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Contributions of [Ca2+],, [P.],, and pH, to Altered
Diastolic Myocyte Tone during Partial Metabolic Inhibition
Hiroshi Ikenouchi, Osami Kohmoto, Mischelle McMillan, and William H. Barry
Division of Cardiology, Department of Medicine, University of Utah School of Medicine, Salt Lake City, Utah 84132

Abstract

Ischemia may cause increased or decreased distensibility of the
left ventricle, but the cellular mechanisms involved have not
been clarified. We examined the possible contributions of
changes in intracellular inorganic phosphate, pH, and Ca2"
concentrations to altered diastolic function in cultured myo-
cytes subjected to partial metabolic inhibition. Paced cultured
embryonic chick and adult rabbit ventricular myocytes super-
fused with 20 mM2-deoxyglucose (2DG) exhibited an increase
in end-diastolic intracellular free calcium concentration
([Ca2`J,) and an upward shift in end-diastolic cell position.
These results indicate that glycolytic blockade increases dia-
stolic and systolic calcium in paced ventricular myocytes, and
that this elevated diastolic calcium influences the extent of dia-
stolic relaxation. In contrast, paced ventricular myocytes su-
perfused with 1 mMcyanide (CN) exhibited a similar increase
in end-diastolic [Ca2"ji but a decrease in end-diastolic cell posi-
tion and amplitude of motion. Although changes in ATP con-
tents were similar in both groups (2DG, -29.9%; CN, -40.1%),
alterations of intracellular pHand inorganic phosphate concen-
trations were different. In 2DG-treated cells, pHi did not de-
crease significantly (7.18±0.04 to 7.12±0.11, n = 14) but in the
CNgroup it decreased markedly within 6 min (7.18±0.04 to
6.76±0.11, n = 11, P < 0.01). Intracellular inorganic phos-
phate decreased slightly in the 2DGgroup (-14.8%, NS) but
increased in cells exposed to CN(45.7%, P < 0.02). Wecon-
clude that while a prominent increase in diastolic [Ca2+J occurs
in rapidly paced ventricular myocytes exposed to either inhibi-
tors of glycolysis or oxidative phosphorylation, the effects of
this increase in [Ca2"1 on diastolic distensibility may be in-
fluenced by intracellular accumulation of metabolites that de-
crease the sensitivity of myofilament to [Ca2"J. (J. Clin. Invest.
1991. 88:55-61.) Key words: cardiac myocytes - indo-
1 * sodium cyanide . 2-deoxyglucose * diastolic distensibility

Introduction

It is recognized that in patients with coronary heart disease,
ischemia produced by rapid atrial pacing can cause a transient
decrease in left ventricular diastolic distensibility (1, 2). In ca-
nine coronary artery constriction models, an analogous "de-
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mand" ischemia has also been demonstrated to cause an up-
ward shift in the left ventricular pressure-volume curve consis-
tent with an increase in diastolic myocardial stiffness (3, 4).
Several mechanisms to account for this diastolic dysfunction
have been postulated, including chamber interaction and/or
effects of the pericardium (5-7), and asynchronous left ventric-
ular relaxation (8-1 1). It has also been suggested that increased
stiffness during demand ischemia is due to a rise in diastolic
intracellular free calcium concentration ([Ca2+]i) in ischemic
ventricular myocytes, resulting in increased diastolic force de-
velopment by myofilaments, and thus incomplete relaxation
(4, 12-15). However, during "supply" ischemia, as occurs with
complete coronary artery occlusion, which would also be ex-
pected to increase diastolic [Ca2+], diastolic distensibility is
initially increased (16). This paradox has been recognized (17)
but factors that could account for it have not been elucidated.
Paulus (18) has recently suggested that the differences in the
extent of accumulation of metabolites that alter Ca2" sensitiv-
ity of contractile elements could influence the effect of an in-
crease in [Ca2+]i caused by ischemia on diastolic distensibility.
It has been demonstrated that intracellular pH (pHi) and/or
intracellular inorganic phosphate ([Pi]i) can affect Ca2+ sensitiv-
ity of myofilaments (19-21). Wehave therefore investigated
the effects of partial metabolic inhibition on [Ca2+ji, [Pi]i, and
pHi in isolated cultured ventricular myocytes. Our results indi-
cate that increases in these metabolites can influence the effects
of an increased diastolic [Ca2+]i on diastolic distensibility.

