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a b s t r a c t

Sepsis is associated with ventricular dysfunction and increased incidence of atrial and ventricular
arrhythmia however the underlying pro-arrhythmic mechanisms are unknown. Serum levels of tumour
necrosis factor-� (TNF-�) and interleukin-1� (IL-1�) are elevated during sepsis and affect Ca2+ reg-
ulation. We investigated whether pro-inflammatory cytokines disrupt cellular Ca2+ cycling leading to
reduced contractility, but also increase the probability of pro-arrhythmic spontaneous Ca2+ release from
the sarcoplasmic reticulum (SR). Isolated rat ventricular myocytes were exposed to TNF-� (0.05 ng ml−1)
and IL-1� (2 ng ml−1) for 3 hr and then loaded with fura-2 or fluo-3 to record the intracellular Ca2+

concentration ([Ca2+]i). Cytokine treatment decreased the amplitude of the spatially averaged Ca2+ tran-
sient and the associated contraction, induced asynchronous Ca2+ release during electrical stimulation,
increased the frequency of localized Ca2+ release events, decreased the SR Ca2+ content and increased
the frequency of spontaneous Ca2+ waves at any given cytoplasmic Ca2+. These data suggest that TNF-�
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Arrhythmia and IL-1� increase the SR Ca2+ leak from the SR, which contributes to the depressed Ca2+ transient and
contractility. Increased susceptibility to spontaneous SR Ca2+ release may contribute to arrhythmias in
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sepsis as the resulting Ca

. Introduction

Sepsis is associated with ventricular dysfunction (e.g. [1]) and
ncreased incidence of atrial and ventricular arrhythmia (e.g.
2]) which contribute to poor prognosis for patients [3]. Pro-
nflammatory cytokines, such as tumour necrosis factor-� (TNF-�)
nd interleukin-1� (IL-1�), have been implicated in ventricular
ysfunction associated with a variety of pathological conditions,

ncluding reperfusion injury and sepsis [4–7]. Furthermore, TNF-�
nd IL-1� appear to act synergistically to depress ventricular con-
ractility at much lower concentrations than is required by each
ytokine alone [6].

The mechanisms proposed to explain the direct inhibitory
ffects of these cytokines in ventricular tissue typically involve
ltered Ca2+ regulation, although a number of disparate pathways
ave been suggested, e.g. (i) altered sphingomyelin metabolism
eading to an increase in sphingosine concentration, which acts
o decrease the open probability of SR Ca2+ channels (ryanodine
eceptors, RyR2; [8]), or (ii) elevation of nitric oxide (NO) [9–12],
ollowed by S-nitrosylation of RyR2 [13], leading to an increase in
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rusion via NCX is electrogenic, leading to cell depolarisation.
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RyR2 mediated Ca2+ leak and depletion of SR Ca2+ [14]. This latter
mechanism is consistent with data derived from a whole animal
model of sepsis induced by caecal ligation and puncture (CLP) [15],
where altered Ca2+ regulation was evidenced as an increase in Ca2+

leak from the SR (i.e. enhanced spark frequency). However, it is
not clear whether the effects of cytokine-induced modulation of SR
Ca2+ regulation also predispose ventricular cells to arrhythmia.

The aims of the present study were to establish (i) whether
exposure of ventricular myocytes to low, clinically relevant con-
centrations of TNF-� and IL-1� could mimic the deleterious effects
observed in CLP-induced sepsis [15] and (ii) whether cytokine treat-
ment is associated with pro-arrhythmic spontaneous Ca2+ release
from the SR which may contribute to the increased incidence of
arrhythmia in sepsis.

