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Abstract
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Sudden cardiac death remains one of the most prevalent modes of death and is mainly 

caused by ventricular fibrillation (VF) in the setting of acute ischemia resulting from 

coronary thrombi. Animal experiments have shown that platelet activation may 

increase susceptibility of ischemic myocardium to VF, but the mechanism is unknown. 

In the present study, we evaluated the effects of activated blood platelet products 

(ABPPs) on electrophysiological properties and intracellular Ca2+ (Ca2+
i
) homeostasis.

Platelets were collected from healthy volunteers. After activation, their secreted 

ABPPs were added to superfusion solutions. Rabbit ventricular myocytes were 

freshly isolated, and membrane potentials and Ca2+
i
 were recorded using patch-clamp 

methodology and indo-1 fluorescence measurements, respectively. ABPPs prolonged 

action potential duration and induced early and delayed afterdepolarizations. ABPPs 

increased L-type Ca2+ current (I
Ca,L

) density, but left densities of sodium current, 

inward rectifier K+ current, transient outward K+ current, and rapid component of 

the delayed rectifier K+ current unchanged. ABPPs did not affect kinetics or (in)

activation properties of membrane currents. ABPPs increased systolic Ca2+
i
, Ca2+

i
 

transient amplitude, and sarcoplasmic reticulum Ca2+ content. ABPPs did not affect 

the Na+-Ca2+ exchange current (I
NCX

) in Ca2+-buffered conditions. Products secreted 

from activated human platelets induce changes in I
Ca,L

 and Ca2+
i
 which result in action 

potential prolongation and the occurrence of early and delayed afterdepolarizations 

in rabbit myocytes. These changes may trigger and support reentrant arrhythmias in 

ischemia models of coronary thrombosis.
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Introduction
Sudden cardiac death (SCD) remains one of the most prevalent modes of death in 

industrialized countries. It claims almost a million deaths annually in Western Europe 

and the United States.[1,2] Ventricular fibrillation (VF) in the setting of coronary 

artery disease is the most common underlying arrhythmia.[2] Acute coronary 

thrombosis is observed in 74-79% of SCD victims at autopsy.[3,4] Platelets play 

an important role in the occurrence of SCD. Animal experiments have shown that 

platelet activation increases susceptibility of ischemic myocardium to VF.[5-8] 

Coronary occlusion with a thrombus in pigs induced VF significantly more often 

than a non-thrombotic occlusion, such as a balloon or ligature.[8] Similarly, in a dog 

model of regional myocardial ischemia, 51% of control animals developed VF after 

balloon inflation, but none after induction of severe thrombocytopenia.[6] Platelet 

activation results in the release of platelet products, the so-called secretome, which 

includes organic substances (e.g., ATP, serotonin, histamine) and more than 2000 

proteins.[9] Many of these substances can alter electrophysiological properties of the 

heart in various animal species, supporting the notion that activated platelets exert 

pro-arrhythmic effects.[10-12] Conversely, platelet antagonists counteract ischemia-

induced arrhythmias in animal studies.[13,5]

We hypothesized that activated human blood platelet products (ABPPs) affect cellular 

electrophysiological properties and, thereby, modulate vulnerability to VF. We studied 

this hypothesis by evaluating the effects of human ABPPs on action potentials (APs), 

ion channels, and intracellular Ca2+ (Ca2+
i
) homeostasis of isolated rabbit ventricular 

myocytes. We found that ABPPs cause changes in electrophysiological properties 

which are conducive to arrhythmia occurrence.

Materials and methods
Platelets
Blood collection. The study was approved by the institutional Medical Ethics 

Committee (reference number #06/002) and conforms with the principles outlined in 

the Declaration of Helsinki. Platelet donors were healthy volunteers (n=5) who signed 

written informed consent. All blood collections were performed with a 19G needle 

without vacuum at 10-11 hr AM to rule out possible effects of circadian fluctuations 

in platelet function and activation. After the first few ml were discarded, 40 ml was 

drawn in custom prepared Falcon tubes containing 3.2% (0.109M) sodium citrate 

(1:10).

