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Abstract

We tested the hypothesis' that glycolytic inhibition by 2-
deoxyglucose causes greater impairment of diastolic relax-
ation and intracellular calcium handling in well-oxygenated
hypertrophied adult rat myocytes compared with control
myocytes. Wesimultaneously measured cell motion and in-
tracellular free calcium concentration ([Ca2]I,) with indo-
1 in isolated paced myocytes from aortic-banded rats and
sham-operated rats. There was no difference in either the
end-diastolic or peak-systolic [Ca2"]I between control and
hypertrophied myocytes (97±18 vs. 105±15 nM, 467±92 vs.
556±67 nM, respectively). Myocytes were first superfused
with oxygenated Hepes-buffered solution containing 1.2 mM
CaC12, 5.6 mMglucose, and 5 mMacetate, and paced at 3
Hz at 360C. Exposure to 20 mM2-deoxyglucose as substitu-
tion of glucose for 15 min caused an upward shift of end-
diastolic cell position in both control (n = 5) and hypertro-
phied myocytes (n = 10) (P < 0.001 vs. baseline), indicating
an impaired extent of relaxation. Hypertrophied myocytes,
however, showed a greater upward shift in end-diastolic cell
position and slowing of relaxation compared with control
myocytes (A144±28 vs. 55±15% of baseline diastolic posi-
tion, P < 0.02). Exposure to 2-deoxyglucose increased end-
diastolic [Ca2+ ]; in both groups (P < 0.001 vs. baseline), but
there was no difference between hypertrophied and control
myocytes (218±38 vs. 183±29 nM, respectively). The effects
of 2-deoxyglucose were corroborated in isolated oxygenated
perfused hearts in which glycolytic inhibition which caused
severe elevation of isovolumic diastolic pressure and prolon-
gation of relaxation in the hypertrophied hearts compared
with controls. In summary, the inhibition of the glycolytic
pathway impairs diastolic relaxation to a greater extent in
hypertrophied myocytes than in control myocytes even in
well-oxygenated conditions. The severe impairment of dia-
stolic relaxation induced by 2-deoxyglucose in hypertro-
phied myocytes compared with control myocytes cannot be
explained by greater diastolic Ca2" overload, which impli-
cates an increase in myofflament Ca2+-responsiveness as a
possible mechanism. (J. Clin. Invest. 1995. 95:2766-2776.)
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Introduction
Cardiac hypertrophy is characterized by multiple changes in
gene programming which modify the integration of pathways
utilized for energy synthesis and maintenance of intracellular
calcium homeostasis (1-3). Previous studies have shown that
hypertrophied hearts have an enhanced susceptibility to develop
impaired diastolic relaxation during hypoxia and ischemia (4-
6) which can be modified by stimulation of glycolytic flux
during energy depletion (7). These studies suggest that hyper-
trophied hearts may be more dependent on glycolytic flux to
maintain normal relaxation even under well-oxygenated condi-
tions in comparison with normal hearts (8). There is evidence
that glycolytic flux is closely linked with diastolic relaxation
and transsarcolemmal ion flux, implicating a role in the restora-
tion of resting cytosolic Ca2" levels (9, 10). Ikenouchi et al.
( 11 ) demonstrated that glycolytic inhibition by 2-deoxyglucose
(2DG) 1 causes impairment of myocyte relaxation in association
with an increase in diastolic intracellular Ca2" in normal iso-
lated cultured embryonic chick myocytes and paced adult rabbit
ventricular myocytes under oxygenated conditions.

The goal of this study was to test the hypothesis that glyco-
lytic inhibition by 2DGcauses greater impairment of diastolic
relaxation and more severe elevation of diastolic intracellular
Ca2+ in isolated, well-oxygenated hypertrophied myocytes in
comparison with normal myocytes. We simultaneously mea-
sured intracellular calcium concentration ([Ca2+]i) using the
fluorescence Ca2" indicator indo-1 AMin collagenase-dissoci-
ated, paced myocytes isolated from aortic-banded and sham-
operated rats. Myocytes were superfused with 20 mM2DGfor
15 min in the presence of acetate as substrate for mitochondrial
oxidative phosphorylation. The results of the present study indi-
cate that glycolytic inhibition by 2DGelicits greater impairment
of diastolic relaxation in hypertrophied myocytes than control
myocytes. Partial metabolic inhibition with 2DGcaused an in-
crease in diastolic [Ca2 ]i in the myocytes despite the presence
of acetate as substrate for mitochondrial oxidative phosphoryla-
tion. However, the increase in diastolic [Ca2 ]i was similar in
hypertrophied and normal myocytes, implicating an increase in
myofilament [Ca2+ ]i responsiveness as the mechanism of the
severe deterioration in diastolic relaxation in hypertrophied
myocytes.

