 s−1; P < 0.01, Fig. 1F).
Given that SERCA is the primary route for Ca2+ removal
this accelerated rate of decay is indicative of enhanced
SERCA function and indeed kSR (the SR dependent rate
constant) increases with stimulation frequency (4 Hz,
11.1 ± 0.9 s−1; 6 Hz, 16.6 ± 0.8 s−1; 8 Hz, 19.5 ± 1.5 s−1;
P < 0.05, Fig. 1G).

Figure 2A illustrates the experimental protocol to
determine SR Ca2+ content following current clamp
stimulation. After a switch to voltage clamp control
10 mm caffeine was rapidly applied to the cell to
discharge SR Ca2+ (Fig. 2B). SR Ca2+ content increased
with stimulation frequency (4 Hz, 69.2 ± 5 μmol l−1;
6 Hz, 94.2 ± 7 μmol l−1; 8 Hz, 110 ± 7 μmol l−1; P < 0.05,
n = 12 cells, Fig. 2C). Figure 2D examines the relationship
between [Ca2+]i and Na+–Ca2+ exchange current obtained
during the decay phase of the caffeine evoked Ca2+

transient when [Ca2+]i and Na+–Ca2+ exchange current
are in equilibrium (Trafford et al. 1998). The data have
been fitted with linear regressions, the slopes of which
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do not change with stimulation frequency indicating
that Na+–Ca2+ exchanger function does not change
under these conditions (4 Hz, −0.186 pA nm

−1; 6 Hz,
−0.192 pA nm

−1; 8 Hz, −0.184 pA nm
−1). Taken together

the increased SR Ca2+ content, enhanced SERCA mediated
Ca2+ uptake rate and unaltered relationship between
[Ca2+]i and Na+–Ca2+ exchange current are consistent
with an increase in SERCA function being responsible for
the frequency dependent acceleration of the systolic Ca2+

transient. However, it is clear from the data of Figs 1 and 2
that changes in [Ca2+]i with stimulation frequency do not
follow those of SR Ca2+ content.

The effects of frequency under voltage clamp
conditions

In the next series of experiments we used voltage
clamp stimulation since (i) this eliminates any effects
due to changes of action potential duration, and (ii)
it makes it possible to evaluate the role of changes

Figure 2. Modulation of SR Ca2+ content by stimulation frequency
A, schematic of the experimental protocol used to quantify SR Ca2+ content following current clamp stimulation.
B, quantification of SR Ca2+ content following steady state stimulation at the frequencies indicated. Caffeine
at 10 mM was applied for the time indicated by the filled bars resulting in a caffeine evoked Ca2+ transient
(top), inward Na+–Ca2+ exchange current (centre) which when integrated gives a quantitative measure of SR
Ca2+ content (lower). C, mean data summarizing SR Ca2+ contents at the stimulation frequencies indicated. D,
Na+–Ca2+ exchange current as a function of [Ca2+]i obtained during the decay phase of the caffeine evoked Ca2+
transient. 4 Hz, black; 6 Hz, blue; 8 Hz, green. ∗P < 0.05.

of ICa-L. Figure 3A shows a typical experimental record
for this type of experiment. A baseline frequency of
1 Hz was chosen in these experiments in order to allow
the effects of recovery of ICa-L from inactivation to
be studied. Figure 3B shows representative Ca2+ trans-
ients and summarizes the mean data for changes in
diastolic [Ca2+]i and Ca2+ transient amplitude. Under
these voltage clamp conditions (holding potential of
−40 mV, 50 ms duration step to 0 mV) diastolic [Ca2+]i

increases with stimulation frequency (1 Hz, 120 ± 11 nm;
4 Hz, 133 ± 11 nm; 6 Hz, 156 ± 13 nm; 8 Hz, 179 ± 18 nm.
P < 0.05, n = 9–10 cells, centre panel) whereas (in contrast
to the current clamp data of Fig. 1) the amplitude of
the systolic Ca2+ transient decreased (1 Hz, 263 ± 30 nm;
4 Hz, 217 ± 30 nm; 6 Hz, 153 ± 23 nm; 8 Hz, 87 ± 17 nm.
P < 0.01, lower panel). The frequency-dependent decrease
in Ca2+ transient amplitude was mirrored by reductions
in peak ICa-L. Figure 3C shows representative current
records and summarizes the mean data for peak ICa-L

density and rate of inactivation of ICa-L. Peak ICa-L
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density is inversely related to stimulation frequency
(1 Hz, 7.45 ± 0.9 pA pF−1; 4 Hz, 5.18 ± 0.7 pA pF−1; 6 Hz,
3.66 ± 0.5 pA pF−1; 8 Hz, 2.36 ± 0.3 pA pF−1; P < 0.05,
centre panel) whilst the time constant of inactivation
of ICa-L increased with rate (1 Hz, 8.77 ± 0.6 ms; 4 Hz,
9.45 ± 0.6 ms; 6 Hz, 10.6 ± 0.7 ms; 8 Hz, 12.2 ± 0.8 ms;
P < 0.05, lower panel).

In contrast to the opposite effects of frequency on the
amplitude of the Ca2+ transient between current clamp
and voltage clamp, other parameters were not greatly
different with the two methods of stimulation. Thus
increasing stimulation frequency still increased the rate
constant of decay of the systolic Ca2+ transient (data not
shown) and SR Ca2+ content increased with stimulation
frequency between 1 and 6 Hz although there was no
significant change between 6 and 8 Hz (1 Hz, 79.6 ± 8;
4 Hz, 86.9 ± 7; 6 Hz; 94.1 ± 8; Fig. 3B lower panel).