2. Materials and methods

2.1. Cell isolation

The technique used to prepare rat ventricular myocytes has

Open access under CC BY-NC-ND license.
been described in detail elsewhere [16]. Briefly, healthy adult
male Wistar rats weighing ∼200–250 g were killed humanely using
Schedule 1 techniques sanctioned by the United Kingdom govern-
ment Home Office and the local ethical review committee. The
heart was excised rapidly, the aorta cannulated and perfused via
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he coronary arteries with a series of solutions based on a Ca2+ free
isolation solution’ (composition below). Initial perfusion was with
solation solution plus 750 �M CaCl2 (equilibrated with 100% oxy-
en) to flush the coronary arteries of blood and once the heart was
eating regularly, the perfusate was changed to isolation solution
ontaining 100 �M EGTA for 4 min. The heart was then perfused
or 6 min with isolation solution supplemented with 1.2 mg ml−1

ollagenase (type 2, Worthington Biochemical Corp, Lakewood, NJ),
.1 mg ml−1 protease (type XIV, Sigma, Poole, UK) and 80 �M CaCl2.
he ventricles were cut from the heart, chopped finely and agitated
ently in enzyme solution (supplemented with 1% BSA) for 5 min
ntervals. Dissociated cells were harvested by filtration at the end
f each 5 min interval and the remaining tissue subjected to fur-
her enzyme treatment. Dissociated cells were centrifuged at 30 × g
or 60 s, resuspended in 750 �M CaCl2 solution and stored at room
emperature until use.

.2. Solutions and cytokine treatment

The isolation solution was composed of the following (in mM):
aCl 130; KCl 5.4; MgCl2 1.4; NaH2PO4 0.4; HEPES 5; glucose 10;

aurine 20; creatine 10; pH 7.1 (NaOH) at 30 ◦C. Normal Tyrode
olution (NT) contained (in mM): NaCl 140; KCl 5.4; MgCl2 1.2;
aH2PO4 0.4; HEPES 5; glucose 10; CaCl2 1; pH 7.4 (NaOH) at 30 ◦C.
NF-� (Sigma, Poole, UK) was prepared in 10% BSA and diluted
o 0.05 ng ml−1 from a stock solution of 2.5 �g ml−1 and IL-1�
2 ng ml−1) was diluted from a stock solution of 1 �g ml−1 (Sigma)
n NT solution.

Cells were incubated in either NT solution (control cells) or NT
upplemented with TNF-� (0.05 ng ml−1) and IL-1� (2 ng ml−1) for
80 min as described previously [17,18]. 10 min before the end of
he incubation, cells were loaded with fura-2 [17] or fluo-3 [19].
ells were centrifuged as before, the supernatant removed and the
ellet resuspended in incubation solution. Fura-2 and fluo-3 loaded
ells were left for ∼15 min before use to allow for de-esterification
f the dye to take place.

.3. Cell length and conventional Ca2+ transient measurement

Cells were transferred to a tissue chamber (volume <200 �l)
ttached to the stage of an inverted microscope (Nikon; Tokyo;
apan) and allowed to settle for several minutes. Control cells were
uperfused continuously with NT solution whereas treated cells
ere superfused with NT supplemented with TNF-� (0.05 ng ml−1)

nd IL-1� (2 ng ml−1). Cells were stimulated at a frequency of 1 or
Hz (stimulus duration 2 ms) via two platinum electrodes situated

n the side of the tissue chamber. Cell length was assessed optically
IonOptix Corporation, Milton, MA) and digitized at 200 Hz. The
hole cell cytosolic Ca2+ transient was recorded in fura-2 loaded

ells excited alternately at 340 and 380 nm using a monochromator
ystem (Cairn, Kent, UK) and the emitted fluorescence was detected
t 510 ± 40 nm. The fluorescence ratio (Fr) was digitised at 1 kHz
sing IonOptix software. Although most experiments were carried
ut at 30 ◦C, qualitatively similar effects of TNF-� and IL-1� were
btained at 22 ◦C (not shown).

