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ABSTRACT The time course and magnitude of the Ca®* fluxes underlying spontaneous Ca®* waves in single permeabilized
ventricular cardiomyocytes were derived from confocal Fluo-5F fluorescence signals. Peak flux rates via the sarcoplasmic
reticulum (SR) release channel (RyR2) and the SR Ca®* ATPase (SERCA) were not constant across a range of cellular [Ca®"]
values. The Ca®" affinity (K,;) and maximum turnover rate (Vi,ax) of SERCA and the peak permeability of the RyR2-mediated
Ca®" release pathway increased at higher cellular [Ca2*] loads. This information was used to create a computational model of
the Ca®" wave, which predicted the time course and frequency dependence of Ca®* waves over a range of cellular Ca®* loads.
Incubation of cardiomyocytes with the Ca®* calmodulin (CaM) kinase inhibitor autocamtide-2-related inhibitory peptide (300 nM,
30 mins) significantly reduced the frequency of the Ca®" waves at high Ca2" loads. Analysis of the Ca2* fluxes suggests that
inhibition of CaM kinase prevented the increases in SERCA V.., and peak RyR2 release flux observed at high cellular [Ca®*].
These data support the view that modification of activity of SERCA and RyR2 via a CaM kinase sensitive process occurs at

higher cellular Ca®" loads to increase the maximum frequency of spontaneous Ca®" waves.

INTRODUCTION

In the heart, ventricular cardiomyocytes contain regular
arrays of clusters of type 2 ryanodine receptors (RyR2), i.e.,
sarcoplasmic reticulum (SR) Ca®" channels. These channels
can open spontaneously and generate a limited nonpropagat-
ing Ca®" release event termed a Ca®" spark (1). Under cer-
tain circumstances, a Ca>" spark can trigger Ca®" release
from adjacent RyR2 clusters in a regenerative manner,
propagating throughout a ventricular myocyte in the form of
a Ca’" wave (2-5). Spontaneous Ca®" waves during dias-
tole are indicative of cellular Ca>™* overload; the beneficial
consequences are thought to be twofold: i), to minimize the
diastolic tone associated with a certain degree of Ca’"
overload (6); and ii), to stimulate Ca®" extrusion from the
cell (7). However, the spontaneous Ca” " release generates an
after depolarization that can be arrhythmogenic (2,8). In an
effort to understand the cellular mechanisms responsible for
spontaneous Ca’" release, this phenomenon has been stud-
ied under a range of experimental conditions in intact (7,9)
and permeabilized cardiac cells (10,11). Increased intracel-
lular [Ca*] increases the frequency but not the amplitude of
spontaneous Ca®" release, suggesting a fixed intra-SR
threshold [Ca2+] for release (2,7,11). But this mechanism
may not apply at very high intracellular Ca** values (11,12).
Additional insight into the subcellular events underlying
Ca”* waves has come from computational modeling studies.
This work has examined the conditions necessary for Ca>*
wave propagation (13—15), but have not attempted to pre-
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dict Ca®" wave time course or frequency at different intracel-
lular [Ca2+] levels. This study examines the characteristics
of the Ca>* waves in permeabilized ventricular myocytes at a
range of intracellular Ca®>" loads. Computational modeling
suggests that mean cytoplasmic [Ca®>"] modulates the peak
rates of SR Ca®" release and uptake. Inhibition of Ca** cal-
modulin (CaM) kinase removed the Ca®™* sensitivity of these
fluxes suggesting a causal link.

MATERIALS AND METHODS
Cell isolation and permeabilization

Ventricular myocytes were isolated from Langendorff perfused rabbit hearts
by enzymatic digestion as previously described (16). Isolated cells were
maintained in a modified Krebs solution buffered with 1 mM ethylene
bis[oxyethylenenitrilo] tetraacetic acid (EGTA) at a concentration of ~10*
cells/ml until use. The cells were allowed to settle onto the coverslip at the
base of a small bath. B-escin (Sigma, St. Louis, MO) was added from a freshly
prepared stock solution to the cell suspension to give a final concentration of
0.1 mg/ml for 0.5-1 min and the B-escin subsequently removed by perfusion
with a mock intracellular solution (see below).

Solutions

Permeabilized cells were perfused with a mock intracellular solution with
the following composition (mM): 100 KCl, 5 K,ATP, 5Na,CrP, 5.5 MgCl,,
25 HEPES, 0.05 K,EGTA, pH 7.0 (20-21°C). The [Ca®*] in the perfusing
solution was varied by the addition of known amounts of 1 M CaCl, stock
solution (BDH, UK). Fluorescent Ca>* indicators Fluo-3 or Fluo-5F (Molec-
ular Probes, Eugene, OR) were added to the solution to give a nominal final
concentration of 10 uM. Myocyte contraction was minimized by the
inclusion of 10 uM cytochalasin-D; separate measurements confirmed that
this concentration of cytochalasin-D does not affect the SR Ca®" release or
uptake processes and had no effect on spontaneous Ca®" wave frequency.
Autocamtide-2-related inhibitory peptide(AIP) (CalBiochem, San Diego,
CA) was used in the myristoylated form at a concentration of 300 nM. Intact
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cells were incubated for 30 mins with AIP before (B-escin treatment. All
solutions used subsequently contained 300 nM AIP.

Data recording and analysis

Confocal line-scan images were recorded using a BioRad (Cambridge, MA)
Radiance 2000 confocal system. The Fluo-5F in the perfusing solution was
excited at 488 nm and measured above 515 nm using epifluorescence optics
of a Nikon (Tokyo, Japan) Eclipse inverted microscope with a Fluor 60X
water objective lens (N.A. 1.2). Iris diameter was set at 1.9 providing an
axial (z) resolution of ~0.9 um and X-Y resolution of ~0.5 wm based on
fullwidth half-maximal amplitude measurements of images of 0.1 um
fluorescent beads (Molecular Probes). Data were acquired in line-scan mode
at 2 ms/line; pixel dimension was 0.3 um (512 pixels/scan; zoom = 1.4).
The scanning laser line was oriented parallel with the long axis of the cell
and placed approximately equidistant between the outer edge of the cell and
the nucleus/nuclei, to ensure the nuclear area was not included in the scan
line. As illustrated in Fig. 1 A, the LaserScan (BioRad) software saved the
data as a series of image files each containing 30,000 line scans (i.e., 1 min
of continuous recording). An experimental record typically comprised four
to five line-scan image files; these were reviewed offline and a single
intracellular region (80 pixels wide) was selected close to the origin of the
wave (indicated in Fig. 1 A). Every protocol was followed by a series of three
Ca** calibration solutions, identical in composition to the experimental
solutions apart from containing 10 mM EGTA and a free [Ca®"] of: i), 1 nM;
ii), 380 nM; and iii), 60 uM. The subsequent intracellular and extracellular
fluorescence signals were used to convert the previous fluorescence signals
to intracellular [Ca®"] as described previously (11) and detailed in the online
Supplementary Material. Conversion of fluorescence to [Ca*"] was accom-
plished assuming a Fluo5F Ky of 1.04 uM (17).