Isolation of products of activated platelets. Platelet-rich-plasma was prepared by 

centrifugation at 160 x g for 15 minutes at room temperature without brake, and 

was acidified with acid-citrate-dextrose to prevent platelet activation during isolation. 
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Subsequently, platelets were pelleted at 800 x g during 15 minutes and the pellet 

washed with HEPES-buffererd Tyrode solution (pH 6.5). After addition of the platelet 

inhibitor prostaglandin I2 (10 ng/ml, final concentration), the platelets were pelleted 

again at 800 x g during 15 minutes and suspended in HEPES-buffered Tyrode (pH 

7.2) to a final concentration of 220-250 x109 platelets/L. Platelets can be activated by 

different aggregating agents (agonists). Using the patch-clamp technique (see below), 

we tested which platelet activator left AP properties unaltered. Table 1 shows that 

thrombin receptor activating protein (TRAP) and collagen did not affect AP properties, 

making them suitable for our study. To induce the platelet secretion response, platelets 

were pre-warmed to 37ºC in an aggregometer and stimulated with TRAP (15 µM final 

concentration) or collagen (2 µg/ml final concentration) for 5 minutes at a stirring speed 

of 900 revolutions per minute (rpm). Platelets were then pelleted by centrifugation 

at 13.000 rpm for 5 minutes and the supernatant that contained the secreted ABPPs 

was snap-frozen in liquid nitrogen and stored at –80ºC until use. In platelets used for 

control experiments, stirring and centrifugation were similar, but TRAP was added to 

the supernatant only after centrifugation and separation from the pellet. This control 

solution is named non-ABPPs in the remaining part of the manuscript. In a subset of 

samples, the release reaction was validated by analysis of the serotonin concentration 

in ABPPs and non-ABPPs. Measured serotonin concentrations in representative 

ABPPs and non-ABPPs samples were 761 ng/ml and 157 ng/ml, respectively. These 

values were in accordance with previously published values.[14,15] The amount of 

Ca2+ in ABPPs and non-ABPPs was negligible compared to the amount of Ca2+ added 

to the secretome during further experiments (data not shown).

Cell preparation
The investigation conformed to the Guide for the Care and Use of Laboratory Animals 

(NIH Publication 85-23, revised 1996) and was approved by the institutional animal 

experiments committee. Midmyocardial cells of New Zealand White rabbits were 

isolated by enzymatic dissociation from the most apical part of the left ventricular 

free wall as described previously.[16] Small aliquots of cell suspension were put in 

a recording chamber on the stage of an inverted microscope. Cells were allowed 5 

minutes to attach to the bottom before superfusion was initiated. The temperature 

was 36-37°C, except for sodium current (I
Na

) recordings (20-21°C). Quiescent rod-

shaped cross-striated cells with a smooth surface were selected for measurements.

Electrophysiology 
Data acquisition and analysis. APs and sarcolemmal ion currents were recorded with 

the amphotericin-B-perforated patch-clamp and ruptured patch-clamp technique, 
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respectively. Voltage control, data acquisition, and analysis were accomplished using 

custom software. Potentials were corrected for the estimated change in liquid junction 

potential, except for I
Na

 measurements, where it was 0.2 mV. Adequate voltage control 

was achieved with low-resistance pipettes (1.5-2.5 MΩ), and Rs and Cm compensation 

>80%. Membrane currents and potentials were filtered (low-pass, 1-kHz) and 

digitized (2-kHz), except for AP and I
Na

 measurements, where filtering and digitizing 

frequencies were 5-kHz and 20-kHz, respectively. Cell membrane capacitance (Cm) 

was determined as described previously.[16]

Current-clamp experiments. APs were measured using a modified Tyrode’s solution 

containing (mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1.0, glucose 5.5, HEPES 

5.0; pH 7.4 (NaOH). Pipette solution contained: K-gluconate 125, KCl 20, NaCl 

10, amphotericin-B 0.22, HEPES 10; pH 7.2 (KOH). APs were elicited at 0.2 to 

4-Hz by 3-ms, 1.5× threshold current pulses through the patch pipette. We analyzed 

resting membrane potential (RMP), maximal upstroke velocity (Vmax), AP amplitude 

(APA), AP plateau amplitude (defined as the potential difference between RMP and 

the potential at 50 ms after the AP upstroke), and AP duration at 20, 50 and 90% 

repolarization (APD20, APD50, and APD90, respectively). Data from 10 consecutive 

APs were averaged.

APs were measured in the absence and presence of ABPPs (diluted 40x to increase the 

superfusion volume and compensate for supraphysiological platelet activation) in the 

same myocyte. In order to obtain steady-state conditions, AP recordings were started 

4 minutes after application of ABPPs. The occurrence of early afterdepolarizations 

(EADs) was tested at a pacing frequency of 0.2-Hz. Susceptibility to delayed 

afterdepolarizations (DADs) was tested by applying a 3-Hz pacing episode (10-s) 

followed by an 8-s pause.