.4. Confocal imaging of intact and skinned myocytes

Confocal imaging was performed using a laser-scanning unit
BioRad Microradiance 2000, Welwyn Garden City, UK) attached

o a Nikon Diaphot inverted microscope (Nikon; Tokyo; Japan).
he X–Y resolution of the system was 0.45 �m, as measured from
he point-spread function of fluorescent microspheres (diameter
.175 �m). The aperture size was set to the size of the Airy disc to
ptimize z-axis resolution. Fluo-3 was excited with the 488-nm line
m 47 (2010) 378–386 379

of an argon ion laser and fluorescence measured at >515 nm. Line-
scan images were acquired at 6 or 2 ms intervals along the length
of the cell. To reduce possible laser damage, the position of the line
was changed after two to three scan sequences. Data were ana-
lyzed using ImageJ (NIH, USA, http://rsbweb.nih.gov/ij/) and Image
Pro-Plus version 5.1 (Media Cybernetics Europe, Marlow, Bucking-
hamshire, UK). The automated detection of Ca2+ sparks and the
measurement of temporal and spatial properties was carried out
using the “Sparkmaster” plugin for ImageJ [20]. Spark width and
duration was measured at full width half maximum (FWHM) and
full duration half maximum (FDHM), respectively.

2.5. Solutions for confocal Ca2+ measurement in intact and
permeabilized myocytes

Intact myocytes were superfused with NT solution at room
temperature. Cells were permeabilized by exposure to saponin
(10 �g ml−1) for 6 min in weakly Ca2+-buffered solutions approx-
imating to the intracellular milieu, before centrifugation and
re-suspension. The mock intracellular solution contained (in mM):
KCl, 100; HEPES, 25; EGTA, 0.05–0.36; phosphocreatine 10; ATP, 5
and fluo-3, 0.001, pH 7.0, 22 ◦C. MgCl2 was added (from 1 M stock
solution) to produce a free concentration of 1.0 mM. The free [Ca2+]
was adjusted by addition of CaCl2.

2.6. Statistical analysis

Data are presented as mean ± s.e.m. and unless otherwise stated,
each data set was derived from cells isolated from a minimum of
five animals. Statistical comparisons of multiple control and treated
groups were performed using paired or unpaired t-test or ANOVA
with post hoc tests (Holme Sidak) as appropriate. If data failed a nor-
mality test (Kolmogorov–Smirnov) an appropriate non-parametric
test was carried out. Significant results, unless stated otherwise
have a P value <0.05.

3. Results

The contraction amplitude (expressed as percentage of resting
cell length) and Ca2+ transient amplitude were both significantly
(P < 0.05) reduced (to 54% and 65% of control, respectively) in cells
treated for 180 min with TNF-� and IL-1� (Fig. 1A–C). No significant
difference was observed in the time for half decay of either contrac-
tion (P = 0.326) or the Ca2+ transient (P = 0.583) between control
(n = 64) and treated cells (n = 58).

As described above, TNF-� and IL-1� have been reported to act
synergistically to reduce contractility in ventricular tissue. This is
illustrated in Fig. 1D, where cells were incubated in either TNF-
� (0.05 ng ml−1) or IL-1� (2 ng ml−1) alone for 180 min. Neither
TNF-� nor IL-1� had a significant effect on contraction ampli-
tude (P = 0.758 and 0.789, respectively), Ca2+ transient amplitude
(P = 0.317 and 0.313) or the time course of either contraction
(P = 0.747 and 0.359) or the Ca2+ transient (P = 0.918 and 0.275),
when compared with control cells incubated in NT for the same
time period.

To assess the ability of control and treated cells to respond to a
positive inotropic intervention, the stimulation rate was increased
from 1 to 3 Hz. This significantly increased cell contraction, Ca2+

transient magnitude, diastolic [Ca2+] and the SR Ca2+ content (esti-
mated from the peak of a caffeine-induced Ca2+ transient) in both
control and treated cells. However, these parameters (except dias-

tolic [Ca2+]) remained significantly depressed in cytokine-treated
compared to control cells at 3 Hz (Fig. 2A–D). Frequency-dependent
acceleration of relaxation and Ca2+ transient decay occurred under
both control and treated conditions, but no significant differences
between control and treated cells were observed (Fig. 2E and F).