The above data raise two important questions: (i) is
the decrease of the systolic Ca2+ transient caused by the
observed decrease of the amplitude of ICa-L? (ii) Is the

Figure 3. The frequency–[Ca2+]i relationship is
altered under voltage clamp conditions
A, experimental time course showing typical relationship
between [Ca2+]i and stimulation frequency in a voltage
clamped myocyte. Cells were stimulated with 50 ms
depolarizing step to 0 mV from a holding potential of
−40 mV at the frequencies indicated. B, upper, typical
systolic Ca2+ transients obtained at the frequencies
indicated; centre, mean data summarizing Ca2+
transient amplitude (filled symbols) and diastolic [Ca2+]i
(open symbols); lower, SR Ca2+ content in control and
isoprenaline. C, top, membrane current records for the
same Ca2+ transients shown in B; centre, mean data
summarizing peak inward ICa-L; lower, time constant of
ICa-L inactivation. ∗P < 0.05, #P < 0.01 and §P < 0.001
when compared to previous frequency.

decrease of ICa-L with increased frequency due to the
depolarized (−40 mV) membrane potential used in these
experiments? We will consider these in turn.

Do changes in ICa-L fully explain the
frequency–systolic [Ca2+]i relationship?

The next series of experiments was designed to determine
if the reduction in peak ICa-L is responsible for the
change in Ca2+ transient amplitude. In these experiments
the effects of increasing frequency were compared with
those of decreasing peak ICa-L by reducing the amplitude
of the voltage clamp test step. Figure 4A illustrates the
result of a typical experiment. During voltage clamp
stimulation (1 Hz with 50 ms duration pulses from a
holding potential of −40 to 0 mV) reducing the test step
from 0 mV to −15 mV resulted in an immediate large
decrease in peak ICa-L from 314 to 76 pA accompanied
by a more modest reduction in the amplitude of the
Ca2+ transient (from 64 to 43 nm). Figure 4B shows the
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results from similar experiments obtained during super-
fusion with either control solution or in the presence of
30 nm isoprenaline. Decreases in ICa-L brought about by
changes in stimulation frequency either in control (filled
black circles) or β-adrenergic stimulation (filled pink
triangles) result in a decrease in Ca2+ transient amplitude.

Figure 4. Frequency-dependent reductions in ICa-L are not
entirely responsible for the decrease in Ca2+ transient
amplitude with increased stimulation rate
A, typical experimental traces for membrane potential (top),
membrane current (centre) and [Ca2+]i (bottom). Records obtained
from a holding potential of −40 mV and test steps to 0 mV (black),
−10 mV (red) and −15 mV (blue). B, dependence of Ca2+ transient
amplitude on peak ICa-L. Data have been normalized to the respective
values at 1 Hz. Filled symbols show data obtained by changing
stimulation frequency either in control solutions (black circles) or
during β-adrenergic stimulation (pink triangles). Open symbols show
data obtained by changing ICa-L through alteration of the amplitude of
the voltage clamp step either in control (circles) or during β-adrenergic
stimulation (triangles). The lines through the data are best fit linear
regressions forced through x = 100, y = 100 (blue symbol) and show
fits to the control frequency data (continuous black line), β-adrenergic
stimulation frequency data (broken pink line, having identical slope
and intercept to control data) and the altered test step amplitude data
(broken black line, control data only).

In both conditions the relationship between Ca2+ trans-
ient amplitude (ordinate) and peak ICa-L (abscissa) is linear
having the same slope (control, 0.844 ± 0.03;β-adrenergic
stimulation, 0.849 ± 0.04). However, abruptly reducing
peak ICa-L by decreasing the amplitude of the test step
results in a smaller decrease in Ca2+ transient amplitude
(open symbols). When the test step amplitude is reduced
the slope of the relationship between Ca2+ transient
amplitude and peak ICa-L is now 0.252 ± 0.04 (P < 0.02
compared to both the control and β-adrenergic
stimulation frequency responses). These data therefore
demonstrate that under voltage clamp conditions, most of
the reduction in Ca2+ transient amplitude with increasing
stimulation frequency is not due to the decrease in peak
ICa-L.

Effect of holding potential on ICa-L and the systolic
Ca2+ transient

The observed decrease in ICa-L with stimulation frequency
(Fig. 3) may be due to incomplete recovery of ICa-L

from inactivation. Recovery from voltage-dependent
inactivation is facilitated at more negative membrane
potentials and therefore the results described in Fig. 3
(holding potential of −40 mV) may not accurately reflect
the results observed under current clamp conditions
where resting membrane potential is close to −80 mV
(−78.7 ± 0.7 mV at 4 Hz, n = 13 cells).