Methods
Preparation of aortic-banded rats. Weanling male Wistar rats (Charles
River Breeding Laboratories, Wilmington, DE) were banded at the age

1. Abbreviations used in this paper: 2DG, 2-deoxyglucose; BDM, 2,3-
butanedione monoxime.
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of 3-4 wk (body weight, 75-100 g) by placing a stainless steel clip
of 0.6 mminternal diameter on the ascending aorta via a thoracic inci-
sion (6, 13, 14). Age-matched control rats underwent a sham-operation.
The rats were fed normal rat chow and water ad libitum, and were used
8-9 wk after the banding. Previous studies in our laboratory have shown
that at this stage after aortic banding, this model of pressure-overload
hypertrophy is characterized by a 50-60% increase in left ventricular
weight relative to sham-operated controls and the absence of chamber
dilatation (6, 12, 13).

Dissociation of left ventricular myocytes. Left ventricular myocyte
isolation was performed by a modification of the methods of Capogrossi
et al. (14) and Haddad et al. (15). Rats were anesthetized with an
intraperitoneal injection of pentobarbital sodium (65 mg/kg body
weight). The heart was rapidly excised and attached to an aortic cannula.
Continuous retrograde coronary perfusion was initiated at a perfusion
pressure of 70 cmH20 for control hearts and 100 cm H2Ofor hypertro-
phied hearts. The heart was first perfused with nominally Ca2+-free
modified Krebs-Henseleit buffer of the following composition: 123 mM
NaCl, 5.4 mMKCl, 1.2 mMMgSO4, 1.2 mMNaH2PO4, 20 mM
NaHCO3, and 11 mMglucose. This medium was not recirculated and
was continuously gassed with 95% 02 and 5% CO2 (pH of 7.4 and
temperature of 36-370C). After 3 min of the initial perfusion, the heart
was perfused with recirculating Krebs-Henseleit buffer supplemented
with 0.6 mg/ml collagenase (Class II, Worthington Biochemical Corp.,
Freehold, NJ), 0.04 mg/ml protease (Type XIV; Sigma Immunochemi-
cals, St. Louis, MO) for 20-40 min. The heart was then detached
from the cannula. The left ventricle was cut into small pieces, and
the dispersion of the myocytes was performed by gentle agitation of
ventricular tissue through a serologic pipette in Krebs-Henseleit buffer
containing 100 liM CaCl2 and 1 mg/ml bovine serum albumin. The
resulting suspension was then gently forced through a 450-,Om nylon
screen filtration cloth into a 50-ml plastic tube, and rinsed twice. The
myocytes were then resuspended in Hepes-buffered solution of the fol-
lowing composition: 137 mMNaCl, 5.4 mMKCl, 1.2 mMMgSO4, 1.2
mMNaH2PO4, 20 mMHepes (free acid), 1.2 mMCaCl2, 20 mM
glucose, and 5% fetal bovine serum. The myocytes were stored at 36°C
for 1 h.