http://rsbweb.nih.gov/ij/
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ig. 1. (A) Fast time base records of cell length and Ca2+ transients from cells follow
.05 ng ml−1 TNF-� and 2 ng ml−1 IL-1�. Mean data for control (n = 80) and treated,
C). (D) The effects of 180 min exposure to TNF-� (0.05 ng ml−1, n = 13) and IL-1� (2

ractional release of Ca2+ from the SR was determined by express-
ng the Ca2+ transient amplitude as a percentage of the SR Ca2+

ontent at 1 and 3 Hz stimulation. In control cells, fractional release
as 63 ± 4% and 62 ± 4% at 1 and 3 Hz (P = 0.698), and in treated

ells was 54 ± 4% and 50 ± 4% at 1 and 3 Hz (P = 0.078), respectively.
t 1 Hz there was no significant difference between the fractional
elease of control and treated cells (P = 0.151) whereas at 3 Hz frac-
ional release of treated cells was significantly reduced compared
o control cells (P = 0.044).

Fig. 3 shows representative confocal line-scan images of con-
rol and treated cells with 3D surface plots of individual sparks for
ach condition; the latter demonstrating cytokine-induced changes
n spark duration and width, which would increase spark mass
the volume integral of �F/F) [21,22]. Cytokine treatment led to
n increase in spark frequency (Fig. 3A and B) from 0.6 ± 0.1 s−1 in
uiescent control cells to 2.5 ± 0.1 s−1 after 180 min of TNF-� and

L-1� treatment. Spark amplitude was not significantly affected by
ytokine treatment (P > 0.05, t-test, Fig. 3B), however, spark dura-
ion and width were both increased significantly (by 18 ± 3% and
5 ± 4%, respectively, P < 0.05, n = 19, Fig. 3B) compared to con-
rol.

To assess whether cytokine-induced changes in spark character-
stics were still evident following cell permeabilization, myocytes

ere first incubated for 180 min as above and then transferred to
mock intracellular solution (see Section 2) containing 10 �g ml−1
aponin. Following cell permeabilization, the properties of Ca2+

parks in cells treated with TNF-� and IL-1� were not significantly
ifferent from those measured in control cells (P > 0.05, n = 6). This
emained the case whether or not TNF-� and IL-1� was present
fter permeabilization. This finding suggests that the effects of TNF-
0 min incubation in either normal Tyrode’s solution (NT) or NT supplemented with
n = 82) on contraction amplitude (B) and magnitude of the cytosolic Ca2+ transient
−1, n = 14) alone on contraction and the Ca2+ transient amplitude. *P < 0.05.

� and IL-1� are mediated by a diffusible second messenger, which
cannot accumulate in permeabilized cells, rather than sustained
changes to RyR2 gating.

Fig. 4A illustrates global Ca2+ release in electrically stimulated
control (left panel) and treated (right panel) cells, assessed from
line-scan images. In control cells (Fig. 4 left panels), electrical stim-
ulation led to a synchronous rise of Ca2+ throughout the cell (Fig. 4A)
which can be quantified by the fluorescent intensity profile labelled
(i) at the time of stimulation (Fig. 4A and B). Fig. 4C illustrates
that the temporal characteristics of the Ca2+ transient are similar
through out the cell (see time course of Ca2+ transients generated
by line profiles (ii) and (iii); Fig. 4A and C). However, in some
treated cells (Fig. 4 right hand panels) the time course of Ca2+

release showed spatial heterogeneity (see line profile (iv)) at the
time of stimulation in Fig. 4B and altered configuration of Ca2+

transients generated from different regions of the cell (line pro-
files (v) and (vi) in Fig. 4A and C). In control conditions, 5 out of 42
cells exhibited some evidence of asynchronous release whereas in
cytokine-treated cells, this was increased significantly to 15 out of
49 cells (P < 0.01, Chi-squared test).

