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Abstract
Mechanical load is an important regulator of cardiac force. Stretching human atrial and ventricular
trabeculae elicited a biphasic force increase: an immediate increase (Frank-Starling mechanism)
followed by a further slow increase (slow force response, SFR). In ventricle, the SFR was unaffected
by AT- and ET-receptor antagonism, by inhibition of protein-kinase-C, PI-3-kinase, and NO-
synthase, but attenuated by inhibition of Na+/H+- (NHE) and Na+/Ca2+-exchange (NCX). In atrium,
however, neither NHE- nor NCX-inhibition affected the SFR. Stretch elicited a large NHE-dependent
[Na+]i increase in ventricle but only a small, NHE-independent [Na+]i increase in atrium. Stretch-
activated non-selective cation channels contributed to basal force development in atrium but not
ventricle and were not involved in the SFR in either tissue. Interestingly, inhibition of AT-receptors
or pre-application of angiotensin II or endothelin-1 reduced the atrial SFR. Furthermore, stretch
increased phosphorylation of atrial myosin light chain 2 (MLC2) and inhibition of myosin light chain
kinase (MLCK) attenuated the SFR in atrium and ventricle. Thus, in human heart both atrial and
ventricular myocardium exhibit a stretch-dependent SFR that might serve to adjust cardiac output to
increased workload. In ventricle, there is a robust NHE-dependent (but angiotensin II- and
endothelin-1-independent) [Na+]i increase that is translated into a [Ca2+]i and force increase via NCX.
In atrium, on the other hand, there is an angiotensin II- and endothelin-dependent (but NHE- and
NCX-independent) force increase. Increased myofilament Ca2+ sensitivity through MLCK-induced
phosphorylation of MLC2 is a novel mechanism contributing to the SFR in both atrium and ventricle.
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1. Introduction
Mechanical load is one of the most important regulators of cardiac function. As early as in the
1860s it was acknowledged by physiologists that diastolic filling of the heart affects stroke
volume (for reviews see Katz, 2002; Zimmer, 2002). This mechanism is now known as the
“law of the heart” or the Frank-Starling mechanism (FSM), named after its “discoverers” Otto
Frank and Ernest Henry Starling. It states that an increase in diastolic filling (preload) causes
an increase in stroke volume and thus cardiac output. At the cellular level, increases in diastolic
filling cause stretching of the myocytes and this leads to increases in contractile force, which
ultimately underlies the increase in cardiac output. The force increase during the FSM is
intrinsic to the cardiac myocyte. It is caused by increased Ca2+ sensitivity of the myofilaments
(Hibberd and Jewell, 1982; Kentish et al., 1986; Konhilas et al., 2002). The major physiological
role of the FSM is to adjust the output between the right and left side of the heart.

The FSM, however, is not the only means by which diastolic filling may regulate cardiac
contractility. Following the FSM, there is an additional, slower, load- or stretch-induced
increase in contractile force developing over 5-15 minutes termed the slow force response
(SFR). Thus, stretch elicits a biphasic increase in force comprising the FSM (1st phase) and
the SFR (2nd phase). The SFR was originally characterised in cat papillary muscles (Parmley
and Chuck, 1973). Since then, it has been observed in a variety of cardiac preparations ranging
from whole hearts to single myocytes in various species including cat (Parmley and Chuck,
1973; Perez et al., 2001), dog (Todaka et al., 1998), ferret (Calaghan and White, 2001), guinea-
pig (White et al., 1995), rabbit (von Lewinski et al., 2003), rat (Alvarez et al., 1999; Hongo et
al., 1996; Kentish and Wrzosek, 1998), and human (von Lewinski et al., 2004). This implicates
that the SFR is a general phenomenon of physiological relevance and that the underlying
mechanisms of the SFR, just like the FSM, are intrinsic to the cardiac myocyte.

The SFR has become the subject of intense research in recent years. Despite significant
advances in our understanding of this phenomenon, however, it is still not completely
understood and some controversies have evolved awaiting resolution. Based on experimental
and modelling studies various signalling pathways and mechanisms have been proposed to
contribute to the SFR. The list of channels, transporters, and signalling molecules possibly
involved in the SFR includes angiotensin II (Alvarez et al., 1999; Perez et al., 2001),
endothelins (Alvarez et al., 1999; Calaghan and White, 2001; Ennis et al., 2005; Perez et al.,
2001), stretch-activated non-selective cation channels (SACs) (Calaghan and White, 2004;
Niederer and Smith, 2007), the Na+/H+ exchanger (NHE) (Alvarez et al., 1999; Calaghan and
White, 2004; Luers et al., 2005; Perez et al., 2001; von Lewinski et al., 2003), the Na+/Ca2+

exchanger (NCX) (Luers et al., 2005; Perez et al., 2001; von Lewinski et al., 2003), the Na+/
K+ pump (Bluhm et al., 1998), cAMP (Calaghan et al., 1999; Todaka et al., 1998),
phosphatidyinositol-3 kinase (PI3K) (Vila Petroff et al., 2001), and nitric oxide (NO) (Vila
Petroff et al., 2001), and is likely to be extended further. The significance of each mechanism
may vary depending on experimental conditions (e.g. the mode of stretch or increase in load),
the preparation (single myocytes versus multicellular trabeculae or whole hearts), the tissue
(atrium versus ventricle), and the species.

In this article, we review data on the SFR in human atrium and ventricle. Moreover, we present
new data that add to our knowledge of the physiological and pathophysiological roles of the
SFR and provide novel insights into the cellular and subcellular mechanisms underlying the
SFR in human myocardium. Experiments were conducted on muscle strips isolated from atrial
and ventricular myocardium of nonfailing and failing human hearts. The results show that
despite similar magnitude and time course of the SFR, there are profound differences in the
underlying mechanisms between atrium and ventricle. In human ventricle, the SFR is mediated,
in part, by an NHE- and NCX-dependent (but angiotensin II- and endothelin-independent)
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[Na+]i and [Ca2+]i increase. In human atrium, on the other hand, the SFR is caused by an
angiotensin II- and endothelin-dependent (but NHE- and NCX-independent) mechanism. A
novel positive inotropic mechanism present in both atrium and ventricle is stretch-induced
stimulation of myosin light chain phosphorylation by myosin light chain kinase. Furthermore,
a stretch-induced negative inotropic mechanism was identified, which limits the SFR. The
nature of this mechanism will be the subject of future research and most certainly reveal
additional signalling pathways activated by stretch.