Methods

Chick ventricular myocyte culture. Layer cultures of spontaneously
contracting ventricular myocardial cells were prepared from 10-d-old
chick embryos with a modification of previously described techniques
(22,23). Ventricles were minced and placed in Ca2+ -Mg2+ free Hanks'
solution with 0.25 mg/ml of trypsin at 37°C for four cycles of 7 min
each. The supernatant was discarded and the cells were resuspended in
culture medium consisting of 6%heat-inactivated FCS, 40% medium
199 (Gibco Laboratories, Grand Island, NY), 0.1% penicillin-strepto-
mycin antibiotic solution, and 54% balanced salt solution containing
(in mM): 116 NaCl, 1.0 NaH2PO4, 0.8 MgSO4, 26.2 NaHCO3, and 5
glucose. The cell suspension was diluted to 4 X I0O cells/ml and placed
in plastic petri dishes containing glass cover slips. Cultures were incu-
bated in a 5%C02, 95%air atmosphere for 3 d at 37°C. All studies were
performed on cells after 3 d of culture.

Dissociation of adult ventricular myocytes. Adult rabbit myocyte
isolation was performed by a modification of the method of Haddad et
al. (24). Hearts were removed from albino rabbits (2-2.5 kg) anesthe-

1. Abbreviations used in this paper: BCECF, 2'7'-bis-(2-carboxyethyl)-
5(6)-carboxyfluorescein; BCECF-AM, BCECFacetoxymethyl ester,
[Ca2+]i, intracellular free calcium concentration; CN, cyanide; CP, cre-
atine phosphate; 2DG, 2-deoxyglucose; indo-l AM, indo-l acetoxy-
methyl ester; pH, intracellular pH; [PiJi, intracellular inorganic phos-
phate.
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tized with sodium pentobarbital (65 mg/kg, i.v.). The heart was imme-
diately attached to an aortic cannula, and continuous retrograde coro-
nary artery perfusion at 370C by a pump (Masterflex; Cole-Parmer
Instrument Co., Chicago, IL) was initiated at a coronary perfusion
pressure of 60 mmHg. Sterile conditions were maintained. The heart
was first perfused with nominally Ca2"-free modified Krebs bicarbon-
ate buffer solution for 5 min, immediately followed by 20-30 min of
recirculating perfusion with the same solution containing 0.4 mg/ml
collagenase (Class II; Worthington Biochemical Corp., Freehold, NJ),
0.4 mg/ml hyaluronidase (Type I-S; Sigma Chemical Co., St. Louis,
MO) and 20 MAMCaCl2. Both cell isolation solutions contained (in
mM): 91.7 NaCl, 30 KCI, 1.2 MgSO4, 19 NaHCO3, 1.2 NaHPO4, 15
glucose, 20 taurine, and 0.5 adenosine, and were gassed with 5%CO2
and 95% 02 (pH 7.40). The heart was then detached from the cannula
and the ventricles were cut into small pieces in the same solution con-
taining 20 AMCaCI2 and 1% albumin. The resulting suspension was
then gently forced through a single 550-Mm nylon sieve with a sterile
glass wide bore (4 mm, i.d.) pipette into a 100-ml beaker to remove
debris. The cell suspension was centrifuged twice at 250 rpm and then
allowed to settle twice in incubator 37°C in the same solution with 2%
albumin and 20 MMCaCl2. The supernatant was discarded and the
cells were resuspended in culture medium consisting of 5%heat-inacti-
vated FCS, 95% MEM(Gibco Laboratories), 0.1% penicillin-strepto-
mycin, and 0.1% gentamicin antibiotic solution. Cells were attached on
cover slips with cell adhesive (Cell-Tak; Collaborative Research, Inc.,
Waltham, MA). Cultures were incubated in a 5%C02, 95% air atmo-
sphere for 1 d at 37°C. All studies were performed on cells after 1 d of
culture.