Figure 5 examines the influence of holding potential
on the frequency-dependent changes in ICa-L. Figure 5A
shows a representative experimental time course for
[Ca2+]i during 50 ms depolarizing pulses to 0 mV from
holding potentials of −40 mV and −80 mV and at
−80 mV in the presence of isoprenaline. TTX was
present throughout these experiments to block INa.
Figure 5B shows ICa-L and [Ca2+]i records under the same
experimental conditions as above. Compared to when a
holding potential of −40 mV is used it is clear that (i) peak
ICa-L is greater at all frequencies, (ii) peak ICa-L decreases
to a smaller extent with frequency, and (iii) there is a much
greater increase in diastolic [Ca2+]i with frequency at the
more negative holding potential of −80 mV. Figure 5C–E
summarizes the mean data for peak ICa-L, diastolic [Ca2+]i

and Ca2+ transient amplitude in these experiments. For the
peak ICa-L and Ca2+ transient amplitude measurements the
data have been normalized to the respective value at 1 Hz
and appropriate holding potential. Following stimulation
at 8 Hz, peak ICa-L decreases to 28 ± 0.8% and 65 ± 2.5%
of the 1 Hz values at holding potentials of −40 mV
and −80 mV, respectively (P < 0.001 compared to 1 Hz,
n = 4–7, Fig. 5C). However, the frequency-dependent
decrease in Ca2+ transient amplitude is substantially
attenuated at the more negative holding potential. At a
stimulation frequency of 8 Hz, Ca2+ transient amplitude
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decreases to 34.5 ± 1.4% and 85.1 ± 4.4% of the 1 Hz
values at −40 and −80 mV, respectively (P < 0.001,
Fig. 5E). It is also clear from Fig. 5D that whilst diastolic
[Ca2+]i is identical at 1 Hz at both holding potentials (63 ±
4 and 63 ± 3 nm at −40 and −80 mV, respectively), there is
a far greater increase in diastolic [Ca2+]i with stimulation
frequency at −80 mV (113 ± 8 and 179 ± 31 nm at 8 Hz
at −40 and −80 mV, respectively, P < 0.001).

The above data showing that diastolic [Ca2+]i increases
with stimulation frequency suggest that the interstimulus
interval is important in allowing sufficient time for the
Ca2+ transient to decay. However, this cannot be the
only explanation given the greater increase in diastolic
[Ca2+]i with frequency when a more negative holding
potential is used. One possible mechanism is the increased
trans-sarcolemmal Ca2+ entry at −80 mV. With holding
potentials of both −40 and −80 mV the Ca2+ entry

Figure 5. Holding potential influences the frequency dependence of ICa-L recovery from inactivation
and the frequency dependence of the systolic Ca2+ transient
A, representative experimental time courses. Test steps of 50 ms to 0 mV were applied at the frequencies indicated
from a holding potential of −40 mV (left) or −80 mV (middle) and at −80 mV in isoprenaline (right). B, sample ICa-L

records (upper) and Ca2+ transients (lower) obtained from a holding potential of −40 mV (left), −80 mV (middle)
and −80 mV in isoprenaline (right). For A and B note different ordinate scales used for isoprenaline data. For A and
B all data obtained from the same cell. C, mean data summarizing change in peak ICa-L with stimulation frequency.
D, mean data summarizing change in diastolic [Ca2+]i. E, mean data summarizing Ca2+ transient amplitude. For
panels C and E data have been normalized to the respective value obtained at 1 Hz. Filled symbols denote data
obtained from −40 mV holding potential. Open symbols denote data obtained from −80 mV holding potential.
†P < 0.05 compared to the previous frequency at the same holding potential; ‡P < 0.05 comparing the same
frequency at each holding potential.

per pulse on ICa-L decreases with increasing frequency.
However, the Ca2+ entry per unit time behaves differently
depending on the holding potential. Integration of ICa-L

obtained at a holding potential of −40 mV shows that
whilst Ca2+ entry increases between 1 and 4 Hz there is no
further change in Ca2+ entry at higher frequencies (1 Hz,
2.1 ± 0.2 μmol l−1 s−1; 4 Hz, 4.5 ± 0.6 μmol l−1 s−1;
6 Hz, 5.0 ± 0.3 μmol l−1 s−1; 8 Hz, 5.3 ± 0.5 μmol l−1 s−1;
P < 0.001 between 1 and 4 Hz). Conversely, when the more
negative (−80 mV) holding potential is used, not only is
the integrated Ca2+ entry greater at each frequency when
compared to the equivalent value obtained at a holding
potential of −40 mV (P < 0.001), it also increases with
stimulation frequency (1 Hz, 3.2 ± 0.2 μmol l−1 s−1; 4 Hz,
11.0 ± 0.5 μmol l−1 s−1; 6 Hz, 14.3 ± 0.9 μmol l−1 s−1;
8 Hz, 17.2 ± 1.3 μmol l−1 s−1; P < 0.001 between
frequencies).
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Influence of diastolic [Ca2+]i in setting cellular Ca2+

flux balance

In order for steady state conditions to prevail, the amount
of Ca2+ entering the cell during the action potential,
primarily via ICa-L, must be balanced by a similar efflux
from the cell occurring largely through the Na+–Ca2+

exchanger. This Ca2+ efflux can occur either during the
systolic Ca2+ transient or by increasing diastolic [Ca2+]i