Voltage-clamp experiments. I
Na

, L-type Ca2+ current (I
Ca,L

), inward rectifier K+ current 

(I
K1

), transient outward K+ current (I
to1

), rapid component of delayed rectifier K+ 

current (I
Kr

), and Na+-Ca2+ exchange current (I
NCX

) were measured with solutions 

described previously[17], and by voltage-clamp protocols shown in the appropriate 

figures. I
Ca,L

 was measured in the presence of 0.25 mM DIDS to block the Ca2+-

activated Cl- current. I
to1

 was measured in the presence of 1 mM CdCl2, which blocks 

inward Ca2+ currents,[18] and thereby also prevents activation of the transient outward 

Ca2+-activated Cl- current.[19] CdCl2 also strongly inhibits inward Na+ currents.[20] 

I
Na

, I
Kr

, and I
K1

 were measured in the presence of 5 μM nifedipine to block I
Ca,L

. I
NCX

 

was measured as 10 mM Ni2+-sensitive current. The presence of the slow component 

of the delayed rectifier K+ current (I
Ks

) in rabbit ventricular myocytes is debated (see 

ref. [21] and primary references cited therein). In our experiments, we did not observe 

residual tail current in the presence of the I
Kr 

blocker E-4031 (5 μM), neither did we 
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observe currents sensitive to the I
Ks

 blocker chromanol-293B (90 μM).[21] Therefore, 

tail currents after depolarizing voltage-clamp steps in our experiments were attributed 

to I
Kr

. Membrane currents were defined as indicated in the typical examples shown in 

the appropriate figures.

Ion currents were measured in paired experiments, i.e., in the absence and presence 

of ABPPs (40× dilution) in the same myocyte. Because ion currents may show run-

down and shifts in (in)activation shortly after patch rupture,[22] control ion current 

measurements were started after a 10 minutes equilibration period and the effects of 

ABPPs were measured 4 minutes after application. Current densities were calculated 

by dividing current amplitudes by C
m
. Voltage-dependence of (in)activation was 

determined by fitting a Boltzmann function (y=[1+exp{(V-V
1/2

)/k}])
-1
 to the individual 

curves, yielding half-maximal voltage V1/2 and slope factor k. Current decay of I
Na

 

and I
Ca,L

 were fitted with a double-exponential function to obtain the time constants 

of the fast and the slow components of current decay: y=[A
f
×exp(–t/τ

f
)]+[A

s
×exp(–t/

τ
s
)], where τ

f 
and τ

s
 are the time constants of fast and slow components, and A

f
 and A

s
 

the fractions of the fast and slow component.

Ca2+ transients
Intracellular Ca2+ (Ca2+

i
) was measured in indo-1 loaded myocytes as described 

previously.[23] Dual wavelength emission of indo-1 was recorded ((405-440)/(505-

540) nm, excitation at 340 nm) and free Ca2+
i
 was calculated.[23] Ca2+

i 
transients were 

elicited at 0.2 to 3-Hz by 50-ms depolarizing voltage-clamp steps from –80 mV to 0 

mV, using the perforated patch-clamp technique. We analyzed diastolic and systolic 

Ca2+
i
 concentrations, Ca2+

i
 transient amplitudes, systolic Ca2+

i
 rise, and time constant 

of the Ca2+
i
 transient decay. Data from 10 consecutive Ca2+

i
 transients were averaged. 

The sarcoplasmic reticulum (SR) Ca2+ content was determined after a 20 s stimulus 

period (frequency: 0.2 or 3-Hz) as the response to a rapid and brief application of 20 

mM caffeine to release Ca2+ from the SR. Since cells were bathed in 0.25 ml modified 

Tyrode’s solution and continuously superfused at a rate of 10 ml/minute, caffeine 

was completely cleared within 3-s. The fractional SR Ca2+ release was determined by 

normalizing the preceding Ca2+
i
 transient amplitude (average of 3) to the caffeine-

evoked Ca2+
i
 transient amplitude.