Fig. 5A shows an example of chaotic “diastolic” Ca2+ release in
a field stimulated myocyte following cytokine treatment. A num-
ber of different forms of spontaneous Ca2+ release are apparent
including Ca2+ sparks, larger non-propagating Ca2+ release events
and fully propagating Ca2+ waves, which in this case originated

at one end of the cell. Fig. 5B (upper panel) shows line-scan (left)
and surface plot (right) images from a control cell following field
stimulation. Control cells typically exhibited a quiescent period
immediately after each stimulation, when Ca2+ sparks were not
apparent or occurred at very low frequency. Also shown is a line-



D.J. Duncan et al. / Cell Calcium 47 (2010) 378–386 381

Fig. 2. Mean data describing contraction amplitude (A), Ca2+ transient amplitude (B), SR Ca2+ content (C) and diastolic fluorescence ratio (D) of control (n = 27) and treated
(n = 24) cells during 1 and 3 Hz stimulation. At 1 Hz, cytokine treatment significantly decreased cell contraction, the Ca2+ transient and SR Ca2+ content (*P < 0.05 vs 1 Hz control,
t vs 1 H
S 3 Hz
( s (*P <

s
w
T
a

-test). At 3 Hz all parameters were significantly increased (+P < 0.001, paired t-test
R Ca2+ content remained significantly depressed compared to control (#P < 0.05 vs
E) and the Ca2+ transient (F) were observed at 3 Hz in both control and treated cell
can image and corresponding surface plot from a cell treated
ith TNF-� and IL-1� under similar conditions (lower panel).

reated cells typically exhibited Ca2+ sparks during and immedi-
tely after each stimulated response. The non-uniform rising phase
z) in both control and treated cells however cell contraction, the Ca2+ transient and
control, t-test). Rate-dependent decreases in the time for half decay of contraction
0.05, paired t-test vs 1 Hz) but this was unaffected by cytokine treatment.
of the stimulated Ca2+ transient is also apparent in this example.
Fig. 5C shows cumulative data from experiments in which con-
trol (left) or cytokine-treated (right) cells were stimulated at 6 s
intervals and the frequency of diastolic Ca2+ sparks measured as
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ig. 3. (A) Typical line-scan images of Ca2+ sparks from myocytes under control con
he regions of each line-scan indicated. Selected line profiles are also shown below
a2+ sparks. (B) Mean data describing spark frequency (s−1) per 100 �m, amplitude
**P < 0.001 vs control, **P < 0.05 vs control, t-test.

function of time. In control cells the quiescent period immedi-

tely after each stimulated response was followed by a progressive
ncrease in spark frequency over the subsequent 5 s. However, in
reated cells, the mean spark frequency was higher and there was
o apparent relationship between spark frequency and time after
timulation.
s (left) or following incubation with TNF-� and IL-1� (right). Surface plots are from
image (1,2). These were produced by averaging 3 pixels centred on the peak of the
duration (FDHM) and width (FWHD) in control and treated cells (n = 19 per group).

Fig. 6A illustrates changes in the frequency of spontaneous Ca2+
waves in an unstimulated cell at different extracellular Ca2+. Ele-
vation of Ca2+ from 1 to 3 mM led to a significant increase in wave
frequency in both control and treated cells. However, at any given
extracellular Ca2+ concentration, wave frequency was significantly
higher in cytokine-treated cells.
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ig. 4. (A) Typical line-scan images obtained during field stimulation from contr
espectively. (B) Line profiles positioned transversely across the image (i and iv), at
ourse and amplitude of the Ca2+ transients at the points indicated (ii and iii for cont
ver 3 pixels.

. Discussion

Incubation of isolated ventricular myocytes in TNF-� and IL-
� for 180 min was associated with a decrease in cell contractility,
he amplitude of the spatially averaged Ca2+ transient and the SR
a2+ content, while Ca2+ spark frequency increased (Figs. 1–3).
hese data are similar to results obtained from myocytes isolated
rom rat hearts, 48 h after induction of sepsis in vivo via CLP [15].
mportantly, this shows that although CLP would be expected to
ead to expression of a variety of both pro- and anti-inflammatory
ytokines, the changes observed in contractility and SR Ca2+ release
an be mimicked by the combined actions of TNF-� and IL-1� alone.