Wave detection and velocity correction

Measurements of Ca®" wave velocity along the length of the myocyte were
made using a cross-correlation method similar to that described previously
(1). Briefly, a line-scan image of Fluo-5F fluorescence was divided into 10
pixel bands. Cross correlation of individual Ca®>* wave signals gave a
measure of the time taken to propagate eight sequential 3-um segments
along the length of the cardiomyocyte. The mean velocity over an 80 pixel
(24 um) segment was calculated for eight sequential Ca>* waves recorded in
the steady state. The cross-correlation technique was also used to align the
waveforms of the Ca®>" wave recorded in 8 X 10 pixel bands. The series of
aligned signals were used to generate an average fluorescence signal of a
Ca** wave in an 80-pixel region of the cardiomyocyte.

Three-compartment model of Ca?* fluxes in a
permeabilized cardiomyocyte

Cytoplasmic [Ca>"] in a subcompartment of a cardiac myocyte during a
Ca*" wave was reconstructed using a three-compartment model (Supple-
mentary Fig. 1). Estimates of the magnitude and time course of the various
Ca** flux pathways were derived from experimental measurements in
permeabilized cardiac myocytes. Cytoplasmic [Ca*>"] from a resolution
limited volume of a cardiac myocyte during the Ca®" wave was calculated
from confocal Fluo-5F fluorescence signals. These values in conjunction
with estimates for intracellular buffering and the diffusion rate constant were
used to calculate the underlying Ca®>" fluxes. This approach was based on
the assumption that once initiated, the Ca?" wave in cardiac muscle is a one-
dimensional wave; i.e., effectively the Ca>" wave occurred simultaneously
throughout the depth and width of the cell. Evidence for assumption comes
from experimental measurements that indicated that the Ca®* wave is
essentially planar in both z axis (cell depth) and x axis (cell width) (4,15).
The consequence of the planar wave is that the gradient of cytoplasmic
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FIGURE 1 (A (i)) A typical line-scan epifluorescence image of a single
permeabilized cardiomyocyte perfused with 280 nM Ca** (in 50 uM
EGTA, 10 uM Fluo-3). The brighter central region is due to Fluo-5 in the
cell, dimmer flanking signals are from the Fluo-5 in the perfusing solutions.
White dashed lines denote an 80-pixel band within the cytosol. Superfusion
with 10 mM caffeine and 25 uM Thapsigargin is indicated above the image.
(A (ii)) Black line, [Ca”]irycf signal derived from the mean fluorescence
signal of the 80-pixel region within the cell marked in panel above; gray line,
[Ca®*]™ in the perfusing solution calculated from the extracellular Fluo-5
fluorescence signal. (B (/) Line-scan epifluorescence image of a single Ca>*
wave (marked by * in panel A (/). (B (ii)) Black line, [Ca“}ﬁ';f signal
derived from the mean fluorescence signal of the 80-pixel region within the
cell; gray line, the average [Ca”]g'ycf after correction for the velocity of wave
propagation. (B (iii and iv)) Line-scan image of the rapid application of
caffeine and the corresponding [C a2+}§;f values calculated from the marked
80-pixel section. Both signals were filtered using adjacent averaging (five-
point).

[Ca®*] and therefore diffusion in the z and x axis is small. Behind the wave
front (e.g., 2 wm) in the y axis, the cytoplasmic [Ca®"] is still high from the
passing Ca>* wave (having occurred ~20 ms earlier). In advance of the
wave front in the y axis is the only direction with a significant cytoplasmic
[Ca®*] concentration gradient and the potential for diffusion. The sharp
wave front observed (within the spatial resolution of the confocal (5)) sug-
gests that over the timescale of the release event (<1 s) diffusion is minimal.
The three-compartment model also assumes that diffusion of Ca®* within
the SR is minimal. Measured values of the luminal Ca?* diffusion coef-
ficient (50-60 ,ums’z) (18,19) indicate that intra-SR movement of Ca>"
during the time course of the wave is small.

The method by which the change in free cytoplasmic Ca®* ([Ca”]i';e)
under a range of conditions was used to calculate the Ca®" fluxes and free
intra-SR ([Ca2+]§r§e) within a resolution-limited volume of permeabilized
cardiac myocyte using a three-compartment model is illustrated in Sup-

free

plementary Fig. 1. Assuming the free [Ca®*] in the bath solution ([Ca”]ba‘h)



Ca?* Waves in Permeabilized Cardiac Cells

was constant (dCal’®¢ /dt = 0), the differential equations describing the
change of free [Ca>"] within the cytoplasm and SR were as follows:

dcair;e buffer
dt :fcyI (-] RyR — Jserca T Diff) (1)
d Cafree Sffer
d tSR = f sbef (J SERCA +J RyR ) . (2)

SERCA-mediated Ca®" flux (Jsgrea) Was described using a previously
published equation (20) (see Appendix, Eq. Al). The Ca>* flux due to
diffusion between the cytoplasm and the extracellular space (Jurr) Was
measured experimentally (Appendix, Eq. A2). The periodic changes in
RyR2-mediated flux (/ryr) Was modeled using the following conditions:

If[Ca™ |gp <[Ca™ Jgu ™" then : Joyr = Jicar-

If[Ca’" |5y = [Ca® o™ then : Jrye = J (1) e T Jrcak-

[CalTeshold is the calculated maximum value of [Ca**]T based on
experimental measurements of total SR Ca®" content. Jyey is the back-
ground Ca*" leak from the SR (see Appendix, Eq. A3) and is presumed to be
mainly via spontaneous activity of RyR2. The magnitude of this flux
pathway was measured experimentally (see Fig. 5). J(f)wave 1S a time-
dependant change in RyR2 permeability; the time course and extent was
calculated from measurements made on permeabilized cells. The function
ot transforms the net Ca”* flux in the cytosol to a change in [Ca®* Jiyy.
This function used previously published measurements of cytosolic Ca§+
binding in permeabilized rabbit cardiac myocytes (21) (see Appendix,
Eq. A4).

Equation 2 is used to quantify the change [Ca®"]gy’, whereas fouffer
transforms the net Ca>* flux in the SR a change in [Ca** |5 based on
previously published estimates of the concentration and binding capacity of
Ca*" buffers in rabbit cardiomyocytes (20) (see Appendix, Eq. A5).