Statistics
Data are mean±SEM. Group comparisons were made using the t-test or Two-Way 

Repeated Measures ANOVA followed by pairwise comparison using the Student-

Newman-Keuls test. Proportions of EAD and DAD occurrence were compared using 

Fisher’s exact test. P<0.05 defined statistical significance.
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Results
ABPPs prolong action potential duration 
Figure 1A shows representative APs at 1-Hz in control conditions (solid line) and 

in the presence of non-ABPPs (top, dashed line) and ABPPs (bottom, dashed line). 

Non-ABPPs did not change the AP configuration. However, ABPPs induced a more 

positive AP plateau potential and a longer AP duration. The effects of collagen-

activated and TRAP-activated ABPPs on AP plateau amplitude and AP duration did 

not differ significantly (data not shown). Therefore, data obtained from collagen-

activated and TRAP-activated ABPPs were pooled. Figure 1B summarizes the effects 

of non-ABPPs and ABPPs on AP properties. On average, ABPPs caused a 5% more 

positive AP plateau potential and a 12% longer AP duration at 90% repolarization. 

No significant differences of ABPPs on RMP, V
max

 or maximal AP amplitude were 

observed. AP prolongation and larger AP plateau amplitudes were present at all 

frequencies measured (data not shown).

ABPPs induce triggered activity
Early afterdepolarizations. EADs typically occur at slow heart rates.[24] We studied 

susceptibility to EAD formation in control conditions and in the presence of ABPPs 

at 0.2-Hz. Figure 1C shows representative APs in control conditions (solid line) and 

in the presence of ABPPs (dashed line). While EADs in control conditions were rare, 

EADs were observed in 9 out of 13 myocytes tested in the presence of ABPPs (P<0.05; 

Fig. 1E). The EADs occurred as single rather than multiple afterdepolarizations and 

had a ‘take-off potential’ (the potential where repolarization turns into depolarization) 

between -40 and 0 mV.

Delayed afterdepolarizations “DADs” typically occur at fast heart rates.[25] We 

studied the susceptibility to DAD formation in control conditions and in the presence 

of ABPPs by applying a 3-Hz pacing episode (10-s) followed by an 8-s pause. Figure 

1D shows the last two stimulated APs in control conditions (solid line) and in the 

presence of ABPPs (dashed line). While DADs in control conditions were never 

observed, DADs were found in 5 out of 11 myocytes tested in the presence of ABPPs 

(P<0.05; Fig. 1E). The DADs did not result in triggered APs.

ABPPs increase the L-type Ca2+ current
After establishing that ABPPs prolong AP duration, we next sought to identify which 

sarcolemmal ion currents contribute to this effect by studying the major inward and 

outward ion currents in the absence and presence of ABPPs.

  

Na+ current. I
Na

 was measured using a two-step protocol (Fig. 2A). During the first 



Chapter 4.2

104

depolarizing pulse (P1), I
Na

 activates; the second pulse (P2) is used for measuring 

voltage dependency of inactivation. Figure 2B shows representative I
Na

 recordings 

upon depolarizing pulses to -30 mV. Neither mean I
Na

 densities (Fig. 2C) nor current 

decay (Fig. 2B) were affected by ABPPs. Also, voltage dependency of I
Na

 activation 

Figure  1. ABPPs prolong action potential (AP) duration. 
A, Top, Representative APs at 1-Hz in control conditions and in the presence of non-ABPPs. Bottom, Representative 
APs at 1-Hz in control conditions and in the presence of ABPPs. B, Average effects of non-ABPPs and ABPPs 
on AP parameters measured at 1-Hz. RMP=resting membrane potential, Vmax=maximal upstroke velocity,  
APA=maximal AP amplitude, Pla=AP plateau amplitude, APD20, APD50 and, APD90=AP duration at 20, 50, 
and 90% repolarization. *P<0.05 in paired t-test. C, Representative example of an early afterdepolarization 
(EAD) induced by ABPPs. D, Representative example of a delayed afterdepolarization (DAD) induced by ABPPs. 
E, Incidence of EADs and DADs in control conditions and presence of ABPPs. *P<0.05 in Fisher’s exact test. 
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and inactivation were similar in the absence and presence of ABPPs (Figure 2D).

L-type Ca2+ current. I
Ca,L

 was measured using a two-step protocol (Figure 3A). 