2. Methods
2.1. Human myocardium

Atrial myocardium was obtained from right atrial appendages of patients undergoing bypass
or valve replacement surgery. Ventricular myocardium was isolated from end-stage failing
explanted hearts. The study was approved by the local ethics committee and all patients gave
informed written consent. The investigation conforms with the principles outlined in the
Declaration of Helsinki.

The cardiac tissue was stored in cold cardioplegic Tyrode’s solution containing (in mM):
Na+ 152, K+ 3.6, Cl- 135, HCO -3 25, Ca2+ 0.2, Mg2+ 0.6, H2PO4

- 1.3, SO4
2- 0.6, glucose 11.2,

and 2,3-butanedione-monoxime (BDM) 30, equilibrated with 95% O2 and 5% CO2 to a pH of
7.4 and transported to the laboratory. This cardioplegic solution protects the myocardium
during transportation and from cutting injury at the time of dissection with full reversibility of
the cardioplegic effects upon washout. Small free-running trabeculae (also referred to as
“muscle strips”) with a diameter of <0.8 mm were dissected from the atrial or ventricular tissue
with the help of a stereo-microscope. All preparation steps were carried out in the
cardioprotective solution, as described before (Meyer et al., 1996; Pieske et al., 2002).

2.2. Experimental protocol to elicit the SFR
The experimental protocol for eliciting the SFR was identical in atrial and ventricular
trabeculae. Trabeculae were transferred to an organ bath containing Tyrode’s solution
composed of (mM): Na+ 152, K+ 3.6, Cl- 135, HCO3

- 25, Ca2+ 2.5, Mg2+ 0.6, H2PO4
- 1.3,

SO4
2- 0.6, glucose 11.2, insulin 5 I.U./l, pH 7.4. The solution was continuously gassed with

95% O2 and 5% CO2. Temperature was 37°C. Muscle strips were attached to a force transducer
and electrically stimulated at 1 Hz with rectangular voltage pulses 20-40% above threshold
and a pulse duration of 5 ms. Isometric twitch force was measured using a force transducer
(Scientific Instruments) and normalised to muscle cross sectional area. The latter was assessed
at the beginning of an experiment at slack length. Muscle length was increased stepwise until
maximal force development was observed (Lmax). Afterwards, muscle length was reduced to
88% of Lmax (L88) for 30 minutes. Muscles were then stretched acutely to 98% of Lmax (L98).
This resulted in a biphasic increase in developed force, an immediate increase (1st phase, Frank-
Starling mechanism) followed by a further delayed increase (2nd phase, SFR). The magnitude
of the 1st phase was quantified by normalising to developed force measured at L88. The
magnitude of the 2nd phase was quantified by normalising to developed force measured during
the 1st phase. FSM and SFR were highly reproducible within a given muscle strip (see Fig.1).
Thus, all experiments involving drugs included paired stretch protocols, i.e. first a control
stretch protocol was conducted in the absence of drug; then the muscle was released to L88
and drug was applied; after 25 minutes a second stretch protocol was conducted in the same
muscle strip in the presence of the respective drug.

2.3. Measuring [Na+]i in isolated trabeculae
Muscle strips were loaded with the fluorescent Na+ indicator SBFI at room temperature by 180
minutes incubation in Tyrode’s solution containing 35 μM of the acetoxymethyl ester of the
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dye. Trabeculae were mounted in a cylindrical glass cuvette, connected to a force transducer,
and superfused with Tyrode’s solution. Because of the long incubation of the muscle strips in
SBFI-containing solution, experimental conditions were adjusted to optimise the SFR:
[Ca2+] was reduced to 1.25 mM, propranolol (1 μM) was included in the Tyrode’s solution,
temperature was reduced to 30°C, and stimulation frequency was set to 0.2 Hz. [Na+]i was
measured as described previously (Luers et al., 2005; Pieske et al., 2002). Light from a 100 W
mercury lamp was passed through a neutral density filter (1% transmittance) and through
bandpass filters (340 nm, 380 nm) in a rotating filter wheel to excite SBFI in the muscle strip.
Fluorescence emission was collected by a photomultiplier (Scientific Instruments) after
passage through a bandpass filter (505 nm). Fluorescence recording was limited to intervals
of ∼20 s every 1-2 minutes following stretch. Fluorescence emission of SBFI-loaded muscles
was ∼5 times larger than the autofluorescence. Values of [Na+]i were estimated from the SBFI
fluorescence ratio (F340/F380) after subtraction of autofluorescence. SBFI ratios were calibrated
at the end of an experiment by exposure of the muscle strip to calibration solutions containing
[Na+] of 0, 10, 20, and 30 mM, respectively. For calibration of SBFI fluorescence two
calibration solutions were prepared. The first one contained (mM): NaCl 140, HEPES 10,
EGTA 1, strophanthidin 0.1, monensin 0.04, gramicidin 0.02 μg/ml, BDM 30, pH 7.4 (NaOH).
The second calibration solution contained K+ instead of Na+. The two solutions were mixed
to yield [Na+] of 0, 10, 20, and 30 mM, respectively.

In these experiments, force and SBFI fluorescence were measured for 20 minutes following
stretch from L88 to L98. Finally, muscles were exposed to the calibration solutions for in
vivo calibration of SBFI fluorescence. In some experiments, cariporide (3 μM) was used to
inhibit the Na+/H+ exchanger 1 (NHE1). It was applied at L88 20 min prior to stretch and
present throughout the experiment.

2.4. Phosphorylation of myosin light chain 2a
Immunoblotting of atrial myosin light chain 2 (MLC2a) was performed with antibodies against
phosphorylated and total MLC2a as described before (Grimm et al., 2005; Grimm et al.,
2006). Briefly, stretched and non-stretched muscle strips (n=36) were shock frozen in liquid
nitrogen. Following homogenisation and centrifugation the pellet was dissolved in Laemmli
buffer and subjected to SDS-PAGE and immunodetection using standard Western blot
techniques. The antibody directed against total MLC2a (1Ab040; MLC2a) was kindly provided
by the CBI Antibody Core at the Center for Biomedical Inventions, University of Texas
Southwestern Medical School. The antibody directed against phosphorylated MLC2a (P-
MLC2a) was a custom-made antibody from Eurogentec (Seraign, Belgium).