2+]free

RESULTS

Measurement of Ca?* waves in permeabilized
single myocytes

Fig. 1 A shows a typical line-scan image from a perme-
abilized rabbit ventricular cardiomyocyte perfused with a sol-
ution containing 280 nM Ca®*. This solution caused regular
Ca** waves (~0.2 Hz) that propagated the full length of the
cardiomyocyte. At the point indicated, 10 mM caffeine and
25 uM thapsigargin were rapidly applied to release Ca®"
from the SR and to inhibit reuptake. The horizontal dashed
lines delineates an 80-pixel region (24 um) along the scan
line through the permeabilized myocyte. Fig. 1 A (ii) shows
time course of [Ca®* |y (black line) and [Ca®* |y (gray
line) derived from the average fluorescence signal from the
80-pixel band within the cell and a comparable region in the
extracellular space adjacent to the cell, respectively. Note
that after prolonged perfusion with caffeine/thapsigargin, the
[Ca®* ]y signal is equal to the [Ca®* ]y, indicating equili-
bration of the [Ca®"] within the two compartments. The
same situation exists before addition of caffeine, despite the
oscillating level of [Ca>* ™ the mean [Ca®*]™ over a period
of 2—4 s is equal to the [Cazﬂf;;‘;’] (11). Fig. 1 B (i) shows the
line-scan image of the Ca>" wave on a faster time base with
an 80-pixel central region indicated. The sloping wave front

2583

represents the propagation of the Ca®* wave from one end of
the cell to the other at an approximately constant velocity
(~120 pm/s). The diagram in Fig. 1 B (ii) shows the time
course of the [Ca“]ir;f in the 80-pixel section (black line).
The gray line represents the time course after correction of
the wave front for the smearing of the upstroke caused by the
propagation of the Ca>* wave over the ~24 um (80 pixels)
within the cell (see Methods). Panels iii and iv are the cor-
responding line-scan image and [Ca”]iryef from the cell during
rapid application of caffeine/thapsigargin. On addition of
caffeine, the rise of [Ca”}fyef is approximately synchronous
along the length of the cell, and the upstroke and amplitude
of the [Ca®*]™* signal is similar to that of the corrected Ca®*
wave. The decline of the [C a2+]£rye[e signal in the presence of
caffeine/thapsigargin is considerably slower than the Ca?*
wave due to the inability of the SR Ca>* pump to sequester
the Ca“; this decline reflects the loss of Ca>" from the car-
diomyocyte by diffusion. In these measurements caffeine
causes a small (~10%) but significant quench of the Fluo-5F
fluorescence. This was evident from the extracellular fluores-
cence signal. The time course and extent of caffeine-induced
quench was quantified and used to correct the intracellular

signal. This correction was minimal during the initial rise of

Cat ],

Ca’* waves at a range of perfusing [Ca®*] values

Fig. 2 A shows records of [Ca“]iryef recorded from 80-pixel

regions of line scans recorded from cardiomyocytes exposed
to solutions containing Fluo-5F and a range of [Ca”]gjg1
(~300 nM (i), ~600 nM (ii), and ~900 nM (iii)). The gray
line in each panel indicates the [Ca®*]; in each experiment.
As the [Ca®* ] was increased, Ca>" wave frequency, and
minimum and maximum [Ca”}iryef all increased. Average
values of these parameters are shown in Fig. 2 B (7). The gray
line is the unity relationship between mean [Ca2+]£';e and
[Ca®* )¢ . The values of mean [Ca”}iryef during a 30-s pe-
riod of Ca®" waves follows the unity relationship indicating
that over the range of 300-900 nM there is no net diffusion
of Ca®" between the cytosol and the extracellular space de-
spite the oscillation of [Ca>*]™. The relationship between
the maximum [Ca”]ﬁry"’f and [Ca®* ) was nonlinear, the
increase observed from ~600 to 900 nM was much greater
than that seen between 300 and 600 nM. Fig. 2 B (ii) shows
the mean values of Ca®* wave frequency versus [Ca®*|js
the relationship with respect to [Ccz”]gyete was also nonlinear.
The increase in frequency observed between 600 and 900
nM was considerably less than that seen from 300 to 600 nM.
The average Ca®" wave velocities showed a similar non-
linear relationship to frequency. At a [Ca®* i ~ 300 nM,
wave velocity was 130 = 4 pum/s; at ~900 nM the frequency
of the Ca®* waves had increased approximately fivefold
whereas the velocity had increased to 180 £ 5 um/s (P <

0.05).
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Conversion to total cytoplasmic [Ca®*]

Fig. 3 A shows the process of conversion of [Ca2+]£ref signal

to total cellular [Ca®™] ([Ca”]lc‘;‘fl) using the 1ntracellular
Ca®"-buffer characteristics measured for digitonin-treated
rabbit ventricular myocytes in previous studies (21). The
change in [Ca”]tc(;,[:l ' was derived from eight sequential
velocity-corrected Ca?* waves recorded in the steady state
(Fig. 2 A). As shown in Fig. 3 A (i), although the amplitude
of the [Ca“]free signals at 600 nM was larger than that at 300
nM; the amphtude of the two [Ca*" 3 "signals is similar.
This is confirmed by the mean data shown in Fig. 3 C (i) and
suggests that over a range of cellular CazJr loads, the total
[Ca®"] released by the SR during a Ca>* wave is constant
irrespective of the mean [Ca“] ¢ and frequency Further-
more, the 51m11anty of the amphtude Ca®" Wave and caffeine-
induced Ca®" release indicates that the Ca®" wave releases
the majority of the available SR Ca’>* (Fig. 3 B). Therefore
the increase in the [Ca2+]gtf " of ~150 uM during a Ca>*
wave or caffeine transient provides an estimate of the total
Ca®" content of the SR under these conditions. Using
previously published estimates of SR volume, concentration
of intra-SR Ca** buffer and the apparent Ky of Ca®" (20),
these values predict that maximum [Ca2+] in the SR
(Ca** 1™ is ~3 mM and the free intra-SR Ca*"
([Ca*)gy is ~1 mM. The average value of [Ca®*]g"
predicted at a mean [Ca”]fyefof ~300 nM was not
significantly different from that calculated at 600 and 900
nM and supports the earlier contention that spontaneous SR

Ca’" release occurs at a fixed intraluminal [Ca®"] (7,10). An

Biophysical Journal 93(7) 2581-2595

[Ca™ ]y (uM)

important additional conclusion is that locally, the Ca**
released during a Ca?* wave depletes the SR Ca®" as effec-
tively as caffeine-induced Ca®" release. One source of error
in this estimation is the variable timing of the caffeine-
induced Ca®" release relative to the preceding Ca>* wave.
Releasing Ca®" with caffeine shortly after a Ca®" wave may
underestimate the maximum Ca®" content of the SR since
refilling may be incomplete. An estimation of the relation-
ship between SR Ca’" content and the time after the
preceding wave can be gleaned from a plot between Ca®*
wave amplitude and the interwave interval. Fig. 3 C shows
this relationship based on data from permeabilized cells at
~300, ~600, and 900 nM. This plot shows a shallow
dependence of SR Ca " released during a Ca>* wave and the
interwave interval. The data suggest that Ca>" release at
periods >60% of the maximum interwave interval will
release >90% of the Ca®" released at the longest interwave
interval. Therefore if the caffeine-induced Ca®" release is in
the latter 50% of the interwave interval it will not substan-
tially underestimate maximum SR Ca”>* content. This time
course of SR refilling is supported by the predictions from
the computational model (see Fig. 8).

