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Oxygen pressure is one of the most important factors
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Endothelial cells release diffusible substances
hich modulate myocardial function. Oxygen pres-

ure is one important factor for stimulation and mod-
lation of endothelial function. Here we investigated
he effects of a superfusate obtained from hypoxic
pO2 40–50 mmHg) porcine endothelial cell culture on
uman myocardial crossbridge cycling rate. Isometric

orce development and the rate constant for tension
evelopment of demembranated multicellular fibers
rom the left myocardium of a normal human heart
ere determined from the low-tension rigor by photo-

ytic release of ATP from caged-ATP. Incubation with
ypoxic or normoxic superfusates did not change max-

mal isometric force development. However, rate con-
tant of tension development of the normal human
eart fibers significantly decreased to 43.3% upon in-
ubation with the hypoxic but not normoxic endothe-
ial cell superfusate. © 1999 Academic Press

Key Words: endothelium; human heart; cross-bridge
inetics; caged-ATP.

Endothelial cells modulate vascular tone and blood
ow by the release of contracting and relaxing factors
1–3). Furthermore, endocardial endothelium (4) and
oronary vascular endothelium (5) release substances
hat induce positive or negative inotropic effects on the
yocardium. Substance P and bradykinin enhance left

entricular relaxation, attributed to the paracrine re-
ease of nitric oxide in isolated ejecting guinea pig
earts (6). Bicoronary infusion of substance P modu-

ates left ventricular function in humans, probably
hrough the release of cardioactive agents from the
oronary endothelium (7). The contractile performance
ay also be influenced by nitric oxide production
ithin cardiac myocytes themselve (8).

1 To whom correspondence should be addressed. Fax: 140-03-
406-2277. E-mail: imorano@orion.rz.mdc-berlin.de.
64006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
or stimulation and modulation of endothelial cell func-
ion. Thus, cultured endothelial cells superfused with
ypoxic physilogical buffer released an unidentified
ubstance(s) that inhibited myocardial function (9).
he activity of the (reoxygenated) hypoxic superfusate
as present in low molecular weight fractions (Mr ,
00) and remained after heating (95°C). Hypoxic su-
erfusate induced rapid, potent, and reversible inhibi-
ion of isolated cardiac myocyte contraction without
educing the cytosolic Ca21- transient. Furthermore, it
educed unloaded shortening velocity of skinned fibers
rom human skeletal muscle and depressed in vitro
ctin motility and the rate of actin-activated myosin
TPase activity (9).
Here we characterized cross-bridge cycling kinetics

f normal human heart fibers and investigated the
ffects of a superfusate from hypoxic endothelial cell
ulture on human myocardial crossbridge cycling rate.
he rate constant for tension development of demem-
ranated multicellular fibers from the left myocardium
f a normal human heart were determined from the
ow-tension rigor by photolytic release of ATP from
aged-ATP (10).
Here we describe for the first time that myosin cross-

ridges of normal human myocardial fibers revealed
ecreased rate constants for tension development after
ncubation with the superfusate of hypoxic cultured
ndothelial cells.

ATERIALS AND METHODS

Patient population. Normal left ventricle derived from a donor
eart (NH) which could not be transplanted due to technical reasons.
issue was supplied by Prof. E. Erdmann from the III. Medical Clinic
f the University Cologne, Germany.

Tissue preparation. The mechanical experiments were performed
ith chemically demembranated multicellular heart fibers (skinned
bers). The muscle tissue was excised and dissected into small fiber
undles (about 1 mm thick, 5–10 mm length) and demembranated by
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M MgCl2, 4 mM EGTA, 2 mM DTE, 10 mM NaN3, 50% glycerol, 1%
riton X-100, pH 7 at 4°C for 18-20 hours. Subsequently, the fibers
ere transfered into the same solution without Triton X-100 and

tored at 220°C not longer than 4 weeks.