2.5. Drugs
The following drugs were used (source): BQ123 (Calbiochem or Sigma), candesartan or
CV11974 (generous gift of AstraZeneca, Mölndal, Sweden), cariporide or HOE642 (generous
gift of Aventis Pharma, Frankfurt, Germany), GF203109X (Calbiochem), GsMtx-4 (prepared
as described before (Ostrow et al., 2003; Oswald et al., 2002)), KB-R7943 (Tocris), L-NAME
(Sigma), ML-7 (Calbiochem), PD145065 (Sigma), streptomycin (Sigma), wortmannin
(Calbiochem).

3. Results
3.1. The SFR in human ventricular myocardium — key role for NHE and NCX

Stretching isolated human ventricular muscle from L88 to L98 elicited a biphasic increase in
developed force, the 1st phase (due to the FSM) and the delayed 2nd phase or SFR (Fig.1A).
Following release of the muscle strip to L88, a second stretch protocol from L88 to L98 revealed
a biphasic increase in developed force almost identical to the first stretch protocol. Average
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data show that there was no difference in the SFR between the first and second stretch protocol
(Fig.1B, CTRL). Thus, the SFR was highly reproducible in human ventricular muscle strips.
In order to elucidate the role of various membrane channels, transporters, and signalling
molecules in the SFR in human ventricle, we used paired stretch protocols: a first control stretch
protocol in the absence of a pharmacological inhibitor was followed by a second stretch
protocol in the presence of the respective blocker. Average data are presented in Fig.1B.
Consistent with results from many animal models, the SFR in human ventricle was reduced
by 3 μM cariporide or 5 μM KB-R7943, demonstrating that stretch-induced stimulation/
modulation of these Na+-dependent transporters makes an important contribution to the SFR.
Dual inhibition of NHE and NCX by 10 μM cariporide and 5 μM KB-R7943 did not further
reduce the SFR, indicating that both transporters act via the same pathway. Unlike the situation
in animal models, however, antagonism of AT1 (0.1 μM candesartan) and ETA (0.3 μM BQ123)
or ETA/B (10 μM PD145065) receptors did not affect the SFR in human ventricle, suggesting
that autocrine/paracrine actions of angiotensin II and endothelins are not involved in the SFR
in this model. Furthermore, GF203109X (1 μM), wortmannin (0.1 μM), or L-NAME (0.5 mM),
inhibitors of protein kinase C (PKC), PI-3 kinase (PI3K), and NO synthase, respectively, also
left the SFR unaffected. Taken together, these results suggest that in human ventricle the SFR
is mediated by stretch-dependent stimulation of NHE and modulation of NCX activity. The
mechanism by which stretch stimulates NHE, however, remains unknown. It does not appear
to involve angiotensin II, endothelins, PKC, or the PI3K-NO pathway.

3.2. The SFR in human atrial myocardium — no major role for NHE and NCX
Similar to ventricular myocardium, isolated human atrial muscle strips were also characterised
by a highly reproducible, biphasic increase in developed force in response to stretch from L88
to L98 (not shown). On average, the SFR during a first and second stretch protocol amounted
to 127±4% and to 130±5%, respectively (Fig.1C, CTRL). This suggested that similar
subcellular mechanisms might underlie the SFR in atrium and ventricle. Surprisingly, however,
neither blockade of NHE (3 μM cariporide) nor of NCX (5 μM KB-R7943) affected the atrial
SFR, indicating that a different mechanism must underlie the stretch-induced SFR in human
atrium.

3.3. Stretch differentially affects [Na+]i in atrial versus ventricular myocardium
The NHE and NCX dependence of the ventricular SFR suggested that stretch-induced [Na+]i
increases might play an important role in the development of the SFR in human ventricle. By
contrast, the NHE and NCX independence of the atrial SFR suggested that [Na+]i increases do
not occur or that they might be less important for the development of the SFR in human atrium.
We therefore measured stretch-induced [Na+]i changes during the SFR in human atrial and
ventricular trabeculae by means of SBFI fluorescence. Baseline [Na+]i was 9.9±2.4 mM (n=12)
in atrial and 12.2±1.0 mM (n=13) in ventricular muscle strips. There was no difference in basal
[Na+]i between control muscle strips and those pre-treated with 3 μM cariporide to inhibit NHE
(Fig.2B, left). In ventricular muscle strips, stretch caused a SFR that was associated with an
increase in [Na+]i. Fig.2A (left) shows the time course of the stretch-induced increases in twitch
force (top) and [Na+]i (bottom) obtained under control conditions (black, n=7) and in the
presence of 3 μM cariporide (red, n=6). In control muscle strips, stretch slowly increased
developed force until a maximum of ∼130% was reached after 12-14 minutes. Thereafter, force
remained almost unchanged. At the same time, [Na+]i rose almost linearly. The rate of rise in
[Na+]i, determined by a linear fit to the data, amounted to 0.49±0.11 mM/min. Cariporide
significantly reduced the stretch-induced increases in force and [Na+]i by ∼55% and ∼67%,
respectively. Fig.2A (right) shows the corresponding data for human atrium (control, blue,
n=7; cariporide, red, n=5). The atrial SFR was smaller and peaked earlier than the ventricular
SFR with a maximum of ∼117% after 6 minutes. Afterwards, force began to decline. In striking
contrast to ventricle, cariporide neither affected the stretch-induced force increase nor the rise
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in [Na+]i in human atrium. Interestingly, the cariporide-insensitive [Na+]i increase in atrium
was comparable to the [Na+]i increase in ventricle in the presence of cariporide. This suggested
that the SFR in human atrium was mediated by an NHE-independent mechanism, whereas in
human ventricle the SFR was composed of at least two mechanisms, an NHE- and Na+-
dependent one as well as an NHE-independent one.

3.4. The role of SACs for basal contractility and the SFR in atrial and ventricular myocardium
from human heart

An obvious transducer of stretch are stretch-activated non-selective cation channels (SACs).
SACs in atrial and ventricular myocytes preferentially conduct monovalent cations (Isenberg
et al., 2003; Kamkin et al., 2003; Zeng et al., 2000) and, to a lesser degree, also Ca2+ (Suchyna
et al., 2004). Thus, activation of SACs could increase force via influx of Na+ and/or Ca2+.
Evidence from animal models and modelling studies suggested that SACs might be involved
in the SFR (Calaghan and White, 2004; Niederer and Smith, 2007). However, disparate results
have also been obtained (von Lewinski et al., 2004; von Lewinski et al., 2003) and the role of
SACs in the development of the SFR, therefore, is still not understood. One problem in this
regard has been the lack of a specific inhibitor of SACs. Many previous studies have relied on
either gadolinium or streptomycin to block SACs. Although both can indeed block SACs
(Hamill and McBride, 1996; Isenberg et al., 2003), they also have effects on channels other
than SACs and thus interpretation of results obtained with these substances alone is difficult.
Recently, however, a peptide isolated from the venom of the tarantula Grammostola
spatulata, GsMtx-4, was identified as a novel, highly potent and specific inhibitor of SACs
(Bowman et al., 2007; Suchyna et al., 2000).