During the first depolarizing pulses (P1), I
Ca,L

 activates; the second pulse (P2) is used 

for measuring voltage dependency of inactivation. Figure 3B shows representative 

I
Ca,L

 recordings upon depolarizing pulses to 0 mV. Mean I
Ca,L

 densities (Figure 3C) 

increased in response to ABPPs. For example, at 0 mV peak I
Ca,L

 averaged -14.2±1.2 

and -16.5±1.9 pA/pF in the absence and presence of ABPPs (P<0.05, n=6, paired 

t-test), respectively. Neither current decay (Figure 3B) nor (in)activation properties 

(Figure 3D) were affected by ABPPs.

K+ currents. I
to1

 was measured using a two-step protocol (inset). During the first 

depolarizing pulse (P1), I
to1

 activates; the second pulse (P2) is used for measuring 

Figure  2. No effects of ABPPs on the Na+ current (INa)
A, Protocol used. B, Representative INa in control conditions and in presence of ABPPs. Inset, Average time 
constants of current decay (n=7) in the absence (black bars) and presence (white bars) of ABPPs. C, Average 
current-voltage (I-V) relationships of INa (n=7) in control conditions (closed symbols) and in the presence of 
ABPPs (open symbols). D, Voltage-dependence of INa (in)activation (n=7) in control conditions (closed symbols) 
and in the presence of ABPPs (open symbols). Solid lines: Boltzmann fits of the average data.
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voltage dependency of inactivation. Figure 4A shows representative I
to1

 recordings 

upon depolarizing voltage steps from -80 to 60 mV. Neither mean I
to1

 densities (Figure 

4B) nor (in)activation properties (data not shown) were affected by ABPPs. I
K1

 was 

measured as steady-state current at the end of hyperpolarizing voltage-clamp steps 

from -40 mV. Figure 4C shows representative I
K1

 recordings upon hyperpolarizing 

pulses to -110 mV. Both inward and outward I
K1

 components were not significantly 

different in the absence and presence of ABPPs (Figure 4D). I
K1

 was activated by 

depolarizing voltage-clamp steps from -50 mV and defined as the tail current upon 

stepping back to the holding potential. Figure 4E shows representative I
K1

 recordings 

upon depolarizing pulses to -10 mV. Neither mean I
K1

 densities (Figure 4F) nor 

activation properties (data not shown) were affected by ABPPs.

Figure  3. ABPPs increase L-type Ca2+ current (ICa,L) density. A, Protocol used.
Representative ICa,L in control conditions and in presence of ABPPs. Insets: protocols used. Inset, Average time 
constants of current decay (n=6) in the absence (black bars) and presence (white bars) of ABPPs. C, Average I-V 
relationships of ICa,L (n=6) in control conditions (closed symbols) and in the presence of ABPPs (open symbols). 
*P<0.05 in paired t-test. D, Voltage-dependence of ICa,L (in)activation in control conditions (closed symbols) and 
in the presence of ABPPs (open symbols). Solid lines: Boltzmann fits of the average data.
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NCX current. I
NCX

 was measured in Ca2+-

buffered conditions as the Ni2+-sensitive 

current during a descending voltage ramp 

protocol. The effects of Ni2+ on I
NCX 

are 

reversible,[26] therefore I
NCX

 measurements 

in the absence and presence of ABPPs were 

possible in the same cell. Figure 5A shows 

representative traces of I
NCX

 in the absence and 

presence of ABPPs. ABPPs neither changed 

I
NCX

 in the reverse (outward) mode nor in the 

forward (inward) mode (Fig. 5B).

Figure  4. No effects of ABPPs on K+ currents.
A, Representative transient outward K+ current (Ito1) in control conditions and in presence of ABPPs. B, 
Average I-V relationships of Ito1 (n=7) in control conditions (closed symbols) and in the presence of ABPPs 
(open symbols). C, Representative inward rectifier K+ current (IK1) in control conditions and in the presence of 
ABPPs. D, Average I-V relationships of IK1 (n=5) in control conditions (closed symbols) and in the presence of 
ABPPs (open symbols). E, Representative rapid delayed rectifier K+ current (IKr) in control conditions and in 
the presence of ABPPs. F, Average I-V relationships of IKr (n=5) in control conditions (closed symbols) and in the 
presence of ABPPs (open symbols). Insets: protocols used.