Mechanical analysis. For the mechanical analysis, fibers were
issected into bundeles of 150–250 mm diameters and 4–5 mm
ength under a preparation microscope. Fiber bundeles were

ounted horizontally between two micro clamps in a 10 ml quartz
uvette with relaxation solution (20 mM imidazole, 10 mM ATP, 10
M creatinphosphate, 380 U/ml creatine kinase, 5 mM NaN3, 5 mM
GTA, 12.5 mM MgCl2, 1 mM DTT, pH 7). One of the clamps was

onnected with a force transducer, the other one with a micrometer
crew (Scientific Instruments Heidelberg, Germany). Length was
djusted by the micrometer screw such that resting tension was
hreshold. Sarcomere length at resting tension was always between
.95 and 2.0 mm as detected by laser diffraction. Subsequently fibers
ere incubated in Ca21-free rigor solution (20 mM imidazole, 5 mM
aN3, 5 mM EGTA, 12.5 mM mgCl2, 1 mM DTT, 100 mM BDM) for
0 min and a “low-tension rigor” developed. The fibers were then
ransferred in Ca21-containing (pCa 4.5) rigor solution (same as rigor
olution except that EGTA was substituted by 5 mM Ca21-EGTA and
ithout BDM) for 5 min and then in Ca21-rigor solution plus 2.5 mM

aged ATP (Calbiochem, San Diego, CA, USA) and 10 mM DTT for
min.
Photolysis of caged ATP was achieved using a xenon flash lamp

ystem (Dr. Rapp Optoelektronik, Hamburg, Germany). The lamp
eliverd UV ligth pulses with a duration of about 1 ms and was
ocused through a UG-11 filter. The signals of force development
ere displayed on a storage digital oscilloscope (HM 408, HAMEG

nstr., Frankfurt/M, Germany) and analyzed with an IBM compati-
le PC. After registration the fiber was incubated in relaxing solu-
ion. Temperature was 21°C.

To investigate the influence of the endothelial superfusates the
rocedure was exactly the same as describted, except that 10 ml of a
:10 diluted hypoxic endothelial superfusate or 10 ml normoxic en-
othelial superfusate (diluted 1:10) were present in the Ca21-rigor
nd the caged ATP-Ca21-rigor solution.

Hypoxic endothelial cell superfusates. Endothelial cells cultured
rom porcine aorta were superfused for 1–5 hours with hypoxic (PO2

0–50 mmHg) or normoxic (PO2 ' 160 mmHg) physiological buffer
olution as recently described by Shah et al. (9). Single-pass super-
usates were passed through a 500 Da molecular weight cutoff filter
Centricon, Millipore Corp., Massachuetts, USA) and re-equilibrated
or pO2, pH and ionic composition prior to testing.

Statistical analysis. Half times of tension development (t1/2) were
etermined from the recorded force transient with “Proscope”-
oftware (HAMEG Instr., Frankfurt/M., Germany). The rate con-
tants for tension development (ktd) were calculated using the for-
ula: t1/2 5 ln2/ktd assuming a monoexponential tension rise (10).
he statistical analysis was performed using commercially available
tatistical programs (Epistat) on an IBM compatible PC. Values are
xpressed as means 6 SEM; n 5 number of fibers investigated.
ignificance analysis was performed using the Student’s t-test for
npaired values.

ESULTS

Figure 1 shows an original record of a representative
xperiment (NH-fiber) registrated by y/t-recorder.
igor solution incubated fibers developed “low-tension

igor” after average 23 min. Rigor force being 8.6 6
.2% of the tension obtained upon photolytical release
f ATP from caged-ATP at maximal Ca21-activation.
ast tension development was elicited upon a light
ash releasing ATP from caged-ATP.
65
Figure 2 shows an original registration of tension
evelopment after photolytical release of ATP from
aged ATP in low tension rigor of a demembranated
ber from a normal human heart with high time reso-

ution. Half time of tension development of control
bers (i.e. without superfusate incubation) was 466
s 6 122 (n 5 8), equivalent a rate constant of 1,58 s21.
he rate constants were found to be significantly lower
pon incubation with the hypoxic superfusate: rate
onstant of force development of the normal heart sig-
ificantly (p , 0.05) decreased to 43.3% 6 15 (n 5 8).
he normoxic superfusate however, had no influence
n kinetics of tension development of fibers from nor-
al human heart (Fig. 3).
The levels of maximal force (pCa 4.5) of the normal

uman heart control fibers (without superfusate incuba-
ion) after photolytical release of ATP from caged ATP
ere 11,01 6 0,66 mN/mm2 (n 5 8). Hypoxic endothelial

ell superfusate caused no statistical significant change
n maximal tension (9,57 6 2,01 mN/mm2, n 5 8). Sim-
lary, the normoxic superfusate had no statistical signif-
cant influence on the maximal force of the normal heart
bers (9,39 6 2,01 mN/mm2; n 5 8).