In order to evaluate the functional relevance of SACs in human heart, we tested the effects of
GsMtx-4 on basal contractility in atrial and ventricular muscle strips. Fig.3A,B illustrates
original recordings from atrium (A) and ventricle (B). In atrium, increasing concentrations of
GsMtx-4 reduced basal twitch force at L98. By contrast, the same concentrations of GsMtx-4
did not affect basal twitch force in a ventricular muscle strip under otherwise identical
conditions. Average data are presented in Fig.3C. There was a concentration-dependent
reduction in twitch force elicited by GsMtx-4 in atrium (circles). At 1000 nM GsMtx-4, the
highest concentration tested, basal twitch force decreased by 12±3% (n=4, P<0.05). The
IC50 value amounted to 628 nM GsMtx-4 and the Hill coefficient was 1.1. In ventricle, on the
other hand, there was no appreciable effect of GsMtx-4 on basal force up to a concentration of
1000 nM (squares). Thus, SACs appear to be activated under baseline conditions and contribute
to basal force development in human atrium but not ventricle.

We next assessed whether SACs might be involved in the SFR in human atrium or ventricle.
Fig.4 illustrates an original recording (A) and average results (B) from human atrial muscle
strips. Following a control stretch response with a SFR of 117%, the muscle strip was released
to L88 and exposed to 500 nM GsMtx-4. The peptide reduced basal twitch force at L88 by
12%. When the stretch protocol was repeated in the presence of GsMtx-4, the SFR was not
reduced and amounted to 127%. On average, GsMtx-4 (500 nM, n=8) reduced basal twitch
force at L88 in human atrium by 9±3% (Fig.4B, left; P<0.05). There was, however, no
difference between the SFR elicited in the absence and presence of the peptide (Fig.4B,
middle). Similar results were obtained using 1000 nM GsMtx-4 (n=3, data not shown). For
comparison, we also conducted experiments with the unspecific SAC inhibitor streptomycin
(Fig.4B). Streptomycin (80 μM, n=6) reduced basal force development at L88 by 20±2% (Fig.
4B, left; P<0.01). It tended to increase the SFR, but this effect did not reach statistical
significance (P=0.08, Fig.4B, middle). Finally, we tested for the involvement of SACs in the
SFR in human ventricular muscle strips using 1000 nM GsMtx-4 (n=3). GsMtx-4 did not affect
the ventricular SFR (Fig.4B, right), thus confirming previous experiments using 70 μM
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streptomycin or 10 μM gadolinium to block SACs (von Lewinski et al., 2004). From these
results we conclude that SACs are unlikely to contribute to the SFR in either human atrium or
ventricle.

3.5. In search of new mechanisms underlying the SFR in human atrium: the peptide case
Despite the fact that antagonism of AT and ET receptors did not affect the SFR in human
ventricle, we considered the possibility that these peptides might be involved in the SFR in
human atrium, because many cardioactive peptides act preferentially on the atrium rather than
the ventricle. Intriguingly, angiotensin II exerts a positive inotropic effect in human atrium,
but not in ventricle (Holubarsch et al., 1993). Moreover, atrial myocytes produce the peptide
hormone atrial natriuretic peptide (ANP), which is stored in granules and released upon stretch.
Therefore, we investigated whether angiotensin II, endothelin-1, or ANP might be involved in
the SFR in human atrial myocardium. We used two approaches: application of the peptide itself
and, if the SFR was altered by the peptide, application of the respective receptor antagonist.
Fig.5A shows an original recording of an atrial muscle strip treated with 500 nM angiotensin
II. In the absence of the octapeptide, the SFR amounted to 124%. Exposure to angiotensin II
elicited a positive inotropic effect (compare force at L88 before stretch between first and second
stretch protocol). When the muscle was stretched in the presence of angiotensin II, the SFR
was blunted and amounted to 108%. Subsequent elevation of extracellular [Ca2+] to 5 mM
induced an additional positive inotropic effect of ∼50% on top of the SFR, indicating that
reduction of the SFR by angiotensin II was not caused by exhaustion of inotropic reserve. On
average, angiotensin II increased basal force by 247±46% (n=8, P<0.05 versus initial control)
and reduced the SFR from 120±4% to 113±3% (n=8, P<0.05, Fig.5B). Similar to angiotensin
II, endothelin-1 (25 nM) also elicited a positive inotropic effect (427±75%, n=8, P<0.01 versus
initial control) and largely reduced the SFR from 127±6% to 105±2% (n=8, P<0.01, Fig.5B).
By contrast, ANP (20 nM) induced a negative inotropic effect (87±5%, n=6, P<0.05 versus
initial control) and left the SFR unaffected (n=6, P=N.S., Fig.5B). These results suggested that
angiotensin II and endothelin-1, but not ANP, were involved in the SFR in human atrium. We
therefore tested whether receptor antagonism might also reduce the SFR. Saralasin (5 μM), an
unselective AT receptor antagonist, significantly reduced the SFR from 125±6% to 111±2%
(n=9, P<0.05, Fig.5B). ET receptor antagonists were not tested, however, because preliminary
experiments indicated that neither BQ123 (0.25-1.0 μM) nor PD145065 (10 μM) were able to
reduce the positive inotropic effect of bath-applied endothelin-1, presumably due to the unique
pharmacology of ET receptors in human atrium (Burrell et al., 2000). Nevertheless, taken
together these results suggested that autocrine/paracrine actions of angiotensin II and
endothelin contributed to the atrial SFR. The intracellular signalling cascade, however, did not
involve NHE and NCX.