Figure  5. No effects of ABPPs on Na+-Ca2+ 
exchange current (INCX).
A, Representative INCX in control conditions and in presence 
of ABPPs. B, Average I-V relationships of INCX (n=6) in 
control conditions (closed symbols) and in the presence of 
ABPPs (open symbols).
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ABPPs affect Ca2+ homeostasis
We found that ABPPs induced 

both EADs and DADs. There are 

multiple mechanisms underlying 

EAD formation:[25,27,28] (1) 

reactivation of I
Na

, (2) reactivation 

of I
Ca,L

, and (3) I
NCX

 following 

spontaneous SR Ca2+-release. The 

mechanism underlying DADs is 

I
NCX

 activated by spontaneous 

SR Ca2+-release.[25,29] Thus, 

both types of afterdepolarizations 

might be due to spontaneous SR 

Ca2+-release. This typically occurs 

in Ca2+
i
 overload conditions.

[30,31] Accordingly, we studied 

the effect of ABPPs on Ca2+
i
 

transients. To exclude possible 

effects of alterations in AP shape 

on Ca2+
i
 transients, the transients 

were studied in voltage-clamp 

mode with pulses of similar 

duration.[32] Figure 6A shows 

typical Ca2+
i
 traces of a myocyte 

stimulated at 0.2-Hz in control 

conditions (black line) and in 

the presence of ABPPs (red 

line). Figure 6B summarizes the 

average diastolic and systolic Ca2+
i
 

concentrations, Ca2+
i 
transient amplitudes, systolic Ca2+

i
 rise, and time constant of 

the Ca2+
i
 transient decay in control conditions and in the presence of ABPPs. ABPPs 

significantly increased the systolic Ca2+
i
 concentration, the Ca2+

i
 transient amplitude, 

and the systolic Ca2+
i
 rise, while the Ca2+

i
 transient decay significantly decreased. 

These effects were present at all frequencies measured (data not shown). ABPPs 

raised diastolic Ca2+ concentrations significantly at 3-Hz, while the rise in diastolic 

Ca2+ concentration did not reach statistical significance at the other frequencies (data 

not shown). Finally, we tested the effects of ABPPs on the SR Ca2+ release and the 

fractional SR Ca2+ release. To this end, SR Ca2+ content was emptied after a 20-s 

Figure  6. ABPPs augment Ca2+
i handling.

A, Protocol used. B, Representative INa in control conditions and in 
presence of ABPPs. Inset, Average time cA, Typical Ca2+

i transients 
at 0.2-Hz in control conditions and in presence of ABPPs. Arrows 
indicate the moment of caffeine application which is used to 
measure SR Ca2+ content. B, Average Ca2+

i transient parameters 
(n=6) at 0.2-Hz in control conditions and in the presence of 
ABPPs. TA=transient amplitude. *P<0.05 in paired t-test. C, 
Average SR Ca2+ content parameters (n=6) in control conditions 
and in the presence of ABPPs at 0.2 and 3-Hz.
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stimulus period (frequency: 0.2 or 3-Hz) by a brief exposure to caffeine while the 

membrane potential was kept at -80 mV (Figure 6A). Both SR Ca2+ release and the 

fractional SR Ca2+ release increased in response to ABPPs (Fig. 6C).

Discussion
We found that human ABPPs have acute effects on electrophysiological properties 

and Ca2+i homeostasis of rabbit ventricular myocytes. In myocytes exposed to ABPPs 

AP duration prolonged and EADs and DADs occurred (Figure 1). Analysis of 

membrane currents revealed that I
Ca,L

 density was increased, while I
Na

, I
to1

, I
K1

, I
Kr

, 

and I
NCX

 densities were unchanged (Figures 2-5). ABPPs did not affect kinetics and 

(in)activation properties of membrane currents. ABPPs increased systolic Ca2+
i
 , Ca2+

i 
 

transient amplitude, and SR Ca2+ content (Figure 6).

ABPPs prolong action potential duration and induce EADs and DADs
ABPPs prolong AP duration (Figure 1B) and increase I

Ca,L
 (Figure 3). The increase 

of the inward I
Ca,L

 seems a plausible explanation for AP prolongation. It also explains 

the increased incidence of EADs (Fig. 1, C and E), as EADs occur at low heart rates 

under conditions of long APs and may be due to reactivation of  I
Ca,L  

[24,28] On 

the other hand, the ABPPs-induced increase in SR Ca2+ release (Figure 6) could 

partially counteract AP prolongation by increasing the rate of inactivation of I
Ca,L

.[30] 

However, such an increase in the amplitude of the Ca2+ transient would also increase 

the efflux of Ca2+ from the cell as Na+-Ca2+ exchange is more strongly activated.[30] 

The latter would importantly result in an increase in the inward current carried by 

NCX, which in turn is also expected to prolong AP duration. Thus, although I
NCX

  

density in Ca2+-buffered conditions is not affected by ABPPs (Figure 5), we think 

that the functional I
NCX

  is increased due to increased Ca2+
i
 transient amplitudes. 