Estimation of rate of loss of Ca?* from the
myocytes by diffusion

The rate constant for the efflux of Ca®" from permeabilized
cardiomyocytes was estimated by examining the rate of
decay of the Ca®" signal after rapid application of caffeine/
thapsigargin. Under these conditions, it was assumed that the
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rate of decay of the Ca”" signal was dependant on the loss of
Ca** from the permeabilized cell by diffusion. The method
used to estimate the rate of diffusion is illustrated in Fig. 4,
the decay of [Ca”]?yef within the cell was converted to a
[Ca”}tc(;tf ! signal as described in Fig. 3 A. The resultant signal
was fitted a polynomial (fourth to eighth order) to obtain a
smoothed [Ca”]?i,‘f‘l decay curve. The polynomial fit of the
decay time course was differentiated (to calculate Ca>™" flux)
and plotted agamst the corresponding A[ca“]ﬁr;fz signal
([Ca”]ﬁr;te — [Ca*" ). As shown in Fig. 4 B, this
relationship was approximately linear, the gradient of which
reflected the value of the rate constant to describe the loss of
Ca®* from the cell. The average rate constant was 30.1 = 2.1
st (n = 24 cells). Knowledge of this constant allowed the

[Ca®* ]! signal to be corrected for the Ca”* loss and gain

from the extracellular space during the Ca®" wave. An
example of the corrected transient is shown in Fig. 4 C and
the signal represents the total Ca’* released and taken up
by the SR during a single Ca’>" wave. Despite the high
[Ca”]gyef during a wave, the loss of Ca®>" from the cell by
diffusion is small, at the peak of the transient it is ~3 uM,
and by the end of the transient the value is ~10 uM com-

pared to the total released from the SR of ~150 uM.

Estimation of the background leak of
Ca®* from the SR

Ca®" efflux from the cardiac SR in the absence of Ca®*
waves is thought to be mainly due to spontaneous non-
propagating Ca®" sparks that generate a background Ca®*

Biophysical Journal 93(7) 2581-2595
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FIGURE 4 (A) Records of [Ca**]iy¢ and [Ca*" ]y, derived from the
average fluorescence measured from a 20-pixel average of a continuous line-
scan image. After a Ca** wave, caffeine (10 mM) and thapsigargin (25 uM)
were rapidly applied. Panel B shows the decay phase of the Ca®" signal in
caffeine and thapsigargin on an expanded timescale. The light gray dashed
line is the fourth-order polynomial fit to decay phase. The dark gray dashed
line is the [Ca”]“;“l 31gnal derived from the standardized Ca*" buffer curve.
(B (ii)) Plot of the A[Ca”*].,, signal ([CaQ*]free [Ca”]lf::;) derived from

the (polynomial fitted signals) and the time derivative of the [Ca”]“’y[a'

signal (gray line). The black line represents the best fit linear relationship to
the function. The slope of this relationship is the rate constant for the
diffusion of Ca>* from the cardiomyocyte (40 + 2 s~!). The application of
this rate constant to the [Caz*]“m1 signal predicts the change in total

[Ca“]imf‘ ! within the cytosol 1nclud1ng the gain and loss of Ca*>" by dif-

fusion. These two signals are shown in panel C.

leak from the SR. The magnitude of the background flux can
be quantified by monitoring the loss of Ca>* from the SR in
the absence of SERCA activity. These measurements were
made in permeabilized cardiomyocytes as shown in Fig. 5 A.
Cells were perfused with [Ca®*]i*c of 150 nM in the
presence of 0.3 mM EGTA. Rapid and complete inhibition
of SERCA was achieved by using a mixture of two SERCA
inhibitors, 2’,5'-di(tert-butyl)-1,4-benzohydroquinone (TBQ)
(25 M) and thapsigargin (25 uM). The time course for the
loss of SR Ca’* was tracked by application of 10 mM
caffeine at fixed times after SERCA inhibition. The ampli-
tude of the [Ca®*]'"" signal at each time point was taken to
reflect the SR Ca” = content. Fig. 5 B shows the mean data
from a number of experiments, the time course of the decay
suggests an approximately exponential decay of SR Ca**
content with a rate constant of 1.37 = 0.01 min~' (n = 8
cells). The additional curve shown in Fig. 5 B is the predicted
time course of the decrease in amplitude of caffeine-induced
Ca®" signals from the computational model described
below.
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FIGURE 5 (A) An example of the protocol used to determine the rate of
loss of Ca>* from the SR, plot of [CuH]free signal derived from a 20-pixel
average of a line-scan image of a permeabllized cardiomyocyte perfused
with 150 nM Ca®* (300 uM EGTA, 10 uM Fluo-5). Caffeine (10 mM) was
briefly applied at the times shown by the arrows. The cardiomyocyte was
perfused for a further 2 min after the initial caffeine exposure to ensure
reequilibration of the SR. Thapsigargin (25 uM) and 50 uM cyclopiazonic
acid (CPA) was perfused continuously for a range of times (30, 60, 90, 120
and 180 s) before the second application of caffeine. (B) Plot of the mean
(£ SE) of the amplitude of caffeine-induced Ca" release (converted to
[C a“]"’“‘) versus incubation time in TBQ/thapsigargin (®). The solid black
line is the best fit single exponential decay to the data. Computational
modeling using the rate constant for SR Ca’>* leak predicted a decrease in
Ca*" transient amplitude shown by gray line with gray circle.

Calculation of SERCA-mediated fluxes from the
time course of the Ca2* wave

Fig. 6 illustrates the approach used to estimate the SERCA-
mediated flux and subsequently the time course and mag-
nitude of RyR2-mediated Ca?* flux during a Ca** wave.
Fig. 6, A and B, show the time course of the change in
[Ca2+]£r;e and [Ca”]tm‘ll (corrected for diffusion), respec-
tively, during a Ca”™" wave. A smoothed waveform of the
[Ca** ]tcoytfl signal was generated by a pair of fourth- to eighth-
order polynomials fitted to the upstroke and decay phases of
the waveform (gray line). The net Ca>* flux associated with
a Ca®" wave was calculated by differentiating the [Ca2+]§;,lfﬂ
signal to generate the waveforms shown in Fig. 6 C (back
line). The differential of the polynomial fit generated a
smooth time course (gray line), whereas the magnitude of the
release phase (positive flux) could be resolved directly from

the Ca®" signal. But the differential of the original total Ca**
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FIGURE 6 Illustration of the methods used to derive the parameters
associated with SERCA-mediated Ca®>* uptake and RyR2-mediated Ca**
release. (A) The time course of the [C a“]ﬁryef signal measured from a
permeabilized cardiomyocyte perfused with [Ca>* ¢ ~ 300 nM Ca>*. The
signal is derived from the average of eight sequential Ca>* waves, 20 pixels
wide, and corrected for wave velocity. The gray shaded area marks the
region of the trace from which the SERCA parameters are derived (D). (B)
The corresponding diffusion-corrected [Ca”]‘;;‘f‘l signal (black line) and the
superimposed two-part, fourth-order binomial fit to the transient (gray line).
(C) The time differential of the [Ca®" ]5;" signal (d[Ca®"}/dr) shown in panel
B (black line); the time differential of the binomial fit is shown by the gray
line. The inset shows the lower section of the plot at an expanded scale. (D)
Plot of the rate of change of [Ca®" ]’ ! (against the corresponding [Ca”]zryete
signal (black line)); the gray rectangle is the region of plot used to derive the
SERCA parameters of Hy, Ky, and V.« (20). (E) Plot of the predicted
SERCA activity throughout the Ca>* wave based on the values of [Ca”]i'ycf
and the SERCA parameters derived in panel D. (F) The Ca*" efflux time course

calculated by subtraction of the SERCA flux from the total Ca®* flux signal.