3.6. In search of new mechanisms underlying the SFR in human atrium: myosin light chain
phosphorylation by MLCK

Contractile force can be modulated by changes in the amplitude of the [Ca2+]i transient or by
alterations in myofilament Ca2+ responsiveness. Since the atrial SFR appeared to be
independent of the NHE-[Na+]i-NCX pathway, we studied whether it might be mediated by a
mechanism targeting the myofilaments. In atrium, phosphorylation of atrial myosin light chain
2 (MLC2a) regulates force development. Increased phosphorylation of MLC2a by a specific
kinase, myosin light chain kinase (MLCK), causes an increase in the Ca2+ sensitivity of the
myofilaments and thereby an increase in force development (Morano, 1999). Fig.6A shows
that stretch of atrial muscle strips increased phosphorylation of MLC2a, as determined by
immunoblotting of phosphorylated and total MLC2a in stretched versus non-stretched muscle
strips. In stretched muscle strips the average ratio of phosphorylated to total MLC2a amounted
to 0.93±0.10 (n=18) versus 0.56±0.09 in non-stretched muscle strips (n=18; P<0.01). Inhibition
of MLCK by 10 μM ML-7 reduced basal force development by 18±3% in atrium (n=8; P<0.01).
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Fig.6B illustrates the effect of ML-7 on the SFR in atrial myocardium. Under control
conditions, the SFR amounted to 114%. In the presence of the MLCK inhibitor, however, the
SFR was completely absent. On average (Fig.6C), ML-7 reduced the SFR from 127±5% to
117±4% (n=8; P<0.05). We also tested the effects of ML-7 on the SFR in ventricular
myocardium. In ventricle, ML-7 reduced the SFR from 122±4% to 111±4% (n=5; P<0.01, Fig.
6C, right). Thus, MLCK inhibition caused a ∼40-50% reduction of the SFR in atrial and
ventricular myocardium, suggesting that MLCK-mediated MLC phosphorylation is involved
in the regulation of the SFR in both human atrium and ventricle.

3.7. Evidence for a negative inotropic response mediated by stretch: the slow force decline,
SFD

As evident from Fig.2A, atrial muscle strips were characterised by a triphasic change in force
induced by stretch: the FSM and SFR were followed by a slow force decline (SFD) or 3rd

phase. Fig.7A shows the time courses of the stretch-induced changes in force of the 7 individual
atrial muscle strips from Fig.2. Each muscle strip is encoded by a different symbol and colour.
Of the seven atrial muscle strips, only two (green squares, black circles) exhibited a continuous
rise in force with a plateau after ∼15-20 minutes. The other five muscle strips displayed a
maximal force increase after 4-8 minutes followed by a force decline, which was particularly
pronounced in two trabeculae (red symbols).

Fig.2A also suggests that stretch might activate a negative inotropic mechanism in ventricular
myocardium: despite a continuous rise in [Na+]i, force exhibited a maximum and did not further
increase, as if the Na+-dependent, positive inotropic mechanism was limited by a negative
inotropic mechanism. Analysis of the time courses of stretch-induced changes in force of the
7 individual ventricular muscle strips revealed that some of them were indeed characterised
by a triphasic change in force (Fig.7B). Of the seven ventricular muscle strips, three exhibited
a continuous rise in force (green symbols), one displayed a plateau (black symbol), and three
a clear force decline following a maximum after 3-8 minutes (red and yellow symbols).

Taken together, these data show that atrial and ventricular trabeculae can exhibit a stretch-
induced SFD that limits the SFR. The SFD was more frequent and more pronounced in atrium
than in ventricle.

3.8. The SFR in the diseased heart
Finally, we aimed to evaluate the functional relevance of the SFR in cardiac disease by
comparing the magnitude of the SFR in atrial and ventricular muscle strips isolated from
patients afflicted by various cardiovascular diseases. Fig.8A illustrates an original recording
of twitch force of an atrial muscle strip isolated from a patient with atrial fibrillation, a cardiac
disease associated with electrical, contractile and structural remodelling of the atria (Allessie
et al., 2002). Interestingly, stretching this muscle strip from L88 to L98 elicited a normal
biphasic stretch response with a SFR of 133%. The average SFR in atrial muscle strips from
6 patients with atrial fibrillation amounted to 124±4% (Fig.8B). Similarly, muscle strips from
patients with mitral valve disease (MVD, N=5), which causes dilatation of the atria, exhibited
a normal SFR of 122±5% (Fig.8B). Furthermore, patients with coronary artery disease (CAD,
N=57) or diabetes mellitus (N=15) had a normal SFR of ∼120-125% (Fig.8B). There was no
statistically significant difference in the magnitude of the SFR between these groups.

In human ventricle from end-stage failing hearts, a SFR of ∼120-125% was observed (see Fig.
1). The magnitude of the SFR was comparable in muscle strips from patients with either
dilatative or ischaemic cardiomyopathy (not shown). Further analysis revealed that neither age,
nor gender, nor ejection fraction affected the SFR in either atrium or ventricle (not shown).
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4. Discussion
4.1. The SFR in human heart - a universal phenomenon

Cumulative data from more than 250 atrial trabeculae of more than 100 patients and from more
than 150 ventricular trabeculae of more than 70 patients indicate that defined stretch elicits a
SFR of ∼120-125%, i.e. exceeding the stretch-induced force increase caused by the Frank-
Starling mechanism by 20-25%. Analysis of these data further revealed the existence of the
SFR in failing and nonfailing muscle strips of atria and ventricles from patients with various
cardiac diseases. In addition, the SFR was independent of age, gender, and ejection fraction in
both atrium and ventricle. Further analysis in atrium suggests that the pre-medication of the
patients does not affect the SFR (Kockskamper et al., 2008). In fact, so far we have not
identified conditions under which the SFR was completely absent. Together with data obtained
from various mammalian species (including cat, dog, ferret, guinea-pig, rabbit, rat), these
observations demonstrate that the SFR is a universal phenomenon occurring in atrial and
ventricular preparations on the level of single myocytes, multicellular muscle strips and whole
hearts. One possible reason for the universality of the SFR may be that it is mediated by
activation of several stretch-dependent pathways rather than a single mechanism (see below).
This redundancy ensures that, even if one of the stretch-activated pathways was compromised
(e.g. in cardiac disease), the remaining pathways could kick in and still elicit a substantial SFR.
It also implies that the SFR serves important physiological functions.

4.2. Various pathways and mechanisms contribute to the stretch-induced changes in force
An important insight from recent studies on the SFR in human atrium and ventricle, but also
from animal models and modelling studies, is that stretch activates various signalling pathways
and mechanisms in parallel to regulate contractile force.