(Trafford et al. 1997; Eisner et al. 1998). The most striking
aspect of the data presented in Fig. 5 is the increase in
diastolic [Ca2+]i with frequency when a resting membrane
potential of −80 mV is used. Figure 6 examines the role of
the increase in diastolic [Ca2+]i in ensuring that Ca2+ flux
balance is maintained. Typical Ca2+ transients obtained
from the same cell stimulated at 1 Hz and 4 Hz are
shown in Fig. 6A (holding potential −80 mV, 50 ms step
to 0 mV). The shaded areas represent, respectively, the
area under the systolic Ca2+ transient (yellow hatching)
and the area under the Ca2+ transient due to the increase
in diastolic [Ca2+]i referenced to the diastolic [Ca2+]i

at 1 Hz (cyan hatching). If we assume that Na+–Ca2+

exchange activity is proportional to [Ca2+]i, then the
amount of Ca2+ pumped out of the cell (above resting
or basal levels) will be proportional to the increase of
[Ca2+]i above resting levels (i.e. the diastolic [Ca2+]i

reached at the slowest rate of stimulation when diastolic
[Ca2+]i is stable between stimuli). Therefore, at 1 Hz the
efflux per pulse will be proportional to the integral of
the systolic Ca2+ transient (the yellow hatched area of
Fig. 6A). At higher frequencies, e.g. 4 Hz in right hand
panel of Fig. 6A, the efflux will be proportional to the
sum of the systolic (yellow hatched) and diastolic (cyan

Figure 6. Role for diastolic [Ca2+]i in maintaining
Ca2+ flux balance at increased stimulation rates
A, schematic diagram showing calculation of Ca2+
efflux due to the systolic Ca2+ transient (yellow
hatching) and changes in diastolic [Ca2+]i (cyan
hatching) at two stimulation frequencies. B, relationship
between Ca2+ efflux calculated as the integral of the
Ca2+ transient (ordinate) and Ca2+ entry calculated as
the integral of ICa-L (abscissa). Open symbols represent
mean data obtained at a stimulation frequency of 1 Hz
and holding potential of −40 mV (black) and −80 mV
(red). This data has been fitted with a linear regression
(dashed line) passing through the origin. The filled
symbols denote Ca2+ efflux calculated either from the
systolic Ca2+ transient alone (left panel) and the total
Ca2+ efflux calculated as the sum of the systolic Ca2+
transient and increase in diastolic [Ca2+]i (right panel) at
the frequencies indicated.

hatched) integrals. The constant of proportionality will
depend on the properties of Na+–Ca2+ exchange and
in particular (since the Na+–Ca2+ exchanger is voltage
dependent) on the holding potential. Figure 6B, left panel
examines the relationship between Ca2+ entry via ICa-L and
Ca2+ efflux calculated as the integral of the systolic Ca2+

transient for data obtained at holding potentials of −40
and −80 mV. Here, the open symbols represent the mean
data obtained at 1 Hz (−40 mV, black; −80 mV, red) and
have been fitted with linear regressions passing through
the origin having slopes 9.13 ± 0.8 and 7.25 ± 0.9 at −40
and −80 mV, respectively (P < 0.05). The filled symbols
represent the mean relationship between Ca2+ entry and
the integrated systolic Ca2+ transients at both −40 and
−80 mV at the stimulation frequencies indicated. At both
holding potentials an increase of stimulation frequency
results in a decrease in Ca2+ entry via ICa-L but a much
greater decrease in Ca2+ efflux due to the systolic Ca2+

transient such that Ca2+ efflux due to the systolic Ca2+

transient is now less than Ca2+ entry. This effect is more
pronounced at −80 mV. The role of changing diastolic
[Ca2+]i in maintaining Ca2+ flux balance is examined in
the right hand panel of Fig. 6B. Here the open symbols
and regression lines have the same meaning as before at
1 Hz whereas the filled symbols now represent the sum
of Ca2+ efflux occurring due to both the systolic Ca2+

transient and the increase of diastolic [Ca2+]i. Under these
circumstances, at both holding potentials, as frequency
increases the calculated Ca2+ efflux now agrees with that
required to maintain steady state or Ca2+ flux balance
conditions as depicted by the regression lines. Figure 7A
summarizes the mean data showing how Ca2+ flux balance
is achieved in both experimental conditions (−40 mV, left
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panel; −80 mV, right panel). With increasing stimulation
frequency the Ca2+ entry per pulse calculated from the
integral of ICa-L (black) and Ca2+ efflux due to the systolic
Ca2+ transient (red) decrease. However, Ca2+ efflux due
to the increase in diastolic [Ca2+]i increases. At −80 mV
diastolic [Ca2+]i contributes 69.3 ± 6% of the total Ca2+

efflux at 8 Hz.

Role of β-adrenergic stimulation in the effects
of stimulation frequency

In experiments similar to Fig. 1 we have investigated
the effect of β-adrenergic stimulation on Ca2+ transient
amplitude under current clamp conditions. Figure 8A
shows an experimental time course. Application of
30 nm isoprenaline resulted in a 3.3-fold increase in
Ca2+ transient amplitude (410 ± 84 to 1201 ± 252 nm

at 4 Hz; Fig. 8B, n = 8, P < 0.05). However, increasing
stimulation frequency no longer had any effect on
Ca2+ transient amplitude (6 Hz, 1318 ± 246 nm; 8 Hz,
1159 ± 246 nm; Fig. 8B). Nevertheless, diastolic [Ca2+]i

still increases with stimulation frequency in the presence
of isoprenaline (4 Hz, 251 ± 22 nm; 6 Hz, 364 ± 19 nm;
8 Hz, 496 ± 51 nm, P < 0.05). Figure 8C examines if
changes in action potential duration are related to
the maintenance of the Ca2+ transient with increasing
stimulation frequency during β-adrenergic stimulation.
Initial application of isoprenaline during 4 Hz current
clamp stimulation prolonged action potential duration