Simultaneous measurement of [Ca2+]i and cell motion. [Ca2+]i was
measured with Ca2+-sensitive fluorescence indicator indo-l AM(16)
(Molecular Probes, Inc., Eugene, OR) prepared by modification of the
method of duBell et al. (17) and Ikenouchi et al. (11). First, 10 ml of
fetal bovine serum was mixed with 234 k1 of 25% Pluronic F 127
(BASF Wyandotte Corp., Parsippany, NJ) dissolved in dimethyl-sulfox-
ide. Then 1 ml of 1 mMindo-l AMin dimethyl-sulfoxide was added
to 9 ml of fetal bovine serum-Pluronic F 127 mixture, sonicated, and
aliquoted into 400-ul samples, which were stored at -20°C. Myocytes
were attached on coverslips with cell adhesive (Cell-Tak; Collaborative
Research, Inc., Waltham, MA), and loaded with 5 OMindo-l AMin
Hepes-buffered solution at room temperature for 30 min. The coverslip
was rinsed with indo-l AM-free buffer solution, and placed in a flow-
through heated (36°C) cell superfusion chamber on the stage of an
inverted microscope (Nikon, Tokyo, Japan). The instrumentation for
fluorescence measurement has been described in detail elsewhere (11,
18, 19). The excitation source was a high-pressure Hg-arc lamp which
provides an intense emission peak at 360 NM. Further selection of this
excitation was made with narrow band width interference filters. The
excitation beam was chopped at 360 Hz to reduce bleaching and the
myocyte was illuminated via epifluorescent optics using Fluor X40
objective lens (Nikon). The fluorescence light was collected by the
objective lens and transmitted to a custom-modified spectrofluorimeter
(FM-1000; Rincon Scientific Instruments, Santa Barbara, CA) for si-
multaneous measurement of both 400 and 500 NMwavelengths using
two separate photomultiplier tubes. The spectrofluorimeter provided an-
alog signals representing the fluorescence intensity at both wavelengths
and the ratio of emitted fluorescence (400/500 NM). The subtraction of
background autofluorescence was done by offsetting the photomultiplier
tube outputs during the measurement of fluorescence from an unloaded
myocyte at the beginning of each experiment. An adjustable iris was

used to restrict the optical image to only one myocyte of interest in
each experiment to minimize background fluorescence from other myo-
cytes. The image of the beating myocyte was obtained by illumination
via the 50-w standard microscope light source passed through a 645-
nm band-pass filter. This wavelength was long enough not to interfere
with the fluorescence detection at 400 and 500 NM. The motion of the
myocyte was monitored using a solid state camera (GP-CD60; Pana-
sonic, Secaucus, NJ) and a custom-modified video detector system (20)
(Crescent Electronics, Sandy, UT). The analogue output of the cell
motion signal was monitored and recorded continuously with the analog
signal of the [Ca7']i sensitive fluorescence ratio (F400/500 NM). Two
platinum electrodes placed in the bathing fluid were connected to a
stimulator (SD9G, Grass Instruments, Quincy, MA), and used to stimu-
late the myocyte at 0.5 or 3 Hz with 3-ms pulses.

Total numbers of hearts used for the isolation of myocytes in the
present experiments were 12 from sham-operated rats, and 14 from
aortic-banded rats. The yield of viable myocytes, which were defined
as the percentage of rod-shaped myocytes with clear striations and exclu-
sion of trypan blue, were 60-70% in control myocytes, and 50-60%
in hypertrophied myocytes. To prevent bias when we selected a myocyte
to be analyzed among myocytes in a microscopic field, we chose a rod-
shaped myocyte with very clear striation, without any spontaneous cell
motion oscillations, and with visually moderate cell motion amplitude
of contraction (3.0-3.5 im) at a pacing rate of 0.5 Hz. This selection
is against the potential bias to select excessively vigorous myocytes
rather than depressed myocytes. One to three experiments were per-
formed in sequence from separate coverslips of myocytes isolated from
one heart.

Intracellular calcium calibration. To determine the absolute values
of peak-systolic and end-diastolic [Ca2+]i under baseline conditions in
hypertrophied and control myocytes, we performed calibration studies
by a modification of the methods of Cheung et al. (21), and Borzak et
al (22). For quantitative calibration of myocyte [Ca2"]j, the low level
of background cell autofluorescence and photomultiplier tube dark cur-
rent was subtracted from the fluorescence emission of indo-l -loaded
cells. To accomplish this, an unloaded coverslip of dissociated myocytes
was placed into the perfusion chamber and the photomultiplier tube
outputs offset to zero, then coverslips of indo-1 -loaded myocytes from
the same dissociated cells were placed in the chamber. The myocytes
loaded with indo-1 AMwere superfused with Hepes-buffered normal
Tyrode solution (pH, 7.40) containing 1.2 mMCaCl2, and single cell
[Ca2+]i transients were detected at the pacing rate of 3 Hz. Immediately
after the [Ca2+]i transients and the fluorescence intensities at 400 and
500 NMwere recorded, the cells were superfused with the same buffer
supplemented with 40 mM2,3-butanedione monoxime (BDM) and the
nonfluorescent Ca2" ionophore 10 AMionomycin to measure the maxi-
mumvalue of ratio (R,,,k) in the presence of 1.2 mMCaCl2. BDM
completely inhibits Ca2+-induced force development, preventing an al-
teration of fluorescence due to Ca2+-induced hypercontracture of the
myocytes (21). The cells then were superfused with zero Ca2' buffer
made with 10 mMEGTAand nominal zero Ca2+ to evaluate minimum
value of ratio (R,,,,,,). [Ca2+ ]i was estimated by the equation of Grynkie-
wicz et al. (16):