Early evidence indicated that the SFR in cat ventricular muscle is caused by an increase in the
underlying [Ca2+]i transient (Allen and Kurihara, 1982). Since then, this finding has been
confirmed in other ventricular preparations (Alvarez et al., 1999; Calaghan and White, 2004;
Hongo et al., 1996; Kentish and Wrzosek, 1998; Luers et al., 2005; Todaka et al., 1998). In
human ventricle, a stretch-induced slow increase in the [Ca2+]i transient has not been
demonstrated directly so far. However, blocking SR function greatly reduced the SFR in human
ventricle, suggesting an important role for alterations in SR Ca2+ load and thus the electrically
stimulated [Ca2+]i transient (von Lewinski et al., 2004). In line with this finding, caffeine
(which releases Ca2+ from the SR through ryanodine receptors) was found to reduce the SFR
in cat ventricle by an SR-dependent mechanism (Chuck and Parmley, 1980). On the other hand,
inhibition of SR function did not diminish the SFR in rat (Calaghan and White, 2004; Kentish
and Wrzosek, 1998) and rabbit ventricle (Bluhm and Lew, 1995). Taken together, these results
suggest that in mammalian ventricle the SFR can be mediated by a mechanism dependent on
changes in SR Ca2+ load and the electrically stimulated [Ca2+]i transient and an additional
mechanism.

Three major mechanisms have recently been proposed to account for the increase in [Ca2+]i
transients during the SFR: (1) activation of SACs (which may act via increased Na+ and/or
Ca2+ influx); (2) stimulation of the PI3K-NO pathway (which may act via modulation of SR
function); and (3) stimulation of NHE activity through autocrine/paracrine actions of stretch-
released angiotensin II and endothelin. The first two are particularly controversial. Using a
specific SAC blocker, GsMtx-4, we have shown here that SACs do not contribute significantly
to the SFR in human ventricular myocardium. Furthermore, our previous study using unspecific
SAC blockers came to the same conclusion (von Lewinski et al., 2004). Inhibition of PI3K or
NO synthase also did not affect the SFR in human ventricle, consistent with a recent study in
rat ventricle (Calaghan and White, 2004) and modelling studies (Niederer and Smith, 2007).
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We thus conclude that in human ventricular trabeculae from end-stage failing hearts neither
SACs nor the PI3K-NO pathway play an important role for the development of the SFR. In
contrast, there is convincing evidence for a key role of NHE and NCX in the SFR in human
ventricle (von Lewinski et al., 2004). We have further substantiated this evidence by
demonstrating, for the first time in human ventricle, a stretch-induced increase in [Na+]i
associated with the SFR. This finding is in line with previous studies revealing stretch-induced
increases in [Na+]i in rat, rabbit, and mouse ventricle (Alvarez et al., 1999; Isenberg et al.,
2003; Kondratev and Gallitelli, 2003; Luers et al., 2005; Perez et al., 2001; Wilhelm et al.,
2006), although one study failed to detect a stretch-induced [Na+]i increase (Hongo et al.,
1996). How NHE is stimulated by stretch, however, is unknown at present. Angiotensin II and
endothelin, although of importance in some animal species (Alvarez et al., 1999; Calaghan and
White, 2001; Perez et al., 2001), are not involved in human ventricle. Future studies will have
to unravel the mechanism underlying the stretch-induced NHE stimulation in human ventricle.

In addition to the NHE-[Na+]i-NCX-SR pathway, we have identified a novel mechanism
contributing to the SFR in human ventricle: MLCK-dependent MLC phosphorylation and
increased myofilament Ca2+ responsiveness (Andersen et al., 2002). This mechanism may
explain why blockade of the NHE-NCX pathway is unable to completely suppress the SFR
(Fig.1B) and why in some studies suppression of SR function did not inhibit the SFR (Bluhm
and Lew, 1995; Calaghan and White, 2004; Kentish and Wrzosek, 1998). How MLCK is
stimulated by stretch remains to be determined. Since MLCK is dependent on Ca2+/calmodulin,
one possibility is that the stretch-induced increase in the [Ca2+]i transient also stimulates
MLCK via Ca2+/calmodulin. In this case, however, MLCK would be downstream of the NHE-
[Na+]i-NCX-SR axis and inhibition of this pathway should cause complete suppression of the
SFR (which it does not). Thus, alternative pathways might exist by which stretch can stimulate
MLCK.

A further important finding of the current study is the existence of a stretch-induced negative
inotropic mechanism. This 3rd phase or slow force decline (SFD) limits the SFR in both human
atrium and ventricle. The SFD is not unprecedented. A study in dog heart has noted this
phenomenon before (Todaka et al., 1998). So far, the cellular mechanisms underlying this
stretch-induced negative inotropic response are not known. Most recent experiments from our
laboratory suggest the involvement of p38 mitogen-activated protein kinase (unpublished data,
manuscript in preparation), which mediates negative inotropic effects in rat cardiomyocytes
(Palomeque et al., 2006). Nevertheless, whatever the precise mechanism of the SFD, it reveals
the existence of yet another inotropic signalling pathway activated by stretch and adds to the
complexity of stretch-induced mechanisms in human myocardium. It suggests that the
individual magnitude and time course of each inotropic mechanism activated by stretch decides
about the overall response of the preparation to stretch, i.e. SFR and SFD, and may explain
part of the variability in stretch-induced inotropic responses between individual trabeculae (see
Fig.7) as well as between preparations and species.

In summary, current evidence indicates that in human ventricle stretch activates at least three
signalling pathways that regulate contractility: two exerting a positive inotropic effect and one
that exerts a negative inotropic effect. The first positive inotropic mechanism is Na+- and
Ca2+-dependent and mediated by increased [Ca2+]i transients via the NHE-[Na+]i-NCX-SR
axis (but not autocrine/paracrine actions of angiotensin II and endothelin), whereas the second
positive inotropic mechanism appears to be mediated by an MLCK-dependent increase in
myofilament Ca2+ responsiveness. The negative inotropic mechanism limits the stretch-
induced force increase during the SFR and can even induce a decline of contractile force.