Solutions. The control superfusate for cultured chick and adult rab-
bit ventricular cells was a Hepes-buffered normal Tyrode solution (NT)
containing (in mM): 137.0 NaCl; 3.7 KC1; 0.5 MgCl2; 1.8 CaCl2 (0.9 for
rabbit); 5.6 glucose; and 4.0 Hepes (free acid) titrated to pH 7.35 with
2.1 mMNaOH. The 2-deoxyglucose (2DG) solution included 20 mM
of 2DGwithout glucose in this solution, and cyanide (CN) solution
included 1 mMof NaCN.

Simultaneous measurement of [Ca2+]i and cell motion. [Ca2J]i was
measured with Ca2' fluorescent dye indo-l (25), as previously de-
scribed by Peeters et al. (23). To prepare the indo- I AM(indo- I acetox-
ymethyl ester, Calbiochem Corp., La Jolla, CA), the method of duBell
et al. (26) was used. First, 10 ml of FCSwas mixed with 234 Ml of 25%
Pluronic F127 (BASF Wyandotte Corp., Parsippany, NJ; wt/wt in
DMSO), and sonicated. Then 1,000 Ml of fresh 1 mMindo-l AMin
DMSOwas added to 9 ml of FCS-Pluronic mixture, sonicated to mix,
and aliquoted into fifty 200-,ul samples, which were stored frozen at
-20°C in light proof containers. This "loading stock" of 100MMindo-
I AMwas diluted in culture medium or physiologic buffer to give
appropriate indo- I AMconcentrations for cell loading.

Cover slips of cultured chick ventricular cells were incubated at
37°C in culture medium containing 5 MMindo-l AMfor 15 min and
then washed in indo-l free solution for 30 min. After dye loading, a
cover slip was placed in the flow-through cell chamber and continu-
ously superfused with NT. Approximately 5-10 s were required to ex-
change the solution in the cell chamber which was equipped with a
clear glass bottom and mounted on the stage of an inverted microscope
(Nikon Diaphot, Tokyo). Solution temperature in the cell chamber was
37°C. Dissociated adult myocytes were loaded with 5 MAMindo-l AM
for 30 min. After dye loading, cells were superfused in the chamber as
described above. All experiments were performed at 37°C.

The instrumentation used for fluorescence measurement has been
described in detail (23). Briefly, the system uses a high-pressure Hg-arc
lamp for the excitation source because it provides an intense emission
peak at 360 mM. Further selection of this peak was made with narrow
band-width interference filters at 360 Hz, and the cells were illumi-
nated via epifluorescence optics using a Fluor X40 objective lens (Ni-
kon). The fluorescent light was collected by the objective lens and di-
vided with a beam splitter to permit simultaneous measurement of
both 400 and 500 nmwavelengths using two separate photomultiplier
tubes. The ratio of emitted fluorescence (400/500 nm) was obtained

on-line though an analogue divider circuit. Previous calibration studies
in cultured chick ventricular myocytes (23) have shown that under
control conditions end-diastolic [Ca2+]i averages 328 nM, and peak
systolic (Ca2+]i averages 813 nM. In this work, we have not calibrated
the [Ca2+]i levels and have used the 400/500 fluorescence ratio as an
indicator of changes in [Ca2+]i. Whenmeasuring [Ca2+]i in rabbit myo-
cytes, an adjustable rectangular window was used to restrict the optical
image to the cell of interest, thereby minimizing background fluores-
cence from other cells and debris.

The image of the cells was obtained by illumination via the stan-
dard microscope light source passed through a 700-nm band-pass filter.
This wavelength was long enough not to interfere with the fluorescence
detection at 400 and 500 nm. Cell motion of cultured cells was detected
with a custom-made video motion analyzer. Although the chick mono-
layers contracted spontaneously (average rate - 120/min), none of the
adult rabbit cells used in this study exhibited spontaneous contractions,
and therefore in these experiments electrical stimulation was used to
pace both chick and rabbit myocytes. Constant current pulses (3-8 ms
duration) were delivered via a glass capillary tube (70 Mtm tip diameter)
filled with NTand positioned - 0.1 mmfrom the cell. Chick myocytes
were paced at 3 Hz, and rabbit myocytes at 0.5-1.0 Hz.