Figure 7. Frequency and voltage dependence of
Ca2+ influx by ICa-L and efflux though systolic and
diastolic [Ca2+]i
A, mean data summarizing the frequency dependence
of Ca2+ entry per pulse via ICa-L (black), Ca2+ efflux
during systole (red) and Ca2+ efflux due to changes in
diastolic [Ca2+]i (blue). All changes in Ca2+ efflux due to
changes in diastolic [Ca2+]i are referenced to changes in
diastolic [Ca2+]i at a stimulation frequency of 1 Hz. Data
obtained at a holding potential of −40 mV (left panel)
and −80 mV (right panel). B, simulated Ca2+ transients
delivered at 0.1 Hz (black) and 8 Hz (red and blue)
having rate constants of decay of 10 s−1 and identical
Ca2+ influx per pulse. The blue trace shows the increase
in diastolic [Ca2+]i required to balance Ca2+ entry when
Ca2+ efflux due to the systolic Ca2+ transient is reduced
due to the abbreviated Ca2+ transient. C, simulation
results showing calculated Ca2+ efflux obtained by
integrating the systolic Ca2+ transients in B (red
symbols) and the fractional contribution made to total
Ca2+ efflux by changes in diastolic [Ca2+]i (blue traces).
The broken line represents the Ca2+ efflux required to
match Ca2+ influx during the simulated action potential.

(data not shown), but in the steady state action
potential duration was unchanged (APD90, 66 ± 6 ms in
control and 72 ± 8 ms in isoprenaline, P = 0.6). With
increasing stimulation frequency on the other hand,
APD90 decreased in isoprenaline (6 Hz, 39.1 ± 8 ms;
8 Hz, 25.2 ± 6 ms; P < 0.05). Both the rate of decay of
the caffeine evoked Ca2+ transients (1.8 ± 0.3 versus
1.9 ± 0.3 s−1) and the relationship between Na+–Ca2+

exchange current and [Ca2+]i (slopes −0.199 ± 0.05 versus
−0.165 ± 0.09, n = 4–7) were unaltered by β-adrenergic
stimulation. Thus the correction factor for Ca2+ removal
by PMCA is not altered by β-adrenergic stimulation.
Having established this, SR Ca2+ content increases
in line with Ca2+ transient amplitude on application
of isoprenaline (4 Hz, control 82.6 ± 15 μmol l−1,
isoprenaline, 154 ± 20 μmol l−1; P < 0.001, Fig. 8E).
However, there was no further change in SR Ca2+ content
with frequency during β-adrenergic stimulation (6 Hz,
169 ± 18 μmol l−1; 8 Hz, 167 ± 21 μmol l−1).

In voltage clamp experiments β-adrenergic stimulation
doubled peak ICa-L (Fig. 5A and B, 4 Hz control,
5.7 ± 0.4 pA pF−1; 4 Hz isoprenaline, 12.6 ± 1.8 pA pF−1;
P < 0.005, n = 5–7 cells). As was the case in control
conditions (cf. Fig. 3), increasing stimulation frequency
decreased the size of the Ca2+ transient and peak ICa-L.
When normalized to the respective values at 1 Hz, Ca2+

transient amplitude decreased with frequency (4 Hz,
93.2 ± 3; 6 Hz, 69.4 ± 7%; 8 Hz, 53.1 ± 7%) as did peak
ICa-L (4 Hz, 95.5 ± 1%; 6 Hz, 74 ± 3%; 8 Hz, 40 ± 2%).
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The negative [Ca2+]i–frequency relationship still occurred
despite SR Ca2+ content increasing between 1 and
4 Hz (Fig. 3B, lower panel; 1 Hz, 143 ± 9 μmol l−1; 4 Hz,
170 ± 10 μmol l−1; P < 0.05) and remaining elevated at
the higher frequencies (6 Hz, 171 ± 11 μmol l−1; 8 Hz,
179 ± 14 μmol l−1; n.s.).

Discussion

In this study we have shown that (i) SR Ca2+ content
increased over the physiological range of stimulation
frequencies in the rat, (ii) at higher frequencies Ca2+ trans-
ient amplitude decreases despite the increase in SR Ca2+

content, (iii) lack of recovery of ICa-L from inactivation
is involved in this decrease of systolic Ca2+ phenomenon
but is not the sole mechanism, (iv) both an increase
of diastolic [Ca2+]i and decrease of ICa-L contribute to
maintaining Ca2+ flux balance, and (v) β-adrenergic
stimulation resulted in a frequency-independent increase

Figure 8. The effect of β-AR stimulation on the
Ca2+ transient–frequency relationship in isolated
rat ventricular myocytes
A, typical experimental time course showing action
potential induced changes in [Ca2+]i. Isoprenaline
(30 nM) was applied at the time indicated by the
downward arrow. Cells were stimulated by applying a
2–4 ms depolarizing current injection at the frequencies
of stimulation indicated. B, representative Ca2+
transients (left) and mean data (right) showing Ca2+
transient amplitude (filled symbols) and diastolic [Ca2+]i
(open symbols) obtained at the frequencies indicated.
C, representative action potentials (left) and mean data
summarizing time to 90% repolarization at the
stimulation frequencies indicated. D, normalized Ca2+
transient data illustrating frequency-dependent
acceleration of [Ca2+]i decay. E, mean data showing SR
Ca2+ content measurements obtained following
steady-state stimulation at 4 Hz in control conditions
(filled bar) or in the presence of 30 nM isoprenaline at
the frequencies indicated (hatched bars). B–E show
control 4 Hz (cyan), isoprenaline 4 Hz (black and grey),
isoprenaline 6 Hz (blue) and isoprenaline 8 Hz (green).
§P < 0.001 and #P < 0.01 versus isoprenaline or
previous frequency.