In human atrium, stretch elicited a similar SFR as in ventricle, in line with previous studies on
rat atrium (Tavi et al., 1998; Tavi et al., 1999; Tavi et al., 2000). Analysis of the underlying

Kockskämper et al. Page 10

Prog Biophys Mol Biol. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mechanisms revealed that, despite similar magnitude and time course, the atrial SFR was
independent of NHE and NCX function. Since either pre-application of angiotensin II and
endothelin-1 or antagonism of AT receptors largely reduced the atrial SFR, we propose that it
is mediated by autocrine/paracrine release and action of these cardioactive peptides, similar to
what has been found in ventricle of some animal species (Alvarez et al., 1999; Calaghan and
White, 2001; Perez et al., 2001). In human atrium, Gq-coupled receptors increase force via
MLCK-dependent increases in the phosphorylation of MLC2a and increased myofilament
Ca2+ responsiveness (Grimm et al., 2005). Angiotensin II and endothelin-1 both act via Gq-
coupled receptors and we found clear evidence that the atrial SFR is mediated by MLCK-
dependent increases in MLC2a phosphorylation. As noted above, MLCK activity depends on
Ca2+/calmodulin. Elevation of [Ca2+]i, therefore, could link AT and ET receptor activation
with stimulation of MLCK. Indeed, in rat atrium direct evidence for stretch-induced increases
in the [Ca2+]i transient during the SFR has been obtained (Tavi et al., 1998; Tavi et al.,
1999). How angiotensin II and endothelin-1 might elevate [Ca2+]i remains speculative, but the
recent observation that endothelin-1 acts via inositol 1,4,5-trisphosphate (IP3) to increase the
atrial [Ca2+]i transient (Mackenzie et al., 2002; Zima and Blatter, 2004) makes IP3-induced
SR Ca2+ release a likely candidate. Furthermore, an earlier study has shown that stretch
increases IP3 in cardiac myocytes (Dassouli et al., 1993). Thus, based on our experimental
results in human atrium and data from the literature, we propose that the following chain of
events underlies the SFR in human atrium: Stretch causes the release of angiotensin II and
endothelin, which act in an autocrine/paracrine way on AT and ET receptors on atrial myocytes.
These receptors activate the phospholipase C - IP3 pathway to increase the atrial [Ca2+]i
transient. This leads to a Ca2+-dependent increase in contractile force and to Ca2+/calmodulin-
dependent stimulation of MLCK, which in turn phosphorylates MLC2a to elicit an additional
increase in force via increased myofilament Ca2+ responsiveness.

An unexpected finding was that SACs are apparently not involved in the SFR in human
myocardium, neither in atrium nor ventricle, despite convincing evidence for the expression
and functional relevance of SACs in atrium and ventricle of many mammalian species
(Isenberg et al., 2003; Suchyna et al., 2000; Zeng et al., 2000) including humans (Kamkin et
al., 2003), and evidence for the involvement of SACs in the SFR in rat ventricle (Calaghan and
White, 2004; Niederer and Smith, 2007). We have used a specific blocker of SACs in this
study, GsMtx-4, to evaluate the role of SACs in human atrium and ventricle for baseline force
development and the SFR. GsMtx-4 was found to attenuate baseline force in human atrium but
not ventricle. The IC50 of GsMtx-4 was 628 nM, in perfect agreement (∼630 nM) with studies
on isolated astrocytes and cardiac myocytes (Suchyna et al., 2000). This finding is important
for two reasons: (1) it demonstrates that the peptide was functional and effective in a
multicellular muscle preparation and (2) it provides the first evidence for the contribution of
SACs to force development in isolated human atrial myocardium. GsMtx-4, however, did not
attenuate the SFR, neither in atrium nor ventricle. This indicates, in conjunction with previous
studies using gadolinium or streptomycin (Kockskamper et al., 2008; von Lewinski et al.,
2004), that under our experimental conditions SACs do not contribute to the SFR. A possible
explanation for this finding is that local deformation of the membrane, rather than end-to-end
stretch, might be required for activation of SACs (Isenberg et al., 2003).

In summary, in human atrium stretch activates at least two signalling pathways, a positive
inotropic and a negative inotropic mechanism. The former involves release and autocrine/
paracrine actions of angiotensin II and endothelin (but not stimulation of the NHE-[Na+]i-NCX
axis) and MLCK-dependent phosphorylation of MLC2a with a subsequent increase in
myofilament Ca2+ responsiveness. As in ventricle, the negative inotropic mechanism needs to
be characterised in detail in future studies.
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4.3. The SFR in human heart — friend or foe?
The SFR makes a significant contribution to the stretch-induced increase in contractile force
in both atrium and ventricle. Its physiological function, therefore, may be to increase cardiac
output under conditions of elevated load. Such a mechanism is probably not essential in a
healthy heart with normal atrial and ventricular function, but it may become particularly
important in a diseased heart with depressed contractility and cardiac output. In a failing heart
with increased pre- and/or afterload, the extra increase in contractile force gained by the SFR
may decide about compensated or decompensated heart failure. Another clinically relevant
example is conversion of atrial fibrillation. Atria from patients with chronic atrial fibrillation
undergo substantial remodelling processes that cumulate in a profound depression of atrial
contractility (Allessie et al., 2002). After conversion of atrial fibrillation to sinus rhythm, atrial
contraction is still impaired for some time. Under these conditions, changes in atrial load may
recruit the SFR and thereby help increase ventricular filling and improve cardiac function.

On the other hand, the stretch-induced decline in force subsequent to the SFR may limit the
beneficial effects of the SFR and even adversely affect cardiac function. Furthermore, the
(positive inotropic) signalling pathways activated by stretch are known to be involved in the
development of hypertrophy and its progression to heart failure. Increased activity of NHE has
been implicated in a variety of cardiac diseases (Avkiran and Haworth, 2003). It contributes
to hypertrophy, fibrosis, and reperfusion injury. Inhibition of NHE can prevent or revert these
adverse effects. Moreover, MLCK is involved in sarcomere organisation during hypertrophic
growth of cardiac myocytes (Aoki et al., 2000) and prevention of MLC phosphorylation can
induce atrial hypertrophy and dilatation in mice (Sanbe et al., 1999). The increases in [Na+]i
and SR Ca2+ load observed in ventricular myocardium can impair diastolic function (Pieske
et al., 2002) and facilitate the development of triggered arrhythmias (Sipido et al., 2007). Thus,
stretch-dependent activation of these pathways may exhibit adverse effects in the long run.

