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I N T R O D U C T I O N

Systolic properties have been well studied from the 
whole heart down to the single myosin molecule. In 
contrast, diastolic properties of the heart, which under-
lie the filling characteristics of the cardiac cycle, are less 
well understood. It is important to thoroughly under-
stand the various mechanisms that underlie diastolic 
stress, considering that increased diastolic stress is a pri-
mary defect in diastolic heart failure (DHF; also known 
as heart failure with normal ejection fraction), and that 
DHF is rapidly increasing in prevalence without effec-
tive therapies (Zile and Brutsaert, 2002a,b; Kass et al., 
2004; Bronzwaer and Paulus, 2005; Owan et al., 2006). 
One particular portion of diastole that lacks a clear 
mechanism is diastolic suction. When active contraction 
of a ventricle ends, the ventricle rapidly expands and 
sucks blood (diastolic suction) into the ventricle, before 
contraction of the atria pumps blood into the ventricle. 
The extent of early filling of the heart is an important 
indicator of diastolic function (Zile and Brutsaert, 2002b; 
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Nishimura and Jaber, 2007). One proposed ventricular 
suction model involves twisting of the heart during con-
traction that builds up potential energy; this is then re-
leased as diastolic suction at the end of systole (Bell  
et al., 1998). A cellular analogue of diastolic suction is 
the restoring stress that isolated cardiac myocytes gener-
ate when they actively shorten to below their slack 
length (length with zero passive stress) and that pushes 
outward on the cell, so that when activation ceases, the 
cell’s slack length is restored. (Note that the stress that 
develops when the passive cell is stretched above the 
slack length is operationally defined as passive stress, 
and the stress induced by shortening below slack is de-
fined as restoring stress.)

An important candidate to generate restoring stress 
in cells is the protein titin, which spans half of the small-
est contractile unit of striated muscle, the sarcomere, 
with a molecular spring region in the I-band region  
of the sarcomere that develops force when extended 
(Labeit and Kolmerer, 1995; Krüger and Linke, 2009; 
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the heart was discarded. The small pieces of left ventricle were 
then triturated several times with a transfer pipette and then fil-
tered through a 300-µm nylon mesh filter. After this, the cells 
were gravity pelleted and the supernatant was discarded. Next, 10 ml 
of myocyte stopping buffer 2 was added (perfusion buffer plus 
0.05 ml BCS/ml buffer and 12.5 µM CaCl2), and Ca2+ was reintro-
duced to a final concentration of 1.8 mM. Cell pellets were solub-
lized and electrophoresed (Warren et al., 2003; Lahmers et al., 
2004) to determine titin content.

Intact cardiomyocyte mechanics
An inverted microscope (IX-70; Olympus) was used with a modi-
fied chamber to mount our mechanics apparatus. The chamber 
has platinum electrodes to electrically stimulate cells and a per-
fusion line with heater control and suction out to maintain a flow 
rate of 1 ml/min. Sarcomere length (SL) and cell edge dis-
placement were measured with a 1,000-Hz MyocamS (IonOptix) 
attached to a computer. Data were collected using an IonOptix 
FSI A/D board and IonWizard software with SarcLen and Soft-
Edge modules to determine SL and carbon fiber displacement, 
plus a custom module for determining real-time force. The sam-
pling frequency of the system was sufficient to measure force 
(1,000 Hz) and SL (250 Hz) simultaneously. Carbon fibers were 
used (10 µm cfs; b-1; TMIL Ltd.) that were mounted in custom-
pulled and angled glass pipettes (0.7–1.2 mm of carbon fibers 
protruding from pipette tip), and their stiffness was determined 
by cross-calibrating with a force transducer (model 406A; Aurora 
Scientific). The carbon fiber was displaced by the force trans-
ducer to 10 different lengths twice, and then force versus displace-
ment was plotted to determine the slope (stiffness) of each carbon 
fiber previous to use. Stiffness ranged from 0.06 to 0.36 µN/µm,  
giving rise to a force resolution of 0.006–0.036 µN.