in Ca2+ transient amplitude and SR Ca2+ content. To our
knowledge this is the first study to systematically determine
the complex interplay between ICa-L and diastolic
[Ca2+]i in maintaining Ca2+ flux balance at appropriate
stimulation rates in the rat and during β-adrenergic
stimulation. Additionally, we have determined how
the physiologically relevant mediator of increases in
heart rate, β-adrenergic stimulation modulates the
[Ca2+]i–frequency relationship in an SR-independent
manner.

Frequency dependent increase in SR Ca2+ content

Over the physiological range of stimulation frequencies for
the rat, an increase in SR Ca2+ content occurred that was
paralleled by a frequency-dependent acceleration of decay
of [Ca2+]i. This latter observation has been previously
reported across a broad range of species and stimulation
frequencies (Hussain et al. 1997; Antoons et al. 2002; Taylor
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et al. 2004; Zhao et al. 2004). The precise mechanisms
responsible for the accelerated rate of SERCA mediated
Ca2+ uptake are complex and were not investigated in the
present study. However, we found the SR-dependent rate
of [Ca2+]i decay to be increased with frequency whilst
Na+–Ca2+ exchange mediated Ca2+ efflux, measured as
the relationship between Na+–Ca2+ exchange current and
[Ca2+]i, was unaltered. Irrespective of the mechanism that
is responsible for the accelerated decay of the systolic Ca2+

transient, the enhanced SERCA mediated Ca2+ uptake is
likely to contribute to the increase in SR Ca2+ content with
stimulation frequency.

SR Ca2+ content is a powerful determinant of systolic
Ca2+ transient amplitude (Bassani et al. 1995; Trafford et al.
2000; 2001). Therefore the frequency-dependent increases
in SR Ca2+ content would be predicted to produce a similar
increase in the amplitude of the systolic Ca2+ transient.
Indeed the lack of a positive force–frequency relationship
in rat reported in a number of studies has been attributed to
an inability to increase SR Ca2+ content further (reviewed
in Bers, 2001) although this is clearly not the case in the pre-
sent study. The present study shows that the relationship
between SR Ca2+ content and Ca2+ transient amplitude is
more complex with stimulation frequency increasing both
SR Ca2+ content and Ca2+ transient amplitude at rates
between 4 and 6 Hz. However, at higher rates (8 Hz) SR
Ca2+ content continued to increase whilst Ca2+ transient
amplitude was reduced.

Role for ICa-L in the frequency-dependent response
in rat ventricular myocytes

Several studies have demonstrated a use-dependent
facilitation of ICa-L and suggested that such a phenomenon
may underlie the frequency-dependent increase of APD
(Fedida et al. 1988; Hryshko & Bers, 1990; Fauconnier
et al. 2003; Guo & Duff, 2003; Guo & Duff, 2006).
However, our data and that of one on mouse ventricular
myocytes (Antoons et al. 2002) finds no evidence for
frequency-dependent facilitation of ICa-L and shows
that peak ICa-L decreases with increasing stimulation
frequency. As suggested by Antoons et al. (2002), such
disparate results may result directly from the differences
in intracellular Ca2+ buffering given that use-dependent
facilitation of ICa-L is only observed under conditions
of increased intracellular Ca2+ buffering (Fedida et al.
1988; Hryshko & Bers, 1990; Fauconnier et al. 2003; Guo
& Duff, 2003) or at very slow rates of stimulation and
non-physiological temperatures (Guo & Duff, 2006).

Under the experimental conditions of voltage clamp
control with minimal perturbation of the intracellular
milieu (perforated patch with amphotericin-B) the
amplitude of the systolic Ca2+ transient decreases
with increasing stimulation frequency both in control

conditions and during β-adrenergic stimulation, an effect
that occurs despite SR Ca2+ content increasing. The
reduction in Ca2+ transient amplitude is paralleled by a
decrease in peak (trigger) ICa-L. As suggested by Antoons
et al. (2002), a likely mechanism for the decrease in peak
ICa-L with increasing stimulation frequency is incomplete
recovery from inactivation. The observation in the present
study that the reduction in ICa-L with frequency is greater
at a holding potential of −40 mV than when a holding
potential of −80 mV is used is consistent with a role for
incomplete recovery of ICa-L.