signal was too noisy to extract the negative flux (uptake
phase) of the signal. The time course of the negative phase
was resolved from the differential of a polynomial fit (inset,
Fig. 6 C). During the latter phase of these signals (the section
highlighted by the gray area), the underlying Ca®>" fluxes
were assumed to be: i), background SR Ca®" leak (Fig. 4);
ii), diffusional loss/gain of Ca’* (Fig. 3); and iii), SERCA-
mediated Ca’" flux. The rate constants associated with
fluxes i and ii were estimated from the measurements de-
scribed above and used to calculate the magnitude of the
associated fluxes during the decay phase of the Ca>* wave.
These fluxes were subtracted from the underlying Ca’*
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signal to reveal the SERCA-mediated flux (black line, Fig. 6
D). As shown in Fig. 6 D, between 200 and 600 nM
[Cazﬂfyef, the relationship between the SERCA-mediated
Ca”* flux and the corresponding [Ca2+]£ryef fitted well with a
previously published model of SERCA function (gray line;
Appendix, Eq. A1) (20) and this allowed the estimate of the
maximum turnover rate (V,,,) and the Ca®™" sensitivity (Kp)
and slope (H) of SERCA. Once established, these values
were assumed to apply for the complete time period of the
Ca*>* wave (Fig. 6 E). These calculations suggested that for
the majority of the time course of the Ca®>" wave, SERCA
was operating at, or close to, the Vax.

Calculation of RyR2-mediated fluxes from the
time course of the Ca?* wave

By assuming that the calculated SERCA parameters and the
rate constants for both background SR Ca®" leak and the
Ca*diffusion apply equally to the initial phase of the Ca**
wave, the time course and magnitude of transient increase in
RyR2-mediated Ca”* flux can be estimated (Fig. 6 F). This
approach predicted an RyR2-mediated efflux that peaks at
~4 mMs ™" within 30 ms and decays to negligible values
within 100 ms. The time course of the Ca®" flux can be con-
verted to a permeability by calculation of the corresponding
changes in [Ca?" |4 using previously published estimates of
SR volume and intrinsic cellular buffering properties (22).
This parameter is independent of the trans-SR Ca®" con-
centration gradient and indicates the time course of the
change in RyR2 activity. These calculations suggest that the
Ca®" efflux from the SR increases from a basal level of ~1.2
uM/s to ~3 mM/s during a Ca®* wave as a result of a
transient increase in the permeability of the SR to Ca’™.

Derivation of SERCA flux and RyR2 flux
parameters from Ca®* waves generated
at a range of intracellular [Ca®*]

The analysis described in Fig. 6 was applied to Ca®" waves
recorded from cardiomyocytes exposed to solutions with a
[Ca”]ff;i of ~300, ~600, or ~900 nM Ca>". As shown in
Fig. 7, the mean values of SERCA V. and K¢ were not
constant across this range of [Ca®*]i* : both increased sig-
nificantly, whereas the change in slope (H) was not signifi-
cant. The corresponding changes in RyR2 flux parameters
predicted by the analysis are shown in Fig. 7, A (iii) and C. The
calculated peak RyR2-mediated flux and permeability pro-
gressively increased over the range of [Ca® "] studied but the
duration at half-maximum (FWHM) was unchanged (Fig. 7 C

(iii)).

Comparison of model and recorded
Ca®* wave parameters

The complete set of Ca>* flux parameters for Ca’" waves
recorded in a typical permeabilized cell at [Ca®* ]I of
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~300 nM (including the time course of RyR2-mediated
Ca®" flux) were used in a computational model to predict
the time course and frequency of Ca*" waves. The details of
the model are given in the Methods section and in the
Appendix, the only assumption used in the model is that
RyR2-mediated Ca" release was triggered by the [Ca>* o
reaching a threshold value ([Ca>*]me"'%). This value was
taken as the maximum free intra-SR [Ca2+] calculated from
the estimated total SR Ca>" content. As shown in Fig. 8, the
computational model predicted Ca>* waves of similar time
course (Fig. 8 A) and frequency to that observed experi-
mentally. When run continuously to reach a steady state, the
model generated Ca" transients at [Ca>*]{% = 300 nM that
had a frequency, maximum and minimum [C a2+]£rye[e that was
within 5% of the experimental data. The application of
caffeine/thapsigargin was simulated by increasing back-
ground leak by a factor of 1000 and reducing V., of
SERCA by 1000. The resultant Ca®" transient decayed with
a similar time course to that observed experimentally due to
loss of Ca®" by diffusion. The calculated [Ca®* |5 signal is
shown to indicate the predicted time course of [Ca®* g
during release and loading to a threshold level during each
wave. The third signal is the integral Ca>* flux due to dif-
fusion. This indicates that during each Ca>* wave ~10 wmol

of Ca®" leaves the cell during the Ca®" wave. In the period
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between Ca>" waves, the same amount of Ca>”" enters the
permeabilized cell from the extracellular space. Thus, in the
steady state, the amount of Ca** leaving and entering the cell
is balanced. Fig. 8 B (i and ii) show model predictions of
Ca®" waves at 900 nM Ca’>" under two conditions: i), with
the same values of V .x, K, H, and peak RyR2 permea-
bility used to simulated waves at 300 nM; and ii), with the
values of V,.x, Kimp, and RyR2 peak permeability appropri-
ate for 900 nM derived from the relationships shown in Fig.
7. As shown, without changing the SERCA and RyR2
values, the model predicts a rise of Ca>" wave frequency (to
372% of control) and amplitude (to 136% of control). How-
ever, adjusting of the SR parameters to those appropriate for
900 nM predicts waves of higher frequency (514% of control)
and similar amplitude (138%). The predicted increase in wave
frequency going from 300 to 900 nM (514%) is comparable
to that observed experimentally (481 £ 12%, n = 10). The
same result can be achieved by using the SR parameters at
900 nM as the starting conditions and predicting the Ca**
waves at 300 nM, the decrease in frequency of Ca>" waves
predicted by uncorrected SR parameters is less than that seen
experimentally (data not shown). In summary, the use of
fixed SERCA and RyR2 parameters to predict Ca®" wave
characteristics does not mimic the experimental data over a

free

range of [Ca”]balh. Adjustment of SERCA Ks and V ;,,x and



Ca?* Waves in Permeabilized Cardiac Cells

RyR2 maximum permeability is necessary to accurately
predict changes Ca”>* wave frequency at different values of