Intracellular pH measurement. Intracellular pH (pHi) was mea-
sured using the pH-sensitive fluorescent dye, BCECF(2',7'-bis-[2-car-
boxyethyl]-5[6]-carboxyfluorescein) as described previously (27, 28). A
stock solution of BCECFAM(BCECF acetoxymethyl ester; Calbio-
chem) was prepared by dissolving I mgof the dye in 1 ml of DMSO.
This was stored in 20 Ml vials at -250C in the dark. Cells were equili-
brated for 40-60 min in NTcontaining 4MuMof the BCECFAMstock
solution. After dye loading cells were washed with NTto remove extra-
cellular dye. To measure pHi with BCECFour fluorescence system was
modified to provide dual excitation with rotating interference filters.
Cells were sequentially excited at 500 nm and 440 nm (frequency
= 180 Hz) while recording fluorescence emission at 530 nm. The ratio
of emission intensity (500/440) served as the measure of pHi. At the
end of the experiment the emission ratio was calibrated in situ as de-
scribed by Thomas et al. (29) by exposing cells to solutions of varying
pH. Each solution contained 1 1 MMof the K+-H+ ionophore, nigericin
(Calbiochem) and (in mM) 12.0 Hepes (titrated with 1 MKOH), 140.0
K+ (KCI adjusted to keep K+ constant), 1.0 MgCl2, and 11.0 glucose.

Measurement ofA TP content. Cellular ATPcontent was measured
during metabolic inhibition in these experiments by means of a lucifer-
ase assay (ATP Bioluminescence CLS; Boehringer Mannheim Corp.,
Indianapolis, IN) with modification of a previously described method
(30). Cover slips of spontaneously contracting cultured chick myocytes
were incubated in NTcontaining 20 mM2DGor 1 mMCNfor 6 min
without pacing. Control cells or cells subjected to metabolic inhibition
for 2, 4, or 6 min were frozen in liquid nitrogen, and scraped into 1 ml
ice cold 0.7 NHC104. After homogenization and addition of I ml ice
cold H20, the samples were divided equally for ATP assay and for
protein assay. To the ATPsample, 60 Ml of 1.5 MK2HPO4was added
followed by centrifugation at 3,000 rpm and 4°C for 20 min. After
removal of the supernatant, 10 Ml of the sample was added to 990 ul of
distilled water and analyzed in a liquid scintillation counter using the
ATP cls kit. A standard curve with known ATP concentrations was
prepared to calculate the sample ATP concentrations. Protein was as-
sayed by the Lowry method (31) and the final ATP concentration ex-
pressed as nanomoles per milligram protein.

Intracellular inorganic phosphate content. Cellular inorganic phos-
phate content was measured during metabolic inhibition in these ex-
periment according to Chen's method (32). Cover slips of cultured
myocytes were incubated in NTcontaining 20 mM2DGor 1 mMCN
for 2, 4, and 6 min. Control cells or cells subjected to metabolic inhibi-
tion were washed in ice cold HBSSand scraped into I ml ice cold 0.35
NHC104. After homogenization the samples were divided for Pi assay
and for protein assay. For the Pi assay, samples were centrifuged at
1,300 rpm and 4°C for 10 min. Then, 750 Mul of ascorbic acid-ammo-
nium molybdate solution (mixture of 10% ascorbic acid in water and
0.42% ammonium molybdate in 1 NH25O4with a ratio 1:6) was added
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to 250 A1 of the supernatant. These samples were subsequently incu-
bated at 370C for 30 min. The phosphate content of samples was ob-
tained by measuring absorbance at 820 nmwith a spectrophotometer
(Model 8452a; Hewlett-Packard Co., Palo Alto, CA). Standard curves
with known phosphate concentration were prepared to calculate the
sample inorganic phosphate concentration. Protein was assayed by the
Lowry method and the final Pi concentration expressed as nanomoles
per milligram protein.