.1. Effects TNF-˛ and IL-1ˇ on Ca2+ sparks

The decrease in contractility following cytokine treatment likely
eflects the smaller amplitude of the whole cell Ca2+ transient
Fig. 1), which is consistent with the reduced SR Ca2+ content
Fig. 2). The lower SR Ca2+ content can in turn be explained by
he increase in SR Ca2+ leak, manifested as a sustained increase
n Ca2+ spark frequency (Fig. 3). However, although this interpreta-

ion appears likely in the context of the present study, modulation
f RyR2 function alone does not typically induce sustained changes
n SR Ca2+ release.

In paced ventricular myocytes, a moderate increase in the open
robability of RyR2 (e.g. with sub-millimolar caffeine) induces
t) and treated (right) cells displaying synchronous or asynchronous Ca2+ release,
oint of stimulation. (C) Superimposed longitudinal line profiles indicating the time
ft) and v and vi for treated cells (right)). All line profiles were obtained by averaging

only a transient increase in the whole cell Ca2+ transient [23].
This intrinsic “autoregulation” is also apparent with localised Ca2+

release events in quiescent cells (and with a variety of RyR2 mod-
ulators), where Ca2+ spark frequency increases transiently before
returning to the control level [24]. In general, therefore, interven-
tions that increase the open probability of RyR2 have no sustained
effect. Indeed, sustained increases in Ca2+ spark frequency are gen-
erally associated with factors that increase the SR Ca2+ content,
reflecting an increase in the influence of luminal Ca2+ on RyR2
[24].

Against this background, the sustained increase in Ca2+ spark
frequency associated with TNF-� and IL-1� treatment, combined
with a decrease in SR Ca2+ content, was unexpected. However, one
possible explanation for this apparent discrepancy is that exposure
to TNF-� and IL-1� might alter regulation of RyR2 by SR luminal
Ca2+, e.g. following cytokine treatment, the sustained increase in
Ca2+ spark frequency might reflect an abnormally large influence of
SR luminal Ca2+ on RyR2, despite the lower SR Ca2+ content. Consis-
tent with this interpretation, spark frequency was little affected by
SR Ca2+ depletion initiated by field stimulation in cytokine treated
cells (Fig. 5B and C). This contrasts with the typical response of

control myocytes, which exhibit a quiescent period immediately
following the Ca2+ transient, during which sparks are less frequent,
followed by a gradual increase in spark frequency. Indeed, in treated
cells, Ca2+ sparks were often apparent both during the descending
phase and immediately after triggered Ca2+ transients.
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Fig. 5. (A) Representative data showing field stimulated Ca2+ transients interspersed with local Ca2+ release (red bars) and propagated waves (black bars) in a cytokine-treated
cell. (B) Line-scan image and surface plot from a control cell following field stimulation (upper panel). Control cells typically exhibit a quiescent period immediately after each
stimulation, when Ca2+ sparks were not apparent or occurred at very low frequency. Also shown is a line-scan image and corresponding surface plot from a cell treated with
TNF-� and IL-1� under similar conditions (lower panel). Treated cells typically exhibited Ca2+ sparks during and immediately after each stimulated response. (C) Cumulative
d 2+ −1 contr
s the in
b 1 s (P

4
I

C

ata showing changes in spontaneous Ca spark frequency (s ) per 100 �m, from
park frequency progressively increased from a very low level immediately after
etween the time and spark frequency. ***Value significantly different from that at
.2. Asynchronous Ca2+ release following exposure to TNF-˛ and
L-1ˇ

The frequency of Ca2+ sparks increases as a function of the SR
a2+ content until a point is reached when propagation occurs
ol (left) and treated (right) cells stimulated at 6 s intervals. In control cells (n = 20)
itial stimulation. In treated cells (n = 28) there was no clear temporal relationship
< 0.001). Vertical bar indicates 25 �m. ‘S’ indicates field stimulation.
between neighbouring release sites [25]. The resulting wave of
Ca2+-induced Ca2+ release (CICR) induces global SR Ca2+ depletion,
thereby dictating the maximum SR Ca2+ content. Recent work has
shown that the transition to Ca2+ wave propagation is predomi-
nantly due to the sensitizing influence of SR luminal Ca2+ on RyR2
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Fig. 6. (A) Representative record of spontaneous Ca2+ waves recorded in a control
unstimulated cell at extracellular [Ca2+] of 1, 2 and 3 mM. (B) Mean data describing
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he frequency of spontaneous Ca2+ waves in control (n = 7–9) and treated (n = 8)
ells. Frequency was increased significantly (**P < 0.01) in treated cells compared
o control cells at any given extracellular Ca2+ and in both control and treated cells
etween 1 and 3 mM extracellular Ca2+ (+P < 0.01).