Cells were attached as described previously (Iribe et al., 2007). 
In brief, after adding cells to the chamber, they were allowed to 
settle on a poly-HEMA (Sigma-Aldrich)–coated coverslip. A rod-
shaped cell was selected, and the carbon fibers were carefully low-
ered onto opposite ends of the cell. Perfusion was started at this 
point with 1.0 mM Ca2+ tyrode (10 mM HEPES, 11.1 mM glucose, 
5 mM Na pyruvate, 1.8 mM CaCl2, and 2.5 U/liter insulin) at 
37.5°C. The cell was slightly pressed between the coverslip and 
the carbon fibers, and electrical twitch stimulating was begun at  
4 Hz for 5 min. After 5 min, the cells were lifted off the coverslip. 
Once attached, the cells were electrically stimulated at 0.5 Hz.  
A triangular stretch–release protocol was used to elucidate the 
force–SL relation, and the carbon fiber movement explained ear-
lier was controlled via custom LabVIEW software. Cells were 
stretched at 100% base length/second to varying amplitudes. All 
forces were normalized to stresses (force/unit undeformed cross-
sectional area [CSA]), with the CSA determined by assuming that 
the cross section is an ellipse with CSA = *1/2width*1/2thickness. 
This CSA was compared with our previous method of directly 
measuring the CSA, in which we lift one side of the cell vertically 
and record the image of the cross section and directly measure 
CSA (see Granzier and Irving, 1995). The measured values were 
not significantly different from those calculated.

Actomyosin cross-bridge inhibition
To inhibit actomyosin cross-bridge interaction, cells were per-
fused with 30 mM BDM (Backx et al., 1994) or 22.5 µM blebbi-
statin (Sigma-Aldrich) (Farman et al., 2008). Cells perfused with 
blebbistatin had a red filter over the light source to prevent break-
down of blebbistatin. It took 100 s for complete cessation of 
contractility after the cells were perfused with inhibitor.

Skinned cell mechanics
Mouse cells, isolated as explained above, were skinned for 7 min 
in relaxing solution (in mM: 40 BES, 10 EGTA, 6.56 MgCl2, 5.88 

LeWinter and Granzier, 2010). Previous studies have re-
sulted in a model where titin’s molecular spring func-
tions bi-directionally: in sarcomeres extended above slack, 
the spring is stretched away from the Z-disk, resulting 
in passive force; in sarcomeres shortened to below slack, 
the spring is extended in the opposite direction, devel-
oping restoring force (for details see Helmes et al., 1996, 
2003; Trombitás and Granzier, 1997; Trombitás et al., 
2001; Preetha et al., 2005).

Previous work has all been done on cardiac myo-
cytes whose membrane was chemically permeabilized 
(skinned), which has as a drawback swelling of the myo-
filament lattice that occurs upon skinning and the loss 
of soluble proteins; the goal of the present work was to 
study intact cells, leaving in place cellular characteristics 
lost upon demembranization—soluble proteins, signal-
ing pathways, cytoskeletal proteins, and their networks. 
Technical limitations have previously hampered work 
on intact cardiomyocytes (Brady, 1991), but these have 
now been overcome through pioneering work from var-
ious groups (Le Guennec et al., 1990; Yasuda et al., 
2001; Iribe et al., 2007), which resulted in the recent de-
velopment of a carbon fiber system for cell attachment 
and force measurement. We used this approach and 
characterized diastolic properties of intact cells before 
and after the addition of cross-bridge inhibitors (2,3-
butanedione monoxime [BDM] and blebbistatin). Re-
sults were compared with those of previous studies on 
skinned myocytes (Helmes et al., 1996, 2003; Preetha  
et al., 2005) and intact trabeculae (Backx, 1989). We also 
studied actomyosin interaction in unactivated intact 
cells and in skinned cells at diastolic calcium levels. The 
findings of these studies establish the passive properties 
of mouse intact cardiac myocytes, including their restor-
ing stress–SL relation, and provide evidence for the ex-
istence of actomyosin interaction under physiological 
conditions at diastolic calcium levels.