Additionally, the use of appropriate stimulation
frequencies for the rat (4–8 Hz) used in this study may
further explain the dichotomy between the present data
and those of Antoons et al. (2002) on the one hand with
those where use-dependent facilitation of ICa-L is observed,
e.g. using slow rates of stimulation (0.05–2 Hz) (Guo &
Duff, 2006). Under the conditions of our experiments
the time available for ICa-L recovery from inactivation
decreases with increasing stimulation frequency due to
the combined effects of the increased rate and longer
APD at higher rates. Indeed at intervals observed at the
present rates of stimulation (75–200 ms), a number of
studies using paired pulse protocols to investigate ICa-L

recovery from inactivation show that ICa-L availability is
markedly reduced at short intervals following the pre-
ceding depolarization (Li et al. 1999; Altamirano & Bers,
2007). Thus at physiologically relevant rates of stimulation
for the rat, or indeed at increased rates of stimulation in
heart disease where action potential duration is prolonged
(Sipido et al. 1998; Dı́az et al. 2004), the decrease in ICa-L

availability is likely to be an important factor responsible
for the flat or negative force–frequency relationships
observed.

However, the data of Fig. 4 indicate that, under voltage
clamp conditions, reductions in ICa-L are not the sole
mechanism responsible for the decrease in Ca2+ transient
amplitude with increasing stimulation frequency. In these
experiments normalization of ICa-L achieved by reducing
the amplitude of the voltage clamp step resulted in a
significantly smaller decrease in Ca2+ transient amplitude
than similar decreases in ICa-L achieved through increased
stimulation frequency. Changes in SR Ca2+ content are
not responsible for this phenomenon since the SR Ca2+

content at the stimulation frequency at which the reduced
test step is delivered is less than that when ICa-L is
reduced by the higher stimulation frequency (i.e. Fig.
2). In accordance with previous speculation (Antoons
et al. 2002), one mechanism that may be involved in this
phenomenon involves a role for recovery of the RyR from
inactivation, alternatively known as RyR refractoriness
(Sham et al. 1998; DelPrinciple et al. 1999). Whilst we
have not established a direct role for RyR refractoriness
in the paradoxically smaller Ca2+ transients observed
when ICa-L is reduced by increased stimulation frequency
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the apparent absolute refractory period of the RyR of
∼30–60 ms, measured as the minimum time between
successive Ca2+ sparks, approximates closely to the inter-
stimulus intervals used in these experiments and leaves
open the possibility that such a phenomenon may be
important at high stimulation rates (Sham et al. 1998;
Sobie et al. 2005).

The importance of changes in diastolic [Ca2+]i

Under all of the experimental conditions in the present
study an increase in stimulation frequency was associated
with elevated diastolic [Ca2+]i. Similar observations have
been observed by others (Layland & Kentish, 1999;
Antoons et al. 2002), but in these studies the role for
the increased diastolic [Ca2+]i in maintaining cellular
Ca2+ flux balance was not determined. Over the contra-
ctile cycle, in order for Ca2+ flux balance to be achieved,
the amount of Ca2+ entering the cell via ICa-L must
be balanced by an equal loss largely by the Na+–Ca2+

exchanger. The magnitude of the Ca2+ efflux will in turn
depend both on the properties of the Na+–Ca2+ exchanger,
which we find is unaltered by frequency (Fig. 2), and the
size and duration (i.e. the integral) of the systolic Ca2+

transient. The combined effects of increasing stimulation
frequency and the frequency-dependent acceleration of
decay of the systolic Ca2+ transient will result in a
reduced opportunity for Ca2+ efflux during the systolic
Ca2+ transient. There are three possible ways in which
the cell could maintain Ca2+ flux balance under these
circumstances: (i) increasing the amplitude of the systolic
Ca2+ transient, (ii) reducing Ca2+ entry via ICa-L, and
(iii) increasing Ca2+ efflux by elevating diastolic [Ca2+]i.
Whilst a positive force–frequency relationship occurs in
many species (Kurihara & Sakai, 1985; Pieske et al. 1999;
Maier et al. 2000), our data demonstrates that under
voltage clamp the amplitude of the systolic Ca2+ transient
in the rat decreases with increased stimulation frequency
(Fig. 3). Additionally, whilst the total Ca2+ entry via ICa-L

decreases with rate there is a disproportionately greater fall
in the integrated systolic Ca2+ transient (i.e. Ca2+ efflux
due to the systolic transient, Figs 6B and 7A). However,
under these circumstances, the increase in diastolic [Ca2+]i

and the Ca2+ efflux that this promotes re-establishes
Ca2+ flux balance, thus highlighting the importance that
changes in diastolic [Ca2+]i play in maintaining steady state
conditions.

The importance of the changes in diastolic [Ca2+]i

can be modelled. For the simple simulation presented
in Fig. 7B, two sets of ‘systolic Ca2+ transients’ have
been generated using a single exponential decay function
([Ca2+]i = 1 × e−kt ) each with a rate constant of decay
(k) of 10 s−1 (mean rate constant of decay under voltage
clamp conditions at 1 Hz, 10.7 ± 0.7 s−1). The first (black)

at a slow rate of stimulation (0.1 Hz) where [Ca2+]i decays
fully, and a second (red) at a fast rate of stimulation (8 Hz)
where time (t) is reset to 0 and the above function is
repeated every 125 ms. If we assume under these simplified
simulated circumstances (i) Ca2+ entry per pulse remains
constant and (ii) Ca2+ efflux is proportional to [Ca2+]i

then at increasing stimulation frequencies the Ca2+ efflux
per pulse will decrease as a direct result of the lack
of recovery of the systolic Ca2+ transient (Fig. 7C, red
symbols). The inequality between Ca2+ entry and efflux
can be compensated by a ‘DC’ increase in [Ca2+]i as
shown by the blue trace in Fig. 7B. Figure 7C illustrates
how the increase in diastolic [Ca2+]i contributes to
maintaining Ca2+ flux balance with increasing stimulation
frequency. Whilst the above simulation takes no account
of actual changes in SERCA activity nor Ca2+ entry
via ICa-L, it does demonstrate the important role played
by changes in diastolic [Ca2+]i. It should, however, be
noted that, while the increase of diastolic [Ca2+]i may
be useful in maintaining flux balance, it will also tend to
produce diastolic contraction and, if excessive, may impair
ventricular filling.