[Ca™ T

The effects of CaM kinase inhibitor AIP on
Ca’* waves

One mechanism that may be responsible for the experimen-
tally observed change in the characteristics of RyR2 and
SERCA at different [Ca®*]™ is modulation of the activity of
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FIGURE 8 Sample data from the computational model of Ca®>" waves.
(A) Using the experimentally measured values of the various fluxes under-
lying a Ca®" wave, the signal was recreated (gray line) and superimposed on
the experimentally recorded signal (black line) recorded at [Ca®*]iS =
300nM. (B) The computational model was run continuously for 10 s, the
[Ca?*+]dreshold \as calculated from the experimentally measured total SR
Ca®" content. At the point indicated, caffeine/thapsigargin was simulated by
increasing background leak by 1000X and decreasing SERCA V.« by
1000X. Model data for (i) [Ca“]zref, (i) [Caz*]free (iif) net Ca>* flux. (C)
Model data for Ca®* waves at [Caz*]b'fﬁ1 900nM, (i) [Ca®* |l (i)
[Ca®*]5xe; (iii) net Ca*" flux. On the right-hand side, the model output after
correction of RyR and SERCA parameters for raised [Ca

2410 4 ccording to
the relationships shown in Fig. 7.
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enzyme CaM kinase (23). To test this hypothesis, intact cells
were incubated with the CaM kinase inhibitor AIP before
exposure to solutions containing either ~300 or ~600 nM
Ca®". The data shown in Fig. 9 summarizes the Ca®" wave
characteristics and the derived SERCA and RyR2 parameters
relative to those measured at [Ca®* ] = 300nM. Incuba-
tion with AIP reduced the degree to which the Ca®" wave
frequency increased at [Ca®*]iss = 900 nM (from 481 =
12%, n = 10 to 340 = 10%, n = 15, P < 0.05; Fig. 9 A (iii))
but did not change any other aspect of the Ca>* wave (Fig. 9
A (i and if)). Analysis of Ca®" fluxes indicated that AIP
treatment prevented the apparent increase in SERCA V.«
observed at 900 nM Ca®* (P < 0.05; Fig. 9 B (iii)) but the
effect of AIP on SERCA K+ and H were not statistically
different from the control values. Furthermore, the derived
values of peak RyR2 flux and permeability after AIP
treatment were significantly lower than control values at 900
nM [Ca®* ] (P < 0.05). Wave velocity in AIP was
significantly lower after AIP treatment (130 = 7 um/s)
compared to control (180 = 5 um/s), and was similar to that
measured at [Ca®* ]I = 300 nM (130 = 4 wm/s). AIP
treatment did not significantly affect any of the Ca®>* wave
parameters or derived SERCA and RyR2 parameters at
[Ca®* ] = 300nM. Plotted on the right-hand side of each
on the panels in Fig. 9 are the relative changes in parameters
on raising [Ca®*]i* from 300 to 900 nM predicted by the
computational model under two conditions: i), with values of
SERCA and RyR2 values corrected for increased [Ca2+];
and ii), using values of SERCA and RyR2 parameters
appropriate for [Ca*]i= = 300nM. The effects of remov-
ing Ca®" correction on 1), Ca * wave frequency; ii), SERCA
turnover rate (V,.x); and iii), RyR2 peak permeability is
similar to that observed experimentally on addition AIP. This
supports the view that AIP inhibits the Ca”*-dependent
changes in SERCA and RyR2 function observed upon
raising the [Ca®* ][ from 300 to 900nM.

DISCUSSION

This study examines in detail the characteristics of Ca®"
waves in cardiomyocytes at a range of cellular Ca®" loads.
The data indicate that a fixed amount of Ca’" is released
from the SR across a range of cellular [Ca2+] values; locally
the amount released is comparable to that release by high
caffeine/thapsigargin application suggesting that a Ca’*"
wave causes almost complete depletion of the SR. Estimates
of the underlying Ca®>" fluxes during a Ca®" wave indicates
that the peak fluxes associated with SERCA and RyR2
activity are modulated by the average [Ca2+]£ryef. These
changes can be prevented by inhibition of CaM kinase using
the peptide AIP. The flux data were used to create a
computational model of cardiac SR that accurately predicts
the time course and frequency of Ca>" release from the SR
across a range cellular Ca?* loads. The model quantifies the
change in Ca®" wave parameters expected if the relative

Biophysical Journal 93(7) 2581-2595
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fluxes via RyR2 and SERCA were to remain constant. This
is interesting because these calculations indicate that the
moderate reduction of Ca®>" wave frequency observed at
[Ca®* ]I = 900 nM after AIP treatment does not result from
the incomplete action of the drug. This effect is consistent
with the anticipated effects of removing the Ca®>* sensitivity
of the SR uptake and release parameters.

Comparison between Ca®>* wave and
caffeine transient

Careful calibration of fluorescence signals allowed the
accurate measurement of [Ca>*]™" within a limited region

of the cytosol of permeabilized cardiac cells (11). Previous
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studies have shown that both intact and permeabilized cells
exhibit a threshold [Ca”}ﬁryef for Ca®* wave generation of
above ~200 nM. Above this value, cycles of spontaneous
SR Ca®" release occur with increasing frequency as the
cellular Ca®>" load is increased. At the whole cell level,
spontaneous Ca®" release was estimated to deplete the SR
Ca** by ~15% compared to that achieved during rapid
application of caffeine (7). This study suggests that Ca**
release during a fully propagating Ca’>* wave locally
depletes the SR by ~100% compared to that achieved by
caffeine. This observation is not contrary to the measure-
ments from intact cardiac myocytes; normally the complete
Ca’* wave takes ~1 s to propagate along the length of the
cell at room temperature. But at any one time over this period
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only ~20% of the volume of the cardiomyocyte experiences
an increased [Ca”]?;e; ~80% of the volume is either
awaiting the arrival of the Ca®* wave or is recovering after
the release phase. In contrast, caffeine releases Ca>* syn-
chronously throughout the cardiomyocyte; therefore local
and whole cell signals are comparable. A similar principal
applies to the published records of luminal Ca®" using Fluo-
5N fluorescence. These data suggest that a Ca®" wave
releases ~60-70% of the total caffeine-accessible signal
(24,25). These studies may have underestimated the ampli-
tude of signal associated with a Ca®>" wave. The Fluo-5N
line-scan signal of a Ca’* wave was derived from the
average fluorescence from the full length of the cell. The
finite time (~1 s) for the wave to propagate along the length
of the cell will smear the time course and reduce the
amplitude of the signal. A similar phenomenon is seen with
the Fluo-5F cytoplasmic signals (see Supplementary Fig. 3).
This averaging of the nonsynchronous Ca®" wave signal
may explain why the amplitude is lower than those observed
with synchronous caffeine-induced signals.