M AT E R I A L S  A N D  M E T H O D S

Cardiomyocyte isolation
Approximately 4-mo-old male C57BL/6 mice were used. Experi-
ments were conducted in accordance with the Guide for the Care 
and Use of Laboratory Animals, and all protocols were approved 
by University of Arizona’s Institutional Animal Care and Use Com-
mittee. Cells were isolated as described previously (O’Connell et al., 
2007). In brief, after cervical dislocation and while under anes-
thesia via isoflurane inhalation, the heart was dissected and can-
nulated via the aorta. The heart was perfused for 4 min with 
perfusion buffer (in mM: 113 NaCl, 4.7 KCl, 0.6 Na2HPO4,  
1.2 MgSO4, 12 NaHCO3, 10 KHCO3, 10 HEPES, and 30 taurine, 
pH 7.4), followed by perfusion with digestion buffer (perfusion 
buffer plus 0.45 mg/ml collagenase II [240 U/mg; Worthington 
Biochemical Corporation], 0.13 mg/ml trypsin, and 25 µM CaCl2) 
for 8–10 min. When the heart was flaccid, digestion was halted 
and the heart was placed in myocyte stopping buffer 1 (perfusion 
buffer plus 0.04 ml bovine calf serum [BCS]/ml buffer and 5 µM 
CaCl2). The left ventricle was cut into small pieces, and the rest of 
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in the chamber near the cell, and was within 0.5 deg of the target 
temperature during experiments. Cells were characterized before 
and after the addition of blebbistatin (see above for details).  
In experiments in which the effect of calcium on diastolic stress of 
skinned cells was studied, free calcium concentrations were calcu-
lated according to Fabiato and Fabiato (1979), with parameters 
adjusted for the experimental temperatures used (37°C).

Statistics
Data were analyzed with a Student’s t test or, where appropriate, 
with ANOVA. A p-value of <0.05 was considered significant. Curves 
were fit using KaleidaGraph 4.0 (Synergy Software). All values are 
the mean ± SE unless otherwise noted.

R E S U LT S

Intact cardiomyocyte diastolic stress
An example of a mouse cardiac myocyte that was twitch 
activated and stretched via carbon fibers with a ramp 
stretch and release protocol imposed during a pro-
longed diastolic interval is shown in Fig. 1 A. As is seen 
in the expanded example traces of Fig. 1 B, cardiomyo-
cytes respond to stretch by exhibiting a characteristic 

Na-ATP, 1.0 DTT, 46.35 K-propionate, 15 creatine phosphate, 0.1 
leupeptin, 0.1 E64, and 0.2 PMSF, pH 7.0) with 0.3% Triton X-100 
(ultrapure; Thermo Fisher Scientific). Cells were washed exten-
sively with relaxing solution and stored on ice. Cells were then 
added to a temperature-controlled chamber that was mounted to 
the stage of an inverted microscope. Cells were glued (silicone 
rubber sealant) at one end to a force transducer (model 406A; 
Aurora Scientific) and at the other end to a high speed length 
controller (model 308B; Aurora Scientific). Measured forces were 
converted to stress as described previously (Granzier and Irving, 
1995). We compared the obtained stresses of skinned cells to 
those of intact cell. Because it is known that skinning results in 
myofilament lattice expansion, we performed experiments in 
which we added to all solutions 4.5% of the osmotic agent Dex-
tran T500, a level which compresses the lattice back to the in vivo 
spacing (Irving et al., 2000; Farman et al., 2006). Furthermore, to 
ensure that cells were completely passive, we added 22.5 µM bleb-
bistatin. SL was measured on-line using a system identical to the 
one described above for the intact cell work. Cells were stretched 
at a speed of 100% base length/second to a SL of 2.2 µm, fol-
lowed by a 20-s hold and then a release back to the original length. 
Stretch–hold–release protocols were repeated after a 7-min rest at 
slack length. Experiments were performed at 37°C (note that the 
relaxing solution pH was adjusted to 7.0 at the temperature used). 
Temperature was measured with a thermistor probe, positioned 