[Ca2+ ] = Kd X P(R - Rmn)/(R. - R)

where Kd is the dissociation constant for indo-1 and taken to be 250
NM(16), /3 is the ratio of fluorescence intensity in zero and saturating
Ca2", and R is the ratio of two fluorescence intensities measured at
400 and 500 NM. Since BDMhas been known to slightly decrease
fluorescence intensity (22), correction factors for R,, R,,,, and ,/ were
obtained from a cuvette experiment as described below. Fluorescence
intensities at 400 and 500 NMwere measured in quartz cuvettes with
four different solutions: (a) Hepes (4 mM)buffered solution containing
140 mMKCl, 5 ,uM indo-1-free acid (Calbiochem Norabiochem, La
Jolla, CA), and 100 MMCaCI2; (b) solution A with 40 mMBDM; (c)
Hepes (4 mM) buffered solution containing 140 mMKCl, 5 uM indo-
1-free acid, and 100 MMEGTA; and (d) solution C with 40 mMBDM.
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The pH of these solutions was adjusted to 7.20. Correction factors (C)
accounting for the effects of BDMwere calculated as follows:

CI = Rmax, BDM(_) /Rmax, BDM(+)

C2 = Rmin,(BDM)(-)/Rmin, BDM(+)

C3 = OBDM(-)/PBDM(+)

where Rm BDM(-), Rmax,BDM(+), RminBDM(-), and Rmin, BDM(+) are the ra-
tios of fluorescence intensity at 400-500 NMobtained from solutions
A, B, C, and D, respectively. BBDM(-), and /BDM(+) are defined as the
ratios of fluorescence at 500 NMwith solution C to A, and solution D
to B, respectively. Thus, [Ca2+ ]i was calculated by modification of
equation of Grynkiewicz et al. (16):

[Ca2+]i = Kd X fi'(R - R'mi)/(R' - R)

where Kd is the dissociation constant for indo-l and taken to be 250
NM, and R' , R' n, and /3' are calculated using correction factors as
follows:

R'max = Cl X Rmax

R'min = C2 X Rmin

' = C3 X 3
where R' is the corrected maximum value of the ratio, R.' is the
corrected minimum value of the ratio, and /3' is the corrected ratio of
500 NMfluorescence intensity in zero and saturating Ca2+ recorded
from a myocyte superfused with the buffer containing 40 mMBDM.
In the protocols described below, [Ca2+]i was then calculated by con-
verting the F400/F500 ratio values to [Ca2+] i using the regression line
obtained from the calibration study.

Experimental protocol. Hypertrophied (n = 10) and control (n
= 5) myocytes were superfused with oxygenated Hepes-buffered normal
Tyrode solution of the following composition: 137 mMNaCl, 3.7 mM
KC1, 0.5 mMMgCl2, 4 mMHepes (free acid), 1.2 mMCaCl2, 5.6
mMglucose, 5.0 mMacetate, and 0.5 mMprobenecid with a final pH
of 7.40. Probenecid, a blocker of organic anion transport, was added as
it has been shown to inhibit secretion of both indo-1 -and fura-2-free
acids from loaded cells (23, 24). The temperature of the myocytes was
maintained at 36-37°C. The myocytes were first paced at 0.5 Hz, then
the pacing rate was gradually increased to 3 Hz. After recording baseline
data, the cells were superfused with oxygenated Hepes-buffered solution
containing 20 mM2DGas substitution of glucose in the presence of 5
mMacetate for 15 min. The analogue cell motion signals and the
F400:500 NManalog signals were recorded simultaneously. The F400/
500 values were converted to [Ca2+ ]i using the procedure described in
the previous section.

In a separate experiment, we studied the effects of iodoacetate (25),
another inhibitor of glycolysis, on cell motion and intracellular calcium
handling in additional control (n = 3) and hypertrophied (n = 5)
myocytes. First, myocytes were superfused with the same Hepes-buf-
fered solution used for baseline superfusion in the 2DGprotocol, then
with the same solution containing 0.15 mMiodoacetate as substitution
for glucose. The temperature, pH and the pacing rate were the same as
those in the 2DGprotocol.