26]. Indeed, both Ca2+ sparks and waves can be considered to be
vents driven by the activity of SERCA and consequent effects medi-
ted via SR luminal Ca2+. This mechanism is clearly distinct from
riggered CICR, where Ca2+ influx and subsequent binding to reg-
latory sites located on the large cytosolic domain underlies RyR2
ctivation.

In the present study, TNF-� and IL-1� had apparently different
ffects on spontaneous and triggered forms of SR Ca2+ release. Trig-
ered Ca2+ release was significantly reduced in amplitude (Fig. 1)
nd this was accompanied by local release failure and asynchrony
n the rising phase of the Ca2+ transient (Fig. 4). This contrasts with
he facilitation of both spontaneous Ca2+ sparks and waves, despite
he decrease in SR Ca2+ content.

One possible explanation for this difference is that a primary
ffect of TNF-� and IL-1� on spontaneous Ca2+ release might
nderlie the detrimental effects on triggered Ca2+ release. Specif-

cally, RyR2 clusters involved in the generation of sparks just
rior to electrical stimulation may be refractory to triggered CICR
27], decreasing both the synchrony and magnitude of global Ca2+

elease (Fig. 4). In addition, triggered Ca2+ release exhibits a non-
inear dependence upon the SR Ca2+ content: a decrease in the
verage SR Ca2+ content to around 60% of the maximum content is
ufficient to cause failure of triggered Ca2+ release in rat myocytes
28]. Therefore, the decrease in average SR Ca2+ content due to
he increase in SR Ca2+ leak may also contribute to inhibition and
synchrony of the global Ca2+ transient.

.3. Pro-arrhythmic changes in SR Ca2+ regulation
Sepsis is associated with increased incidence of both atrial and
entricular arrhythmia [2,29]. In the case of ventricular arrhyth-
ias (ectopic beats, fibrillation or tachycardia), there is relatively

ittle published data and the underlying causes are not clear. In
he present study, exposure to TNF-� and IL-1� increased the fre-

[

[

m 47 (2010) 378–386 385

quency of spontaneous Ca2+ waves at each extracellular [Ca2+]
relative to control cells (Fig. 6). Spontaneous SR Ca2+ release is
known to be pro-arrhythmic because the resulting Na/Ca exchange
current is electrogenic, facilitating cell depolarisation, which can
lead to delayed after depolarizations (DADs) [30]. DAD-induced
triggered activity is established as an important class of arrhyth-
mia linked to sudden cardiac death in circumstances where SR Ca2+

regulation is disturbed, e.g. ischemia, treatment with cardiac glyco-
sides or with familial cardiomyopathies such as catecholaminergic
polymorphic ventricular tachycardia (CPVT) [31]. In intact tissue,
spontaneous depolarisations arising in single myocytes (or groups
of associated cells) must overcome the electrotonic influence of
neighbouring myocardial tissue before a propagated action poten-
tial can occur [32]. It seems likely that the higher frequency of
spontaneous Ca2+ transients following treatment with TNF-� and
IL-1� will increase the probability of this local threshold being
exceeded, thereby predisposing to triggered arrhythmias.

In summary, this study illustrates that simultaneous exposure of
ventricular myocytes to TNF–� and IL-1� reduces cell contractility,
the magnitude of the Ca2+ transient and SR Ca2+ content, effectively
mimicking effects seen in CLP-induced sepsis [15]. Enhanced spark
frequency, propensity for spontaneous wave generation and sub-
sequent triggered activity provides a pro-arrhythmic state which
may contribute to the increased incidence of arrhythmia observed
clinically in patients with sepsis.
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