Figure 1. Experimental approach.  
(A; top) A representative intact car-
diomyocyte attached to carbon fibers 
(black bars on either side of cell). The 
outlined area is a typical region of mea-
surement for SL. (Middle) Carbon 
fiber displacement was tracked and 
converted to cell stress (see Materials 
and methods). (Bottom) SL traces.  
(B) Explanation of single triangle stretch 
and release protocol with an electrically 
stimulated twitch on either side. The 
top panel is the motor movement ap-
plied to the cell over time. The middle 
panel shows the expanded ramp–re-
lease stress trace, and the bottom panel 
is the SL trace. (Note that the cells were 
normally twitching at 0.5 Hz but that 
the diastolic interval was prolonged 
when a stretch–release was imposed.) 
(C) Twitch force (left) and SL shorten-
ing (right) for a cell before (pre-inhibi-
tor) the cross-bridge inhibitor, shortly 
after the cross-bridge inhibitor (BDM) 
begins acting on the cell (15 s), and 
after the full effect of the cross-bridge 
inhibitor (70 s).
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and no significant difference between the results with 
the two inhibitors.

Because we wished to compare the diastolic stress 
of intact cells to that of skinned cells, we first studied 
whether mouse skinned myocytes in relaxing solution 
are fully passive (at 37°C). This was addressed by study-
ing skinned cells that were glued at one end to the ser-
vomotor and lifted away from the coverslip bottom of 
the chamber. Thus, the cells were only attached at one 
end and were free to change length in response to the 
addition of blebbistatin. It was found that the resting  
SL was slightly but significantly increased by blebbi-
statin, from 1.85 ± 0.02 to 1.89 ± 0.02 (paired t test  
p-value of 0.004). When these experiments were re-
peated at lower temperatures, it was found that blebbi-
statin had no effect on either stress or slack SL at 14 or 
24°C (not depicted). Thus, skinned cells in relaxing 
solution are fully passive at 14 and 24°C, but at physio-
logical temperatures, they develop a low level of active 
stress. We then measured the passive stress of skinned 
myocytes, using experimental conditions that were the 
same as those for intact cells (37°C; stretch speed 100%/s; 
4.5% Dextran to reduce the myofilament spacing to 
that of intact cells [see also below]; presence of 22 µM 
blebbistatin). The obtained passive stress–SL relation 
was similar to that of intact cells in the presence of in-
hibitors (Fig. 2, filled circles).

Our results suggest that high diastolic stresses of in-
tact cells are due in part to calcium-induced actomyosin 
interaction. To test this further, we performed a series 
of experiments in which we established the effect of low 
levels of calcium on the stress of skinned myocytes at 
37°C. We did experiments in which we added 4.5% of 
the osmotic agent Dextran T500, a level that compresses 
the lattice back to the in vivo spacing (Irving et al., 2000; 
Farman et al., 2006), and compared results to those in 
the absence of Dextran. Results show that in the ab-
sence of Dextran, a significant level of active stress is 
generated at [Ca2+] > 175 nM; in the presence of Dextran, 

force response while the subsequent release returns the 
cell to the starting SL. Stretching the cell across the 
physiological SL range elicited a diastolic stress response 
that was repeatable within each cell. Thus, the system is 
robust and makes it possible to determine the diastolic 
stress–SL relation of intact cardiomyocytes. To explore 
the possibility that diastolic stress of intact cardiomyo-
cytes is in part a result of actomyosin interaction, dia-
stolic stress was also measured in the presence of the 
actomyosin inhibitor blebbistatin or BDM (selected  
because of their different mechanisms of inhibition; 
blebbistatin binds to a hydrophobic pocket at the apex 
of the 50-kD cleft of myosin and keeps the cleft partially 
open, trapping myosin in a state with low actin affinity 
[Kovács et al., 2004], and BDM inhibits the rate of phos-
phate release, stabilizing the M-ADP-Pi state of the 
ATPase cycle [Herrmann et al., 1992]). With either in-
hibitor, a reduction in twitch force and SL shortening 
occurred within seconds, until both were indistinguish-
able from system noise (typically within 100 s; see  
Fig. 1 C for examples).