Effects of BDMon increased diastolic cell position induced by 2DG
in hypertrophied myocytes. To investigate whether increased diastolic
cell position in hypertrophied myocytes exposed to 2DGis due to irre-
versible Ca2+ -independent rigor or Ca2+ -dependent crossbridge cycling,
a separate experiment was performed in hypertrophied myocytes (n
= 3) using BDM, which uncouples contractile activity from Ca2+ tran-
sients (26, 27). Hypertrophied myocytes were first superfused with the
same solution used for baseline superfusion in the 2DGprotocol. The
superfusate was then switched to the solution with 20 mM2DG as
substitution of glucose. When diastolic cell position shifted upward by
at least 100 percent of baseline cell position (9-15 min after the expo-
sure), the myocytes were abruptly superfused with the same 20 mM
2DG solution supplemented with 20 mMBDM.

Stability study. The stability of both cell motion and [Ca2+]i were
assessed for a period of 15 min in both hypertrophied (n = 3) and
control (n = 4) myocytes. Myocytes were superfused with oxygenated
Hepes-buffered solution (pH 7.40) containing: 137 mMNaCl, 3.7 mM
KCl, 0.5 mMMgCl2, 4 mMHepes (free acid), 1.2 mMCaCl2, 5.6
mMglucose, and 5 mMacetate, and probenecid 0.5. Cells were paced
at 3 Hz at 36-370C.

Compartmentation study. To estimate compartmentation of indo-1
in intracellular organelles, myocytes loaded with indo- 1 AMfrom sham-
operated or aortic-banded rats (n = 3 in each group) were chemically
skinned by superfusion with Hepes-buffered (4 mM) normal Tyrode
solution (pH 7.05) containing 25 pM digitonin, 10 mMCaCl2 and 30
mMBDM( 19). As previously described, this concentration of digitonin
is sufficient to permeabilize the membrane to permit loss of free intracel-
lular Ca2' bound to indo-l without disrupting organelles (18). Fluores-
cence intensities from the myocyte were continuously recorded at both
400 and 500 NM.

Isolated heart studies. To assure that the results obtained in isolated
myocytes were representative of the behavior of the intact heart, the
2DGperfusion protocol described above in the isolated myocytes were
repeated in isolated buffer-perfused hearts from additional aortic-banded
rats 8-9 wk after banding (n = 7) and age-matched sham-operated
controls (n = 7). The isovolumic buffer-perfused heart preparation
has been described in detail previously (11, 12, 13). Left ventricular
isovolumic balloon volume was adjusted to achieve a left ventricular
end-diastolic pressure of 10 mmHgin both groups; at this level of
diastolic pressure, balloon volume was comparable in the hypertrophy
and control groups (0.19±0.01 vs. 0.21±0.02 ml, NS). Coronary flow
rate was adjusted to achieve a similar flow rate/per gram in both groups
(13.0±0.5 vs. 12.8±0.4 ml/min per gram, NS). The hearts were paced
at 3-4 Hz and temperature was maintained at 36°C. After a 30-min
stabilization period with the baseline perfusate, left ventricular pressure
and coronary perfusion pressure were measured. All hearts were then
perfused with the well-oxygenated 2DGsolution for eight minutes and
hemodynamic measurements were repeated. Pilot studies showed that
perfusion with the 2DGsolution for 15 min, as was done in the isolated
myocytes, was not feasible due to development of arrhythmias with
irreversible contracture in the hypertrophied hearts.

Analysis of high energy phosphate contents. Myocardial ATP and
phosphocreatine contents were determined in the perfused hearts at 8
min of 2DG infusion. At the end of the experiment, the heart was
quickly trimmed of atria and right ventricular free wall, frozen with
liquid nitrogen-cooled clamps, and the LV was rapidly weighed and
then heated (37°C) in an oven for 48 h to determine the frozen/dry
weight ratio. The remainder of the sample was mixed with 0.6 N per-
chloric acid, homogenized, centrifuged, and neutralized with 5 mol/l
potassium carbonate. The aliquot of neutralized homogenate was placed
in preweighed reagent vials and analyzed for ATPby methods of Adams
(28). Phosphocreatinine was measured by the methods of Altschuld
(29) by adding an excess of creatine kinase to the ATP reaction mixture
after ATP assay had reached completion. Additional control hearts (n
= 5) and hypertrophied hearts (n = 5) were also frozen for determina-
tion of baseline myocardial high-energy phosphate values after a 30-
min stabilization period of perfusion with the control solution containing
glucose. Measurements are expressed as ymol/g left ventricular dry
weight.