Relationship between [Ca2+]i and frequency during
β-adrenergic stimulation

It is established that β-adrenergic stimulation results in
positive inotropic, lusitropic and chronotropic responses
in vivo and increases the amplitude and rate of decay of
the systolic Ca2+ transient in isolated cardiac myocytes
(for review see Bers, 2001). These effects occur through
a number of mechanisms of which PKA-dependent
phosphorylation of PLB, the L-type Ca2+ channel and
troponin I are all involved. Given the broad range of cellular
targets and the key role thatβ-adrenergic stimulation plays
in increasing heart rate in vivo, we sought to determine
if it modulates the [Ca2+]i–frequency relationship in
isolated myocytes. Under current clamp conditions,
β-adrenergic stimulation increased the amplitude of the
systolic Ca2+ transient; however, there was no longer any
frequency dependence of Ca2+ transient amplitude and
this was paralleled by no frequency-dependent change
in SR Ca2+ content (measured following current clamp
stimulation). The above data obtained following current
clamp stimulation may have arisen through β-adrenergic
stimulation resulting in maximal stimulation of PLB and
thus SERCA mediated Ca2+ uptake and therefore no
change in SR Ca2+ content with stimulation rate. Coupled
to this, under conditions of high SR Ca2+ load, the gain of
excitation–contraction coupling is also very high (Bassani
et al. 1995; Trafford et al. 2001; Ginsburg & Bers, 2004).
Thus, changes in Ca2+ entry during the action potential
become redundant as SR fractional release is maximal in
response to the initial Ca2+ entry.
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However, a subtly different picture emerges when the
experiments are repeated under voltage clamp control
to specifically investigate the role of ICa-L and SR Ca2+

content in the frequency–[Ca2+]i relationship during
β-adrenergic stimulation. Under these circumstances,
both SR Ca2+ content and Ca2+ transient amplitude
display frequency-dependent alterations but in the
opposite directions, i.e. Ca2+ transient amplitude
decreases and SR Ca2+ content increases with frequency.
These data are perhaps initially surprising given the
known effects of PKA mediated phosphorylation on
cardiac excitation–contraction coupling (ECC) and the
expectation that the gain of ECC should increase
(Bers, 2001). This latter point is difficult to examine
experimentally given the dual effects of β-adrenergic
stimulation increasing trigger ICa-L and potentially SR
Ca2+ content. However, in a study where SR Ca2+ content
and ICa-L were very carefully controlled, β-adrenergic
stimulation was found not to alter ECC gain rather the
SR Ca2+ release rate (Ginsburg & Bers, 2004).

Finally, it is worth considering the effects of
frequency-dependent acceleration of relaxation (by either
PKA or CAMKII) on cellular Ca2+ flux balance. Such an
effect has the advantage that the faster rate of decay of
the Ca2+ transient will help with diastolic relaxation and
therefore ventricular filling. However, the abbreviation
of the Ca2+ transient will decrease Ca2+ efflux and thus
exacerbate the problem of obtaining sufficient Ca2+ efflux
at higher heart rates. It may be that in species where the
SR is not operating near maximal capacity the increased
SERCA mediated Ca2+ uptake increases SR Ca2+ content
and thus the amplitude of the systolic Ca2+ transient
and thereby increases Ca2+ efflux to match influx with
a decreased need to increase diastolic [Ca2+]i.

Conclusions

We have shown that in isolated rat ventricular myo-
cytes and experimental conditions designed to be as
physiologically relevant as possible using an in vitro
experimental system (rates of stimulation, temperature
and minimal perturbation of the intracellular milieu) there
is a complex relationship between stimulation frequency,
SR Ca2+ content and the amplitude of the systolic Ca2+

transient. We find no evidence for facilitation of ICa-L

with increasing stimulation frequency and highlight the
important role that diastolic [Ca2+]i has for maintaining a
balance between Ca2+ influx and efflux during the contra-
ctile cycle. Importantly, when the role of reductions of
ICa-L in the negative Ca2+ transient–frequency relationship
was investigated we found that another factor is also
involved in this phenomenon. We speculate that this
may be refractoriness of the RyR, an effect that would
become more important at higher stimulation frequencies.

The physiological accelerator of heart rate, β-adrenergic
stimulation, flattened the action potential induced Ca2+

transient–frequency relationship and is consistent with
β-adrenergic stimulation producing a situation where SR
Ca2+ release becomes maximal in response to the initial
trigger Ca2+ entry via ICa-L.

In summary, our data demonstrates that the
mechanisms underlying the Ca2+ transient–frequency
relationship in cardiac muscle are complex.
Comprehending how this relationship is altered in
disease situations would require not only consideration
of SR Ca2+ content, ICa-L and diastolic [Ca2+]i, but
also a possible role for refractoriness of the SR Ca2+

release channel, or RyR, and this in itself may become
a more important consideration during higher rates of
stimulation.
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