Statistical analysis. Data were expressed as mean±SEM. Analysis
of variance or paired Student's test was used in comparing changes in a
group. A P value < 0.05 was considered significant.
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Effects of metabolic inhibition with 2DGon [Cai]i and cell
motion. To simulate demand ischemia, in which there is an
increased work load placed on a heart coincident with a limita-
tion (but not total elimination) of coronary perfusion, we ex-
posed cultured myocytes to two different types of partial meta-
bolic inhibition (2DG or CN) while cells were paced. Examples
of changes in cell motion and [Ca2+]i transients during superfu-
sion with 2DG are shown in Fig. 1. During simple pacing,
embryonic chick ventricular myocytes motion and [Ca2+]
were quite constant (Fig. 1 A). Within 1-2 min after exposure
to 2DG, diastolic [Ca2J]i increased and diastolic cell position
shifted upward, indicating an increase in diastolic "tone." The
amplitude of [Ca2+]i transients and cell motion decreased
slightly. Wewere initially concerned that this response in cul-
tured chick ventricular myocytes might not be typical of the
response of adult myocytes, possibly because of a greater capac-
ity for, and/or dependence on, glycolysis in immature ventricu-
lar cells. Therefore, we also examined the response of paced
cultured adult rabbit ventricular m:
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Figure 2. Average effects of exposure to 20 mM2DGon peak-systolic
and end-diastolic [Ca2+]i (A) and peak-systolic and end-diastolic mo-
tion (B) in paced chick myocytes (left, n = 13, means±SEM) and in
paced adult rabbit myocytes (right, n = 7). In both types of cells ex-
posure to 2DGcaused a comparable increase in peak-systolic and
end-diastolic [Ca2+]i and motion. Amplitude of [Ca2i] transients and
motion decreased slightly in both groups.

yocytes. As shown in Fig. 1 and cell motion in 13 chick embryo myocytes and 7 isolated
o 2DGwas observed. The adult rabbit myocytes during exposure to 2DGare shown in
Aolic and diastolic [Ca2+] Fig. 2. For this analysis, control end-diastolic [Ca2+]i and cell

position were assigned a value of 0, and control peak systolic
calcium and motion a value of 100. Changes induced by expo-
sure to 2DGwere measured relative to this scale. 2DGcaused
increases in diastolic calcium and diastolic cell position.
Usually diastolic cell position started shifting upward within
st1-2 min both in chick and adult rabbit myocytes. Increases in
1systoliccalcium and cellposition also occurred, although they
were somewhat less prominent. Thus, metabolic inhibition

! produced by 2DG caused a consistent increase in diastolic
[Ca2"Ji and a corresponding decrease in myocyte distensibility
in both cultured chick and adult rabbit ventricular myocytes.

To investigate the effects of 2DG on [Ca2i] and motion
without a work load we exposed isolated adult rabbit ventricu-
lar myocytes to 2DGwithout pacing. An example of a typical
experiment is shown in Fig. 3. After cessation of pacing the cell
stopped beating and [Ca2+]i and motion were stable in a resting
state. After 2DG exposure, [Ca2+]i and cell position did not
increase. In Fig. 4 are shown average results obtained in five

.i\A. Jo\-~ rabbit myocytes. These results indicate that the rate of beating
is an important variable for the production of changes in
[Ca2+]i and diastolic cell distensibility during metabolic inhibi-

>to 20 mM2DGon [(2+1J tion.
transients (ratio of 400/500 nm indo- 1 fluorescence, upper traces),
and motion (lower traces) in paced chick embryo ventricular cells (A),
and in adult rabbit myocytes (B). In the rabbit myocytes [Ca2]i was
measured only at 1-min intervals to decrease dye bleaching. Exposure
to 2DGcaused an increase in end-diastolic and peak-systolic [Ca2]i
and cell position both in cultured chick myocytes and adult isolated
adult rabbit myocytes.