In conclusion, the stretch-induced SFR is a universal phenomenon in both human atrium and
ventricle. It is mediated by stretch-dependent activation of various signalling pathways and
may exert both beneficial and adverse effects, depending on the physiological and
pathophysiological conditions of the heart (e.g. cardiac disease) and the duration, magnitude,
and frequency of the increases in load.
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Fig. 1. The stretch-dependent SFR in human ventricular and atrial myocardium
(A) Original recording of twitch force in a ventricular muscle strip during a first and second
stretch protocol from L88 to L98. The muscle exhibits a reproducible biphasic increase in
developed force. The SFR amounts to 140% and to 144% in the first and second stretch
protocol, respectively. (B) Average values of the ventricular SFR before and following
exposure of the muscle strips to various drugs. CTRL: no drug present during second stretch
protocol. Concentrations of drugs were: cariporide, 3 μM (n=11); KB-R 7943, 5 μM (n=7);
cariporide, 10 μM & KB-R 7943, 5 μM (n=8); candesartan, 0.1 μM (n=8); BQ123, 0.3 μM
(n=12); PD145065, 10 μM (n=6); GF203109X, 1 μM (n=8); wortmannin, 0.1 μM (n=6); L-
NAME, 0.5 mM (n=8); # = P<0.05 versus first stretch protocol. (C) Average values of the atrial
SFR before and following exposure of the muscle strips to various drugs. CTRL: no drug
present during second stretch protocol. Concentrations of drugs were: cariporide, 3 μM (n=6);
KB-R 7943, 5 μM (n=8).
Data taken, in part, from (von Lewinski et al., 2004) and (Kockskamper et al., 2008).
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Fig. 2. Stretch-induced changes in [Na+]i during the SFR in atrial and ventricular myocardium
(A) Time course of changes in force (top) and [Na+]i (bottom) following stretch from L88 to
L98 in ventricular (left) and atrial (right) muscle strips under control conditions (black, blue)
or in the presence of 3 μM cariporide (red). (B) Basal [Na+]i, SFR, [Na+]i increase at SFR, and
rate of the stretch-induced [Na+]i increase (from left to right) in atrial and ventricular muscle
strips in the absence (black, blue) or presence (red) of 3 μM cariporide. Means±SEM of 7
(control) and 6 (cariporide) trabeculae for ventricle and 7 (control) and 5 (cariporide) trabeculae
for atrium. * = P<0.05 ventricle, control versus cariporide; # = P<0.05 control, ventricle versus
atrium.

Kockskämper et al. Page 17

Prog Biophys Mol Biol. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. Effects of GsMtx-4 on basal contractility in atrial and ventricular myocardium
Original recordings of twitch force at L98 of an atrial (A) and a ventricular (B) muscle strip
before and following exposure to increasing concentrations of GsMtx-4. (C) Concentration
dependence of GsMtx-4 effects on basal contractility in atrial (circles) and ventricular (squares)
muscle strips. Means±SEM of n=4-9 trabeculae. # = P<0.05 versus initial control; * = P<0.05
versus atrium. The line is a fit of the Hill equation to the data points yielding an IC50 of 628
nM GsMtx-4 and a Hill coefficient of 1.1.
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Fig. 4. GsMtx-4 does not affect the SFR in atrial or ventricular myocardium
(A) Original recording of SFR of an atrial muscle strip in the absence (left) and presence (right)
of 500 nM GsMtx-4. Muscle length is indicated below the force recording. GsMtx-4 was
applied at L88 before the second stretch protocol and reduced twitch force by 12%. SFR
amounted to 117% and 127% in the first and second stretch protocol, respectively. (B) Effects
of 500 nM GsMtx-4 (n=8) and 80 μM streptomycin (n=6) on basal force development in atrial
muscle strips (left); * and ** indicate P<0.05 and P<0.01 versus initial control. SFR in atrium
(middle) or ventricle (right) in the absence (SP1) and presence (SP2) of either GsMtx-4 or
streptomycin, as indicated. Means±SEM of 8 (atrium, GsMtx-4), 6 (atrium, streptomycin), and
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3 (ventricle, GsMtx-4) trabeculae. SP1 and SP2 indicate first and second stretch protocol,
respectively.
Data taken, in part, from (Kockskamper et al., 2008).
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Fig. 5. Effects of cardioactive peptides on the SFR in atrium
(A) Original recording of the SFR of an atrial muscle strip before and following exposure to
500 nM angiotensin II. After the maximum of the second SFR had occurred, extracellular
[Ca2+] was increased to 5 mM. (B) Average values for the atrial SFR obtained in the absence
and presence, respectively, of 20 nM ANP (n=6), 25 nM endothelin-1 (ET, n=8), 500 nM
angiotensin II (AngII, n=8), and 5 μM saralasin (Sara, n=9). ** = P<0.05 and * = P<0.05 versus
first control stretch protocol. SP1 and SP2 indicate first and second stretch protocol,
respectively.
Data taken, in part, from (Kockskamper et al., 2008).
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Fig. 6. Involvement of MLCK in the SFR in atrial and ventricular myocardium
(A) Original immunoblots (top) of phosphorylated (P-MLC2a) and total (MLC2a) atrial MLC2
in a stretched versus non-stretched atrial muscle strips. Means±SEM of the ratio of P-MLC2a
to MLC2a are shown below. ** = P<0.01 versus non-stretched. n=18 muscle strips for each
group. (B) Original recording of the SFR in an atrial muscle strip in the absence and presence
of 10 μM ML-7. (C) Average data of the SFR in the absence and presence of 10 μM ML-7 in
atrial (left, n=8) or ventricular (right, n=5) trabeculae. * = P<0.05 and ** = P<0.01 versus first
control stretch protocol. SP1 and SP2 indicate first and second stretch protocol, respectively.
Data taken, in part, from (Kockskamper et al., 2008).
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Fig. 7. A stretch-induced slow force decline (SFD) in atrial and ventricular muscle strips
Time course of stretch-induced changes of twitch force following stretch from L88 to L98 in
individual muscle strips from atrium (A) or ventricle (B). Same muscle strips as in Fig.2. Each
muscle strip is encoded by a different symbol and colour. Trabeculae with a sustained SFR and
no SFD are shown in green, whereas those with a clear SFD are shown in red or yellow.
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Fig. 8. The SFR in atrial and ventricular myocardium from patients with various cardiac diseases
(A) Original recording of stretch-induced changes in twitch force of an atrial muscle strip from
a patient with atrial fibrillation. (B) Average values for the SFR in atrial trabeculae from
patients with atrial fibrillation (N=6), mitral valve disease (MVD, N=5), coronary artery
disease (CAD, N=57), or diabetes mellitus (N=15).
Data taken, in part, from (Kockskamper et al., 2008).
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