Although diastolic stress–SL results from individual 
cells were slightly curvilinear, the average of all 19 cells 
that were studied increased close to linear with changes 
in SL (Fig. 2, open circles). When actomyosin-inhib-
ited cells were stretched, passive stress was reduced 
relative to the relation before inhibition, with similar 
result for BDM and blebbistatin (Fig. 2, squares and di-
amonds, respectively). The stress reduction in the pres-
ence of the inhibitors suggests that the diastolic stress 
of intact mouse cells has an actomyosin contribution. 
This conclusion is supported by measurements of rest-
ing SL of unattached intact cells. In the absence of  
inhibitor the resting SL was 1.84 µm, and in the pres-
ence of inhibitor it increased to 1.93 µm (Tables I 
and II). The SL dependence of active stress contribu-
tion to diastolic stress is shown in Fig. 3 A. The average 
reduction at all SLs is 1.5 mN/mm2, with a trend to-
ward lower values at longer SLs (see also Discussion) 

Figure 2. Diastolic stress–SL relationship of intact and 
skinned cardiomyocytes. Mean diastolic stress–SL rela-
tionship of mouse intact cardiomyocytes before inhibitor 
(open circles) and after actomyosin inhibition with BDM 
(squares) or blebbistatin (diamonds). Results are also 
shown for mouse skinned myocytes studied in 4.5% Dex-
tran and in the presence of blebbistatin (gray-filled cir-
cles). For clarity, not every SE is shown. Force measured 
during a stretch with speed 100% base length/second; 
temperature, 37°C.
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zero and SL increased above its starting value (Fig. 4). 
Both stress and SL reached a steady state 100 s after 
the addition of inhibitors (as shown by slope analysis of 
SL and stress traces). A likely interpretation for these 
findings is that the quiescent cell before the addition of 
inhibitor developed active stress that shortened the cell 
until active stress was balanced by the restoring stress 
that pushes outward on the sarcomeres. When active 
stress is abolished in cells attached to carbon fibers, the 
restoring stress will push outward on the sarcomeres 
and force becomes negative until a new steady state is 
reached when the outwardly pushing restoring force 
and inwardly directed force of the carbon fibers are bal-
anced (schematically indicated in Fig. 5 A, inset). The 
newly established steady state will have an increased 
SL and a stress that is negative. This negative stress will 
equal the restoring stress at the measured steady SL.

When cells in the presence of inhibitors were stretched, 
restoring stress became less negative, reached zero, and 
then became positive. An example of a stretch curve is 
shown in Fig. 5 A, and mean results from 19 (BDM) and 
16 (blebbistatin) cells are shown in Fig. 5 B. Results with 
the two inhibitors were similar (P = 0.47), and both 
curves had a slight curvature. The stress–SL curves had 
a zero stress crossing of 1.95 ± 0.02 µm (BDM) and 1.97 ± 
0.04 µm (blebbistatin). The slopes below and above the 
zero stress point represent the restoring stiffness and 
passive stiffness, respectively. The mean stiffness values 
were 17 mN/mm2/µm/SL and were not statistically 
different from each other (see Fig. 5 B, inset).

D I S C U S S I O N

We used the recently established carbon fiber technique 
to study the diastolic properties of isolated mouse intact 
cardiac myocytes and compared the results to those of 
skinned cardiac myocytes, studied under identical ex-
perimental conditions. The diastolic stress of intact cells 
was found to significantly exceed that of skinned cells. 
The use of actomyosin inhibitors revealed that this dif-
ference can largely be explained by actomyosin inter-
action in intact cells. Studies on the calcium sensitivity of 
skinned cells support this conclusion. Attaching the cells 
to carbon fibers and then adding actomyosin inhibitors 
made it possible to measure the restoring stress–SL rela-
tion of intact cells. The findings of this work and their 
implications are discussed in detail below.

cells are more sensitive and active stress is produced at 
[Ca2+] > 55 nM (Fig. 3 B).

Restoring stress
When intact cells attached to carbon fibers and held at 
their original resting length were exposed to BDM or 
blebbistatin, diastolic stress gradually decreased below 

TA B l E  I

Unloaded intact cardiac myocytes

Treatment SLr of intact cardiac myocytes (µm)

Control 1.84 ± 0.003 (n = 268)

30 mM BDM 1.90 ± 0.003 (n = 101)a

22.5 µm blebbistatin 1.93 ± 0.005 (n = 172)a

Resting SL (SLr) measurements of intact unloaded cardiomyocytes. The 
resting SL (mean ± SE) of cardiocytes was measured for unloaded cells 
with no inhibitor (control), treated with BDM, or treated with blebbistatin. 
See text for details.
actrl versus treatment, P < 0.001.