The data described in this study are entirely derived from
permeabilized cardiac myocytes, but the principles are
thought to apply to Ca>* waves in intact myocytes. Previous
studies have compared intact and permeabilized cells; no
significant differences were observed in time course, ampli-
tude, or frequency of spontaneous Ca’® waves recorded
from these two preparations (10,26).

Raising the cellular Ca®" load increased the minimum and
maximum [Ca?*]™ and apparently increased the amplitude
of [Cazﬂiryef change during the Ca>* wave. However, when
the total Ca®" released from the SR at various cellular Ca>*
loads was calculated the increase in [Ca®* |5, within the
cytosol during a Ca®" wave was constant (~0.15 mM)
regardless of the cellular Ca®* load (Fig. 3 C). This cal-
culation and the subsequent analysis is based on the assump-
tion that the only subcellular components contributing to the
intracellular Ca®" signals are: i), cytoplasmic Ca*>* buffers;
ii), SR Ca®" release and uptake processes; iii), intra-SR Ca*>*
buffers. There is evidence that cardiac mitochondria con-
tribute to Ca®>" homeostasis (27,28), but previous work
indicates that under the conditions of this study, the activity
of mitochondria does not influence the time course or fre-
quency of the Ca®>* waves (11).

Measurement of background Ca®* fluxes

The rate constant for Ca’>* loss from a permeabilized
cardiomyocyte was calculated from the rate of decay of the
caffeine-induced response. Assuming this value can be
applied to Ca>* movement both into and out of the myocyte,
this was used to calculate the magnitude of Ca®" fluxes
across the permeabilized membrane during a Ca®* wave.
These calculations suggested that only a small amount of
Ca®" is lost and gained during a Ca®>" wave cycle (~10 M)
compared to the total released from the SR (~150 uM).
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Interestingly, these estimates are close to those published for
intact cardiomyocytes where Ca®" loss and gain from the
cell is via sarcolemmal transport processes (mainly the Na™/
Ca®" exchange) (7).

In a separate set of experiments, the efflux of Ca>" from
the SR in the absence of Ca’" waves was estimated by
monitoring the decline in SR Ca®" content at various times
after rapid inhibition of SERCA. This time course was
approximately exponential and could be adequately modeled
with a single rate constant. This was used to estimate the rate
of efflux of Ca>* from the SR in the periods between Ca**
waves; a flux that is normally countered by the activity of
SERCA. Over the initial 30 s after inhibition of SERCA, the
leak of Ca?" from the SR was ~1.2 uM/s. This value is
lower than those measured in intact rabbit myocytes using
rapid tetracaine application (4—15 uM/s) (22) but higher than
estimates in earlier studies (20,29). One possibility for the
range of values is the critical dependence of leak rate on SR
luminal Ca®", a variable that was not necessarily constant
across studies.

Model derived values of SERCA and RyR2 fluxes

Assuming that the transient increase in SR Ca>* permeabil-
ity that caused the Ca>* wave did not contribute significantly
to the Ca" signal late on in the decay phase of the wave,
then the Ca®* fluxes determining the [Ca”]iryef in the latter
part of the wave are: i), exchange with the bath solution; ii),
background efflux from the SR; and iii), uptake by SERCA.
Since i and ii are known, iii was calculated using a previously
published model of SERCA (20). The values of SERCA
binding constant (200-300 nM), the slope of the relationship
(3-4), and the maximum turnover rate (V,,.x) values (200—
400 uM/s) are comparable to those values estimated for the
intact cardiac myocyte (20,22,30). When these SERCA
characteristics were used to predict SERCA activity early in
the Ca®* wave it was clear that, for the majority of the
release phase, SERCA will be operating at maximal turnover
rate. Assuming that SERCA activity can influence the Ca**
signal immediately (~5 ms) after the release of Ca>* from
the SR, the predicted SERCA fluxes during the Ca>* wave
were used to predict the corresponding SR Ca’" release
waveform required to generate the measured change in
[Ca”}gyef. The transient rise of SR flux calculated by this
approach peaked within 30 ms with a flux rate of ~2-3
mM/s and was complete by ~100 ms. These values are com-
parable to those measured during E-C coupling in cardio-
myocytes at high SR Ca®" loads (31-33). Throughout these
calculations, equilibrium constants and not rate constants
were used to calculate Ca®" binding to cytosolic buffers and
SERCA. This simplifying assumption has been made by
several previous studies (20,34-36) and is justified in the
current study by the relatively coarse spatial (~5 um) and
temporal resolution (10 ms) of the measurements.

Biophysical Journal 93(7) 2581-2595
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Changes in Ca®* wave characteristics with
cellular [Ca®*]

Examination of the characteristics of the Ca>* waves at a
range of cellular [Ca®"] revealed changes in the calculated
underlying Ca®* fluxes (Fig. 7, B and C). The analysis
suggests that the time course of the Ca®" wave at higher
[Ca®* )¢ require changes in the parameters for both SERCA
and the RyR2 activity. The most striking of these changes
are the increase in SERCA V..« and the increased peak
permeability of release waveform. This suggests that the
increased frequency of the Ca>" waves at higher cellular
Ca’* load cannot simply be explained by a fixed set of SR
fluxes. This conclusion was confirmed using a computational
model. Using the characteristics of the SR that apply at 300
nM to predict the changes in wave characteristics at 900 nM
indicated an increase in Ca’" wave frequency that was
considerably lower than that observed (375 vs. 514%). Using
the higher SERCA and RyR2 parameters measured at
[Ca®* ] ~ 900 nM reproduced the Ca®* wave frequency
to within 5% of the measured values (481 = 12%).

Changes in Ca?* wave velocity with cellular [Ca®*]

Ca®>* wave velocity was higher when the [Ca>*]{* and

therefore the mean [Ca”]iryie was increased. A positive
correlation between Ca®" wave amplitude and velocity has
been previously reported for propagated waves in intact (37)
and permeabilized cardiomyocytes (10,11). Although the
precise mechanism underlying the relationship has not been
verified, propagation of a Ca®>" wave is thought to be
mediated via a ‘‘fire-diffuse-fire’” mechanism between dis-
crete clusters of RyR (14,38,38). Simplistically, larger Ca’™"
release would be expected to propagate faster because the
threshold [Ca”]iryete required to trigger release at adjacent
sites would be attained earlier. A computational model of
Ca’®" waves in the heart (14) indicated that over a limited
range of wave amplitudes, an approximately linear relation-
ship existed between Ca®" wave propagation velocity (v)
and the coefficient o/dc* where d is the distance between
release sites, ¢* is the threshold [Caz*]?;e for Ca®" release,
and o is the amount of Ca’>" released from the SR (14).
Normally, the parameters d and c* are considered fixed, but
modeling of Ca?" waves has been extended to include an
influence of luminal [Ca®"] ([Ca”]grff) on ¢* (39). A
considerable amount of data now supports the concept that
increased SR luminal [Ca®"] ([Ca®*]5) acts on luminal
sensors to increase the open probability of RyR2 and hence
lower the cytoplasmic threshold for Ca?* release (c*)
(39,40).