The effects of metabolic inhibition with cyanide. Wealso
examined the effects of inhibition of oxidative phosphorylation
with cyanide on [Ca2J]i and motion. In Fig. 5 are shown exam-
ples of the effects of CNin chick (Fig. 5 A) and rabbit myocytes
(Fig. 5 B). Inhibition of oxidative phosphorylation also pro-
duced a prominent increase in diastolic and systolic calcium,
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Figure 3. Effect of exposure to 20 mM2DGon [Ca2+]i and cell mo-
tion in a quiescent adult rabbit ventricular myocyte. After cessation
of pacing, exposure to 20 mM2DGcaused no increase in [Ca2+]i or
increase in cell position.

but in contrast to effects of 2DG, in spite of the increase of
[Ca2+]j, systolic and diastolic cell position shifted downward,
and the amplitude of motion decreased, soon after exposure to
CN. The effects of CNon average end-diastolic and peak-sys-
tolic cell positions and [Ca2J]i are shown in Fig. 6. The increase
in diastolic [Ca2+]i was statistically significant, and the percent
increase was similar to that produced by 2DG. However, end-
diastolic cell position shifted downward significantly in both
chick and rabbit myocytes.

Changes in intracellular ATP content in chick ventricular
myocytes after metabolic inhibition with CN or 2DG are
shown in Table I. The results indicate that each type of meta-
bolic inhibition induced a decrease in ATP after 6 min expo-
sure (2DG -29.9%, CN-40.1%), although CNinduced a some-
what more rapid initial decline than did 2DG. Thus, the degree
of ATP depletion induced did not appear sufficient to explain
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Figure 5. Example of effects of exposure to 1 mMCNon [Ca2 ]j
transients (upper trace) and motion (lower trace) in paced chick myo-
cytes (A) and an isolated rabbit myocyte (B). Inhibition of oxidative
phosphorylation also produced a prominent increase in diastolic and
systolic calcium, but decreased diastolic and systolic cell position and
amplitude of motion.

these completely different changes in cell motion induced by
CNor 2DG. To examine whether a change of Ca2+-sensitivity
of myofilaments during metabolic inhibition could be in-
volved, possibly due to intracellular acidosis (33), we measured
changes in pHi during exposure to CNor 2DG.
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Table I. ATPContent during Metabolic Inhibition

Inhibitor Time ATP content n P

min nmol/mg

2DG 0 34.6±2.7 2 1
2 32.9±4.0 12 NS
4 25.9±2.4 12 <0.04
6 24.3±1.4 9 <0.02

CN 0 34.6±2.7 21
2 31.6±2.1 12 NS
4 20.2±1.2 12 <0.001
6 20.7±1.3 12 <0.001

Means±SEM.

Intracellular pHduring partial metabolic inhibition. Under
control condition, during 3 Hz pacing the average intracellular
pH in chick ventricular myocytes was 7.18±0.04 (Fig. 7), simi-
lar to previous reports of pHi in ventricular myocytes (28, 34).
After 15 min of control perfusion with NT solution, during
which time pHi was stable, cells were superfused with meta-
bolic inhibitors. In cells exposed to 2DGpHi did not fall signifi-
cantly, but in cells superfused with CNcytosolic pH rapidly
declined. Intracellular acidosis of this magnitude reduces con-
tractility and reduces Ca2" sensitivity of myofilaments in these
cells (28). Thus, a difference in induced changes in intracellular
pH may account in part for the differences observed in CNand
2DG effects on myocyte motion, in spite of a similar effect
on [Ca2+]i.

Intracellular inorganic phosphate content. Intracellular in-
organic phosphate (Pi) is another metabolite that can affect
myofilament sensitivity to Ca". Therefore we measured
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Figure 8. Effects of metabolic inhibition on intracellular inorganic
phosphate concentration. Exposure to 20 mM2DGdecreased intra-
cellular inorganic phosphate in cultured chick ventricular myocytes.
In contrast, exposure to CNcaused an increase in intracellular inor-
ganic phosphate (means±SEM, n = 1 1; *P < 0.05, **P < 0.01).

changes in [Pi]i in chick ventricular myocytes during metabolic
inhibition with CNor 2DG. After 6 min of metabolic inhibi-
tion, [Pi]i decreased slightly in cells exposed to 2DG(- 14.8%,
NS) but increased in cells exposed to CN(+45.7%, P < 0.02,
Fig. 8). These results indicate that changes in intracellular inor-
ganic phosphate concentration may also contribute to the dif-
ference observed in CNand 2DGeffects.