TA B l E  I I

Loaded intact cardiac myocytes

Treatment Zero stress SL (µm)

30 mM BDM 1.95 ± 0.02 (n = 19)

22.5 µm blebbistatin 1.97 ± 0.04 (n = 16)

Slack SL (length with zero force) in loaded cells. The mechanically 
determined slack SL is not significantly different between the two inhibitors 
(P = 0.50). See text for details.

Figure 3. Effect of actomyosin inhibition on diastolic stress of 
intact cells and effect of low levels of calcium on stress of skinned 
cells. (A) Diastolic stress reduction of intact cells in blebbistatin 
and BDM (for clarity, not every SD is shown). (B) Effect of cal-
cium on diastolic stress of skinned myocytes at 37°C in the absence 
(open circles) and presence of 4.5% Dextran (filled circles).  
*, paired t test of stress versus stress in relaxing solution; #, un-
paired t test of stress in Dextran versus no Dextran.
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Because we found that the addition of either BDM or 
blebbistatin significantly reduces diastolic stress (Figs. 2 
and 3 A), we conclude that the high diastolic stress of 
intact cells results in part from actomyosin interaction. 
This is supported by our findings that at physiological 
temperature and in the presence of Dextran, skinned 
myocytes develop active stress at calcium levels as low as 
100 nM and that the required calcium level is consider-
ably higher in absence of Dextran. These results are 
consistent with previous reports that show that at  

Actomyosin interaction contributes to diastolic stress  
of intact cells
Comparing the diastolic stress–SL relation of intact car-
diocytes to that of mouse skinned cardiocytes indicates 
that intact cells develop much higher stresses than 
skinned cells (Fig. 2). A high diastolic stress level in in-
tact cells is not unprecedented and was also reported in 
by Yasuda et al. (2005), who found that wild-type mouse 
cells develop 1.5 mN/mm2 of diastolic stress at an SL 
of 1.85 µm and 4.0 mN/mm2 at an SL of 2.10 µm.  

Figure 4. Representative force and 
SL traces during perfusion of bleb-
bistatin, highlighting the presence of 
restoring force. Three time-matched 
panels of force (top), SL (middle), 
and motor movement (bottom) at the 
start of cross-bridge inhibitor perfusion 
(arrow). Note the decrease in diastolic 
force and the increase in diastolic SL 
over time.

Figure 5. Restoring stress–SL relation. (A) The top of the schematic shows the pre-inhibition resting length of a cell with a net zero 
stress. The bottom of the schematic shows the cell after actomyosin inhibition. With the loss of active stress, the cell lengthens (pushing 
outward on the carbon fibers) until a steady state is reached, at which restoring stress is balanced by the inwardly directed stress of the 
carbon fibers. The main figure represents the passive stress–SL relationship for an individual cell after inhibition by blebbistatin. When 
the cell was stretched, restoring stress became less negative until stress was zero (slack SL, sSL 1.97 µm), after which stress became 
positive. (B) Mean stress–SL relationship. Results obtained from cells inhibited with either BDM (gray; n = 19) or blebbistatin (black; 
n = 16). The curves are not significantly different from each other. The restoring and passive stiffness (slope of stress–SL relation) was 
determined 0.1 µm below and above the SL with zero stress, respectively. Results are shown in the inset (gray, BDM; black, blebbistatin). 
ANOVA analysis indicates that the values are not significantly different (P = 0.8).
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effects of low levels of diastolic calcium on actomyosin 
interaction, including studies that determine the dia-
stolic stress–SL relationship as a function of the extra-
cellular calcium concentration and the effect of Ca2+ 
channel blockers or Ca2+ sensitizers. We conclude that 
the low level of diastolic calcium that exists in intact 
mouse cardiac cells under our experimental conditions 
does not cause a Frank–Starling effect but instead sets 
an SL-independent basal diastolic “tone” of the cell.