ISCUSSION

Decrease of coronary blood flow (11), dysfunction of
he subendocardial myocardium after subendothelial
ypoxia (12) and insufficient perfusion (13, 14) were
escribed to diminished myocardial function. The un-
erlying mechanism of this “myocardial hibernation”
henomenon is still unknown. Recent studies suggest
hat a diffusible factor released by hypoxic endothelial
ells could be involved. We therefore investigated the
irect effects of a superfusate of hypoxic porcine cul-
ured endothelial cells on human myocardial cross-
ridge kinetics. The rate constants of tension develop-
ent of demembranated fibers derived from a ventricle

FIG. 1. y/t-recorded experiment of normal heart fiber: ① relaxing
olution; ② rigor solution (with BDM); ③ rigor solution (pCa 4.5,
ithout BDM); ④ caged-ATP solution (pCa 4.5); ⑤ flash; ⑥ relaxing

olution.
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f a normal human heart were determined from the
ow-tension rigor by photolytic release of ATP from
aged-ATP. To guarantee selective analysis of myosin
ross-bridge function, and to exclude changes in regu-
atory protein expression, we investigated rate of ten-
ion development at maximal Ca21-activation (pCa
.5). Different expression of myosin heavy chains
MHC) in the analyzed tissue could be excluded since
nly b-MHC is expressed in the normal human ventri-
le (15). Rate constants of tension development of nor-
al human heart fibers were consitent with results

btained with pig heart fibers (10). The present study
emonstrated that myosin cross-bridge kinetics and,
herefore the “contractile state” of normal human myo-
ardium was inhibited by a superfusate from hypoxic

FIG. 2. Representative isometric tension development of a nor
ow-tension rigor; (n) light flash.

FIG. 3. Rate constants for tension development (1/s) after pho-
olytical release of ATP from caged-ATP of normal human heart
bers; Control 5 normal human heart fibers without endothelial
uperfusate incubation; Hypoxic 5 normal human heart fibers with
ypoxic endothelial superfusate incubation; Normoxic 5 normal hu-
an heart fibers with normoxic endothelial superfusate incubation;

p , 0,05 compared to control.
66
ndothelial cells. ATP consumption could be consid-
red as the ratio between [(f 3 g)/(f 1 g)] (16), where f
s the rate-constant for the transition from non-force
nto force-generating states (attachment rate), and g is
he rate-constant for the transition of cross-bridges
rom force into non-force generating states (detach-

ent rate). Since the rate of tension development
quals (f 1 g) (16), ATP consumption of the cardiomy-
cytes may be decreased upon the influence of the
ypoxic superfusate.
Generated isometric force F is determined by the force

licited by a single cross-bridge F’ and the fraction of
orce-generating cross-bridges, n, which itself is deter-
ined by the ratio f/(f 1 g) (16). The fraction of force-

enerating cross-bridges and hence force generation,
herefore should decrease upon incubation with the hy-
oxic superfusate. However the generated maximal ten-
ion was not influenced by hypoxic or normoxic superfu-
ates, which is in accordance with a previous report (9).
e may, therefore speculate that the hypoxic superfu-

ate decreased the rate of cycling kinetics but increased
’, i.e. tension output per cross-bridge thus balancing the
ecrease of the fraction of force-generating cross-bridges
eeping force-generation at a normal level.
Our data suggest that a diffusible factor produced by

ndothelial cells upon low oxygen pressure directly
nhibited the motor protein of human cardiomyocytes
hus decreasing the contractile state and energy con-
umption but conserving the normal force production
f the myocardium. A recent report confirm the pres-
nce of an identical activity in the coronary effluent of
solated hearts subjected to brief hypoxia (17). A de-
rease of regional contractility may lead to a downregu-
ation of oxygen demand (18) and may preserve recov-
ry of contractile function.

l heart fiber after photolytical release of ATP from caged-ATP at
ma
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