Statistical analysis. Two-way analysis of variance (ANOVA) with
repeated measures was used for the comparisons between the control
versus hypertrophied myocytes, or control versus hypertrophied per-
fused hearts, of values measured over time during 2DGand iodoacetate
superfusions. Unpaired Student's t test was used for comparisons of the
values between the groups at baseline. A P value of < 0.05 was consid-
ered significant. Results are expressed as mean±SEM.

Results

Both left ventricular weight and left ventricular weight/body
weight ratio were significantly increased in left ventricles from
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Table l. Baseline Characteristics of Myocyte Function and
Intracellular Ca2"

Control Hypertrophy
n=8 n= 15

Myocyte length (pum) 150±6 167±5*
Amplitude of cell shortening (,qm) 3.2±0.5 3.2±0.3
Fractional myocyte shortening (%) 2.24±0.45 1.94±0.17
Time to peak shortening (ms) 52±4 72±41
Time to 50% relengthening (ms) 36±3 48±4
Peak positive first derivative of cell

motion (,nm/s) 123±19 86±7*
Peak negative first derivative of cell

motion (jim/s) -88±13 -63±8
Time to peak [Ca2+]i (ms) 48±2 53±3
Time to 50% decline in [Ca2+]i from

peak (ms) 78±5 80±4
End-diastolic [Ca21]j (nM) 97±18 105±15
Peak-systolic [Ca2+]i (nM) 467±92 556±67

Mean±SEM. * P < 0.05 versus control myocytes. t P < 0.01 versus
control myocytes. All data were obtained under baseline perfusion con-
ditions of 360C, perfusate [Ca2"] 1.2 mM, and paced rate of 3 Hz.

aortic-banded rats compared with those from sham-operated
rats (2,501±100 vs. 1,943±72 mg, P < 0.001 and 5.06±0.11
vs. 3.84±0.10 mg/g, P < 0.001, respectively). Table I shows
baseline function of left ventricular control myocytes (n = 8)
from sham-operated rats and hypertrophied myocytes (n = 15)
from the aortic-banded rats used in both the 2DG and the io-
doacetate protocols. Myocytes were superfused with oxygen-
ated normal Tyrode solution (pH 7.40) containing 1.2 mM
CaCl2, 5.6 mMglucose, and 5 mMacetate at 36-37°C, and
were paced at 3 Hz. There was a significant increase in myocyte
cell length in hypertrophied myocytes compared with controls.
While amplitude of cell motion and percent fractional shorten-
ing was not statistically different between the two groups, both
time to peak shortening and the peak positive first derivative
of cell motion were significantly impaired in hypertrophied my-
ocytes compared with control myocytes (Table I). Both time
to 50 percent relengthening and peak negative first derivative
of cell motion were similar in the control and hypertrophied
myocytes.

The stability of cell motion and [Ca2+ ]i signal for a period
of 15 min were evaluated in both hypertrophied and control
myocytes (n = 3 in each group). Both cell motion and the
[Ca2], transient signals were stable for the 15-min time interval
utilized during the 2DG protocol in both hypertrophied and
normal myocytes. As indo-l can buffer cytosolic Ca2+, it is
possible that any buffering effect of indo-l might be different
between control and hypertrophied myocytes. For this reason,
we studied the effects of loading with indo-1 AMon both
amplitude of cell motion and time to peak shortening in addi-
tional control and hypertrophied myocytes with and without
loading (n = 8-9 in each group). Those values were not statisti-
cally significantly different in the presence or absence of indo-
1 AM loading in either control and hypertrophied myocytes.
The amplitude of cell motion, however, tended to be decreased
in both control and hypertrophied myocytes loaded with indo-
1 AMcompared with the absence of loading (- 13.6% in control

myocytes and -11.8% in hypertrophied myocytes), suggesting
that any Ca2" buffering effect of indo-1 is similar between
control and hypertrophied myocytes. Table I shows the results
of the intracellular Ca2" calibration. Under the baseline experi-
mental conditions of this study, systolic and diastolic [Ca2+]
levels were similar between control and hypertrophied myo-
cytes.