Mechanisms that underlie elevated diastolic stress in 
DHF are currently under intense investigation, and it is 
likely that changes in titin isoform expression and post-
translational modification play a role (Borbély et al., 
2005, 2009a,b; Hamdani et al., 2008). However, current 
research is largely based on studying skinned cardiac 
myocytes at low temperature, because the skinned myo-
cyte is a relatively convenient preparation to use and 
the low experimental temperature increases the repeat-
ability of the mechanical responses. Our findings sug-
gest that such studies miss the actomyosin contribution 
to diastolic stress under physiological conditions and its 
possible role in elevated diastolic stress in DHF. Future 
studies on cellular mechanisms underlying DHF may 
reveal more (patho)physiological information if they 
are performed on both intact and skinned prepara-
tions, and at physiological temperatures.

Restoring stress
Abolishing actomyosin interaction in intact cells that 
had been held at their unattached length resulted in a 
negative stress (i.e., a stress that pushes outward on the 
carbon fibers). This can be explained by the existence 
of active stress that shortens unattached cells to below 
their slack length and a restoring stress that increases 
with shortening amplitude; a steady-state SL is reached 
when the active stress equals the restoring stress. Thus, 
when active stress is abolished, the net stress will be neg-
ative and the cell will lengthen until a new steady state is 

physiological myofilament lattice spacing, calcium sen-
sitivity is higher than in the expanded lattice of skinned 
muscle in relaxing solution(Farman et al., 2006) and 
that temperature is a positive inotrope, especially in ro-
dents where calcium sensitivity at physiological temper-
ature is much larger than at low temperature (Harrison 
and Bers, 1989, 1990).

The level of active stress of intact myocytes was rela-
tively constant at 1.5 mN/mm2 along the measured 
SL range (Fig. 3 A). It is well known that because of the 
Frank–Starling mechanism (FSM), a given level of sub-
maximal activating calcium results in active stress that 
increases with SL (Kentish et al., 1986); thus, the con-
stant active stress that we found is unexpected. A possi-
bility is that stretching intact cells results in a reduction 
of the diastolic calcium level, thereby offsetting the 
FSM-induced increase. However, the work by Yasuda  
et al. (2005) showed that diastolic calcium of mouse in-
tact cardiac myocytes does not change when cells are 
stretched from an SL of 1.8 to 2.1 µm, consistent with 
preliminary studies performed by us (unpublished 
data); thus, it is unlikely that a reduction in calcium  
levels with stretch explains our findings. Hence, our re-
sults suggest that the low calcium level that exists in 
intact cardiac myocytes (estimated at 75–150 nM; Gao 
et al., 1994; Stuyvers et al., 1997; Yasuda et al., 2005) 
does not result in a measurable Frank–Starling effect. 
This conclusion is consistent with the work of Adhikari 
et al. (2004), who conclude that the magnitude of the 
Frank–Starling effect is calcium dependent and peaks 
at 3 µM Ca2+ but is much reduced at low Ca2+ levels. It 
is possible that at higher stimulation frequencies where 
diastolic calcium levels are elevated (Gao et al., 1994), 
higher diastolic stresses are found with a passive compo-
nent (BDM/blebbistain insensitive) that is independent 
of pacing frequency and an active component (BDM/
blebbistatin sensitive) that displays FSM behavior. 
Clearly, future work is needed to better understand the 

Figure 6. Twitch stress correc-
tion as a result of restoring stress 
in contraction below slack SL. 
(A) By adding the restoring stress 
to the measured stress (gray) for 
the specific SL during a twitch 
contraction, the true systolic stress 
was determined (black). (B) The 
measured (gray) and corrected 
(black) peak twitch stress binned 
in 0.1-µm SL intervals.
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reached at which the restoring stress equals the stress 
exerted by the carbon fibers (Fig. 5 A, inset). Stretching 
the cell from this new equilibrium length results in a re-
duction of restoring stress until the slack length (length 
with zero force) is reached, with further stretch result-
ing in the development of passive stress. The slopes of 
the restoring stress–SL and passive stress–SL relations 
around the slack length are indistinguishable (Fig. 5 B, 
inset). This finding is consistent with a model previously 
proposed in which titin functions as a bi-directional 
spring that develops passive stress above the slack length 
and restoring stress below the slack length (Helmes  
et al., 1996; Preetha et al., 2005). The near–Z-disk region 
of titin that interacts with actin and is therefore func-
tionally stiff underlies this bi-directionality (Trombitás 
and Granzier, 1997; Granzier et al., 2000; Trombitás  
et al., 2000). When the sarcomere shortens to below the 
slack length, thick filaments move into this near–Z-disk 
region, extending titin in a direction that is opposite of 
when sarcomeres are extended to above the slack length 
(see schematic in Fig. 7 B).