Discussion
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Figure 7. Effects of metabolic inhibition on intracellular pH (BCECF
fluorescence) in paced chick embryo ventricular myocytes. Exposure
to 20 mM2DGcaused slight decrease in intracellular pH, but this was
not statistically significant (mean±SEMj n = 14). In contrast, expo-
sure to CNrapidly caused a marked intracellular acidosis (n = 1 1; *P
<0.05, **P< 0.01).

Effects ofpartial metabolic inhibition on [Ca2+]i. Our previous
results (35) demonstrated that complete metabolic inhibition
of cultured myocytes with CNplus 2DGcaused an initial in-
crease in diastolic [Ca2+]i, but within less than 1 min cells
stopped contracting, probably due to failure to generate action
potentials, and [Ca2+]i then declined to below diastolic levels
before starting to increase again. However, as shown in this
work, partial metabolic inhibition combined with electrical
pacing at rapid rates causes a rapid and progressive increase in
diastolic (and systolic) [Ca2+]i. This difference in early effects of
partial versus complete metabolic inhibition emphasizes the
importance of Ca2+-loading of myocytes on the changes in
[Ca2J]i observed. In cells that remain electrically excitable and
are paced, [Ca2+]i influx via the slow Ca2+ channel (36), and
Na+ influx which can influence [Na+]i (37) and alter [Ca2+]i via
Na+/Ca2' exchange (38), probably to maintain Ca2+ loading of
the cell. The importance of continuing excitation of myocytes
in contributing to the increase in [Ca2+]i during metabolic inhi-
bition is further emphasized by Figs. 3 and 4, in which it is
demonstrated that quiescent adult rabbit ventricular myocytes
fail to show a rapid increase in [Ca2+]i after metabolic inhibi-
tion with 2DG.

The magnitude and time course of the increase in diastolic
[Ca2+]i we have detected in paced ventricular myocytes sub-
jected to metabolic inhibition is similar to that reported by
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Kihara et al. (39), in the intact ferret heart loaded with ae-
quorin, subjected to ischemia or hypoxia. However, it is slower
than that reported by Lee et al. (40) in the indo-l loaded rabbit
heart during ischemia. This could be due to the fact that in the
studies by Lorell et al. (41) a component of the indo-l surface
fluorescence signal may be due to endothelial cell [Ca2J]i (38);
and [Ca2J]i in endothelial cells increases rapidly during hypoxia
(Silverman, H. S., and M. D. Stem, personal communication)
or metabolic inhibition (42).

Effects of increased diastolic [Ca2+]i on diastolic distensibil-
ity. Our results demonstrate that although diastolic [Ca2+]i in-
creases comparably after exposure to either CNor 2DG, the
effects of increased [Ca2+]i on diastolic distensibility, reflected
by end-diastolic cell position or length, differ. Exposure to CN
results in increased distensibility (decreased tone), whereas
2DGcauses decreased distensibility (increased tone). This dif-
ference in effects of [Ca2+]i on distensibility under these condi-
tions appears to be accounted for at least in part by the intracel-
lular acidosis and increase in Pi that occur after exposure to CN
but not 2DG. This is possibly due to the fact that increased
production of lactic acid via increased glycolysis, and increased
breakdown of creatine phosphate and ATP(releasing Pi), occur
after exposure to CN, whereas 2DG inhibits glycolysis and
serves as Pi "sink" within the cell as a consequence of phos-
phorylation of 2DG to 2DG-6-P (43). As shown in Fig. 2, in
chick ventricular myocytes diastolic cell position increased
within 6 min after exposure to 2DGto a position near the
control peak systolic position, whereas the diastolic [Ca2+]i in-
crease was less marked. This is consistent with an increase in
sensitivity of contractile elements to [Ca2J]i under these condi-
tions, possibly due to the slight, though not statistically signifi-
cant, decrease in intracellular Pi noted under these conditions
(Fig. 8). In rabbit myocytes, the degree of increase in [Ca2+]i
and change in diastolic cell position after 2DGwere more con-
cordant. A less marked alteration in Pi in rabbit myocytes
might have occurred under these conditions after exposure to
2DG, but we were unable to measure Pi in the adult dissociated
myocytes because of their relatively small number and hetero-
geneity.