Moreover, ABPPs induce DADs (Figure 1, D and E). This agrees with our finding of 

enhanced SR Ca2+ content in response to ABPP application. If the SR Ca2+ content 

becomes high, a condition known as Ca2+ overload, spontaneous SR Ca2+ release may 

occur.[30,31] Such spontaneous Ca2+ release can occur during diastole and activates 

I
NCX

, thereby producing DADs.[33]

Clinical implications
Arrest of blood flow to myocytes results in a complex ischemic reaction that includes 

an increase in outward potassium current,[34] a triphasic increase of extracellular 

potassium,[35] a decrease of AP duration,[36] depolarization of RMP and Ca2+ 

loading of the cell.[37] Furthermore, cell-to-cell connections are uncoupled[38] and 

reactive oxygen species are released, resulting in changes in ion channel function[39] 



Chapter 4.2

110

and mitochondrial dysfunction.[37] These events create a hostile environment that 

renders the myocardium prone to arrhythmias.[40] VF during ischemia results from 

reentrant excitation. Reentry may be facilitated by increased spatial dispersion in 

refractory periods, which, in turn, are largely determined by AP duration. Increase 

in AP duration by ABPPs, as observed in the present study, may be conducive to 

reentrant excitation if it occurs in a spatially non-homogeneous fashion, e.g., in 

the ischemic border zone only in the vicinity of a thrombus that contains activated 

platelets (but not remote from it). While ABPPs may thus support the maintenance 

of reentry, it may also support its initiation. Onset of reentry may not only result from 

injury current,[41,42] but may also be evoked by triggered beats originating from 

EADs and DADs.[31]

The ischemic tissue distal to a coronary thrombus is exposed to a plethora of platelet 

products.[15] Most of the products released by platelets are packaged in preformed 

storage granules. Platelets contain three types of granules: dense granules, alpha-

granules and lysosomal granules.[43] About 5-6 dense granules are present per 

platelet. They contain platelet agonists that serve to amplify platelet activation. They 

are the most rapidly secreted granules and release amongst others ADP, ATP, GTP, 

GDP, Ca2+, magnesium pyrophosphate, and amines like serotonin and histamine. 

Serotonin can be used to assess the platelet release reaction: it locally increased 18 

to 27-fold from normal levels in tissue surrounding a coronary thrombus in a dog 

model.[15] Alpha-granules release various proteins involved in cell adhesion and 

coagulation, including von Willebrand factor, fibrinogen, fibrinectin and plasminogen 

activator inhibitor-1. Proteomics studies of the platelet secrotome have yielded a list 

of more than 2000 of such proteins.[9,44] Finally, lysosomes release clearing factors 

such as proteases and glycohydrolases. Many of the substances released by platelets 

can alter electrophysiological properties of the heart in various animal species.[10-

12] The proarrhythmic effects of ABPPs could well result from the summed result of 

smaller effects of individual substances. However, one study points at a small trypsin-

sensitive peptide produced by activated platelets that could increase Ca2+ transients 

in chick cardiac cells.[45] With regards to the effects of platelet products, the fact that 

arrhythmias during ischemia often present in the first seconds and minutes after the 

onset of ischemia fits best with the kinetics of dense granule release as these granules 

are released rapidly after platelet activation. Clearly, future studies must resolve which 

compound contributes most to the proarrhythmic properties of activated platelets. 

Limitations of the study
In our study, we limited ourselves to study the effects of ABPPs in non-ischemic 
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myocytes from the midmyocardial layer of rabbit hearts. In mammalian hearts, 

however, regional differences in electrophysiology and Ca2+  handling exist.[46,47] In 

addition, (pseudo)ischemic conditions will result in time-dependent changes without 

steady-state conditions.[39] Including these factors in the present study would have 

complicated the interpretation of the ABPPs effects. 

Conclusion
Exposure of isolated rabbit myocytes to products released from activated human 

platelets resulted in AP prolongation, early and late afterdepolarizations, and changes 

in Ca2+ homeostasis caused by increased I
Ca,L

. These changes may contribute to 

the initiation and maintenance of reentrant arrhythmias after coronary thrombotic 

occlusion.
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