Stretching cells from a starting length with restoring 
stress makes it possible to mechanically determine the 
slack SL (i.e., the SL at which force is zero). The obtained 
SL was 1.95 µm (BDM) and 1.97 µm (blebbistatin). This 
value is much longer than the SL of unloaded intact 
cells measured by us (1.84 µm; Tables I and II) as well as 
reported by others, with published values typically be-
tween 1.7 and 1.8 µm (Nash et al., 1979; Wussling et al., 
1987; Niggli, 1988; Roos and Brady, 1989; Le Guennec 
et al., 1990; Bluhm et al., 1995; Neagoe et al., 2003; 
Lorenzen-Schmidt et al., 2005; Ter Keurs et al., 2008; 
Flagg et al., 2009; Bub et al., 2010). An obvious explana-
tion for this discrepancy is that unloaded intact cells  
develop active stress that shortens cells to below their 
slack SL, consistent with our finding that the SL of  
unloaded intact cells is increased when actomyosin in-
hibitors are added (Tables I and II). In summary, our 
work establishes that the slack SL of isolated intact 
mouse cardiac myocytes at physiological temperatures 
can only be obtained in the presence of actomyosin  
inhibitors and that the mechanically determined slack 
SL value is 1.95 µm.

The peak active stress levels that were produced by 
the twitch contractions were relatively low. For example, 
at a systolic SL of 1.6–1.7 µm, the mean active stress was 
4 mN/mm2. Low values have also been reported by 
others (Le Guennec et al., 1990; Yasuda et al., 2001; 
Iribe et al., 2007). It is important to note that the pres-
ence of restoring stress will mask the real active stress lev-
els, and the lower than expected systolic stress may be 
explained by a sum of the forces involved during a twitch 
contraction: the positive systolic (active) component and 
the negative restoring stress component. The measured 
restoring stress–SL relation allows us to add the restoring 
stress to the measured stress and obtain the actual systolic 

Figure 7. Comparison of restoring stress of intact and skinned 
cardiac myocytes and model of titin-based restoring stress devel-
opment. (A) Intact myocytes (this study) and skinned myocytes 
(Helmes et al., 1996) at the three shown SLs (1.7, 1.75, and  
1.8 µm). Restoring stresses in the two different types of prepara-
tions are similar. (B) Schematic of titin’s spring region in a sar-
comere that is slack (middle), stretched to above slack (top), or 
shortened to below slack (bottom). The spring region is flaccid  
in slack sarcomeres and is held away from the Z-disk by the in-
extensible near–Z-disk region of titin (gray). When the sarcomere 
is stretched above the slack SL, titin’s spring region is stretched in  
a direction that results in a passive force (Fp) that tends to shorten 
the sarcomere. When the sarcomere shortens to below slack, the 
thick filament tip moves into the stiff near–Z-disk region, and 
titin’s spring region is stretched in a direction that results in a 
restoring force (Fr) that pushes outward on the Z-disk.

stress (Fig. 6 B). We can compare obtained values to the 
reported twitch stresses of mouse trabeculae, with mea-
surements reported by Gao et al. (1998) and Stuyvers 
et al. (2002) with a stimulation frequency of 0.5 Hz (the 
same as frequency as our study). Gao et al. (1998) re-
ported a twitch stress of 7.5 mN/mm2, and Stuyvers 
et al. (2002) reported 12.5 mN/mm2. Both of these 
studies were performed at a diastolic SL of 2.0–2.1 µm, 
and with the given level of internal shortening (Fig. 2 B; 
Stuyvers et al., 2002), the systolic SL was likely 1.8–1.9 µm. 
At this systolic SL range, we measured active stress levels 
of 8 mN/mm2 (Fig. 6 B). Thus, the active stress levels 
that we measured, accounting for the restoring stress, 
are similar to those reported for trabeculae. We also 
conclude that at short SL, the level of restoring stress 
masks the true active stress, and that restoring stress 
functions as an effective “brake” for active shortening 
below the slack SL.
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