The observation that hypoxia, or inhibition of oxidative
phosphorylation with CN("chemical hypoxia"), can produce a
significant intracellular acidosis in myocardium is consistent
with previous studies (44), as is the observation that this effect
is opposed by glycolytic inhibition (44). Furthermore, Koret-
sune and Marban (21) have recently demonstrated that an in-
crease in Pi and a decrease in pHi, not a decrease in systolic
[Ca2+1i, accounts for the negative inotropic effect of hypoxia in
the ferret heart. Our results with CNconfirm that the negative
inotropic effect of hypoxia (or chemical hypoxia) cannot be
ascribed to a decrease in peak systolic (Ca2+]i, and also indicate
that a rise in Pi and/or a decrease in pHi could be involved, by
causing antagonism of the effects of [Ca2+]i on myofilament
force development during systole. In the study of Koretsune
and Marban (21) NMRand F-BAPTA were used to detect
changes in [Ca2+]i in perfused ferret hearts subjected to hypoxia
and no alterations of diastolic [Ca2+1] or pressure were detected.
However, diastolic [Ca2+]i did increase significantly in our ex-
periments in which indo- 1 was used as a [Ca2+]i indicator, and
cells were rapidly paced. The reason for this difference is not
clear. However, the degree and rate of depression of mitochon-
drial respiration produced in our experiments by CNwas prob-

ably greater than that achieved by perfusing ferret hearts with
physiologic buffer equilibrated with 10% 02-90% N2, and our
experiments were performed at 370C. Other factors relating to
species differences, and [Ca2+] indicators, may be involved. In
any case, our results indicate that accumulation of intracellular
H' and Pi may alter the effects of [Ca2J]i on diastolic as well as
on systolic force development.

Relationship to effects of demand vs. supply ischemia on
diastolic distensibility. Our results clearly indicate that accu-
mulation of intracellular metabolites during an increase in
[Ca2+]i produced by limitation of ATP production can alter
diastolic myocyte distensibility. It is possible that this or a simi-
lar mechanism accounts for the difference in effects of demand
vs. supply ischemia on left ventricular compliance. A compara-
tive study of 3-min periods of supply ischemia (coronary artery
occlusion) and demand ischemia (coronary stenoses with pac-
ing tachycardia) has revealed some metabolic differences that
have the potential to affect diastolic compliance (45). Relative
to demand ischemia, supply ischemia resulted in greater tissue
acidosis (pH decreased -0.33 vs. -0.14 pH U) and a threefold
greater decrease in subendocardial creatine phosphate (CP)
content (decrease of 43 vs. 14 nmol/mg protein from a preis-
chemic control value of 52). ATPcontent decreased to a small
and similar extent (11% to 12%) during both type of ischemia.
The greater decrease in CP could result in a substantially
greater increase in cytosolic inorganic phosphate concentration
during supply ischemia than during demand ischemia. Thus,
the greater severity of acidosis and probable greater increase in
cystolic inorganic phosphate during supply ischemia relative to
demand ischemia may contribute to the observed differences
in the functional effects of these types of ischemia.

It should be considered whether rigor, or myofilament
crossbridge attachment due to severe ATPdepletion, could ac-
count for decreased distensibility during these experimental
conditions. In isolated myocytes this seems very unlikely, be-
cause only a moderate degree of depression of ATP (by 30-
40%) occurs after exposure to 2DGat a time when a distensibil-
ity decrease occurs. Furthermore, in previous studies we have
consistently found that rigor develops only when sufficient
ATPdepletion occurs to cause failure of excitability (35, 46). In
the intact heart the situation is perhaps not so clear. Although
the average ATP depletion in ventricular myocardium pro-
duced by demand ischemia is not severe, greater ATP deple-
tion could conceivably occur in the subendocardium. Due to
heterogeneity of blood flow in the intact heart, it is conceivable
that during demand ischemia a small population of ventricular
myocytes develops rigor due to severe ATPdepletion, and that
this diminishes distensibility of the entire ventricle. Although
this is a theoretical possibility, based on findings in isolated
myocytes we consider it also possible that the transient revers-
ible decreases in left ventricular compliance during demand
ischemia results, at a myocardial cell level, from altered [Ca2+]
homeostasis.
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