Recent work suggests that the SERCA activity between
adjacent release sites may directly influence propagation
velocity (41). In particular, rapid inhibition of SERCA
instantaneously reduced conduction velocity (42). This sug-
gests that SERCA mediated uptake has a role in the prop-
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agation of the Ca®" wave. In particular, the high [Ca“]fyete
after release at one site may activate SERCA and increase
[Ca®*]&¢ in adjacent sites thereby lowering the cytoplasmic
threshold for release (c¢*). If this mechanism acted as a
modulatory influence then factors that increase SERCA V.«
would be anticipated to increase propagation velocity by
increasing the rate of rise of [Ca?*]ie¢. The data presented in
this study are consistent with this theory; the increased
propagation velocity observed at higher [Ca”]g:; was
paralleled by an apparent increase in SERCA V... After
inhibition of CaM kinase, neither the calculated SERCA
Vmax DOT the propagation velocity was significantly increased
at the higher [Ca®*]I¢  despite an increase in Ca>* wave
amplitude.

CaM kinase inhibition

CaM kinase II is the most obvious candidate for the Ca®"
-dependent modulation of SERCA and RyR2 observed in
this study. The enzyme exists both within the cytosol and
bound to the SR membrane in cardiac muscle and has
previously been reported to influence the activity of SERCA
and RyR2 via phosphorylation (23). Support for this
hypothesis was obtained by using the CaM kinase inhibitor
AIP, which appeared to alter the Ca®" wave characteristics at
high [Ca”]g:& (~900 nM), but not at lower values (~300
nM). Furthermore, flux analysis of Ca®>" waves suggests that
the effects of CaM kinase inhibition could be explained by
the preventing the increase in SERCA V., and RyR2 peak
permeability observed at [Ca>* i = 900 nM (Fig. 9). The
increased values of SERCA V.. at higher [Ca”]g:;,
reversed by CaM kinase inhibitors, is entirely consistent with
previous reports of the effects of CaM kinase phosphoryl-
ation on SERCA (43). This contrasts with A-kinase mediated
effects that change in the Ca" affinity of the pump.

In intact myocardium, frequency-dependent acceleration
(FDA) of relaxation is an important part of the physiological
response to increased frequency of stimulation. The role of
CaM kinase in this response is controversial (44,45). The
data in this study would suggest that a similar FDA of Ca®"
uptake occurs in spontaneously active cardiac cells. As the
mean [Ca2+]§yef is increased, the CaM kinase-mediated effect
enhances SERCA activity and increases the frequency of
spontaneous Ca’" release.

Increasing [Ca®*]i=% also affected the Ca®* efflux path-
ways. The marked increase in permeability observed at
[Ca®* ] ~ 900 nM was prevented by inhibition of CaM
kinase by AIP treatment. Previous reports on the conse-
quences of CaM kinase phosphorylation of RyR2 are
controversial, with increases (46) and decreases (47) being
reported. In mice overexpressing CaM kinase II, spark
frequency approximately doubles (48), and the enhanced
CaM kinase II activity in heart failure is linked to the in-
creased leak via RyR2 in heart failure (49,50). The data in this
study is consistent with CaM kinase mediated stimulation of
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RyR2 activity. These effects combined with CaM kinase
mediated effects on SERCA increase the frequency of
spontaneous Ca”* waves in cardiac muscle. At the higher
cellular [Ca2+] values that occur at high heart rates, the
increased CaM kinase activation is unlikely to increase the
probability of spontaneous Ca”" release during diastole due
to the corresponding shorter diastolic period. But the in-
creased CaM kinase II expression and activity documented
in failing hearts (49-52) may increase the probability of
spontaneous Ca>" release at normal heart rates, a potentially
proarrhythmic event.

APPENDIX
SERCA-mediated Ca?* flux

Estimates of SERCA activity was fitted to the equation containing param-
eters for forward and reverse modes (53).

VmaX([Ca2+ L/Kmf)H _ VmaX([Ca2+ }SR/Kmr)H
L+ ([Ca™ "], /Kut)" + (ICa™ g/ Kime)"

Jsr = , (AD

where V,,x = maximal pump rate, [Ca“]i = intracellular [Ca”], Ko =
forward Michaelis-Menten pump constant, K, = backward Michaelis-
Menten pump constant, H = Hill coefficient, [CaH]SR = intra-SR [Ca2+],
Ky = 7000 X K.

Ca2* diffusion between cytoplasm and
extracellular space

]diff — k X ([Ca2+]free _ [Ca2+]free )

cyt bath

(A2)

Sarcolemmal diffusional flux (Jgr) was derived from the decline of
[Ca”]Cyl following caffeine-induced SR Ca>" release. The declining phase
was fitted with a high (fifth to eighth) order polynomial and converted to
[Ca”}:f;‘lal using Eq. 4. The first derivative of this was then calculated,
plotted against the frans-sarcolemmal Ca>*. The gradient of this relationship
gave the value £ in Eq. 4.

Ca?* leak from the SR during period
between Ca%* waves

Leak was calculated on the basis of SR-cytosol concentration gradient, with
the equation below.

e = ke X ([Ca™" |5 — [Ca™ ]55°), (A3)

where ke, is calculated from data obtained in this study (1.37 = 0.01
.
min~ ).

Cytoplasmic Ca®* buffering

Ca** buffering in the cytosolic compartment was based on a previously
derived values by Hove-Madsen and Bers (21) and described by the equation
below:

2593

ee ee Bmax 1)
[Ca® 153 = [Ca™ I + R
" [ K/ 1G]

Bmax(Z)
+ 2 + qfree\q?
[1+ (Ko /[Ca |y,)]

cyt

(A4)

where Bax(1y and Bk are the maximum free buffer concentrations
(68 wmol/kg wet wt and 86 umol/kg wet wt), and Ky;y and Ky 2, are the
dissociation constant for each buffer (0.42 uM and 79 uM).

Intra-SR Ca®* buffering

Intra-SR Ca’" buffering was quantified using parameters derived from
Shannon and Bers (20). The free [Ca®>*] within the SR ([Ca”]gff) was cal-

culated from [Ca®* | as follows:

B X [Ca2+ ][S‘)l;al
kd + [Ca™* o

(ca* i =

(A5)

The Ca®" binding characteristics of calsequestrin (CSQ) have been
estimated from studies of cardiac myocytes. Its Kd has been previously
shown to be 0.630 mM (54), with a B, of 2.7 = 0.2 mM SR (20). Values
for intra-SR [Ca®"] were converted from units of wmol/l cytosol to uM SR
by assuming the SR volume is 3.5% of the total cell volume and that 65% of
the cell volume is cytosol (55). The final conversion factor was 18.1 L
cytosol/L SR. This information allowed quantification of the [Ca*"sg.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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