Effects of 2DG in isolated myocytes. The effects of partial
metabolic inhibition with 2DGunder oxygenated conditions are
illustrated in Fig. 1. Exposure to 2DGcaused a more prominent
upward shift in the diastolic cell position and slowing of myo-
cyte relengthening in hypertrophied myocytes compared with
control myocytes. Whereas diastolic [Ca2+]i increased in both
groups during 2DG superfusion, the diastolic [Ca2+]i of the
hypertrophied myocytes did not show a greater increase com-
pared with the control myocytes. Fig. 2 summarizes the effects
of 2DGon cell motion and [Ca2+ ]i in 5 control myocytes and
10 hypertrophied myocytes. Cell position data were normalized
using baseline values such that the baseline position of an edge
of myocyte at end-diastole is defined as 0, and at end-systole
as 100. Fig. 3 summarizes the changes in the amplitude of
cell motion during 2DGexposure. While the amplitude of cell
shortening was not changed significantly in control myocytes
compared to baseline, the amplitude of cell shortening in hyper-
trophied myocytes decreased significantly during 2DGsuperfu-
sion (P < 0.02). The mechanism of this reduction in amplitude
of cell shortening was the failure of the hypertrophied myocytes
to relengthen to baseline diastolic cell length rather than a reduc-
tion in the absolute extent of systolic shortening. Exposure to
2DGcaused a significant increase in the diastolic cell position
in both groups compared with baseline (P < 0.001), indicating
an impaired extent of relaxation. Hypertrophied myocytes, how-
ever, showed a more rapid and prominent upward shift in dia-
stolic cell position compared with control myocytes (A 144±28
vs. A55±15% of baseline at time 15 min, P < 0.02) which was
apparent within 3-5 min of superfusion with 2DG. Exposure to
2DGcaused no change in peak systolic [Ca2+ ]i in either group.
In contrast, diastolic [Ca2+]i increased during the 2DGsuperfu-
sion in both groups relative to baseline (P < 0.001); however,
there was no significant difference in diastolic [Ca2+]i between
hypertrophied and control myocytes (218±34 vs. 183±29
NM, NS) (Fig. 4).

Effects of iodoacetate in isolated myocytes. The results of
iodoacetate protocol are summarized in Fig 5. Diastolic cell
position was significantly increased in both groups compared
with baseline (P < 0.05). Hypertrophied myocytes, however,
showed a greater increase in diastolic cell position compared
with control myocytes ( 106±39 vs. 9±5%of baseline at time 15
min, P < 0.05). Diastolic [Ca2+ ]i was increased significantly in
both groups relative to baseline (P < 0.05). However, there
was no significant difference between hypertrophied and control
myocytes (200±30 vs. 174±23 nM at time 15 min, respec-
tively).

A representative tracing illustrating the effect of 20 mM
BDMon the reversal of partial contracture in hypertrophied
myocytes exposed to 2DG(n = 3) is shown in Fig. 6. Increased
diastolic cell position was restored toward baseline by 87±3%
with the superfusion of 20 mMBDM.

To exclude excess compartmentation of indo- 1 within intra-
cellular organelles as a factor confounding the assessment of
Ca2+-sensitive fluorescence, we examined the time course of the
decline of fluorescence after abrupt exposure of indo- 1 loaded
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Figure 2. Average effects of exposure to 2DGon cell motion in hyper-
trophied (n = 10) and age-matched control myocytes (n = 5). Values
are normalized relative to baseline for each myocyte. Time represents
the elapsing time after the initiation of 2DG superfusion. Values are
mean±SEM. Whereas there was no difference in peak-systolic cell mo-
tion between the groups, the hypertrophied myocytes showed a more
rapid and prominent increase in diastolic cell position, indicative of
impaired relaxation.
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myocytes to a concentration of digitonin sufficient to permeabil-
ize the sarcolemmal membrane without disrupting organelles
(18). Representative tracings of fluorescence intensity from
both control and hypertrophied myocytes during the compart-
mentation study are shown in Fig. 7. Exposure to digitonin
caused the rapid decline of fluorescence intensity in both groups.
Residual fluorescence intensity measured at 400 NM was
10.9+2.0 vs. 11.9±0.7% of peak intensity 2 min after exposure
to digitonin, and 4.1±0.4 vs. 5.5 ±0.8% 3 min after the exposure
to digitonin in the control (n = 3) and hypertrophied (n
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Figure 1. Representative traces of first derivative of cell motion, cell
motion, [Ca2 ]i-sensitive ratio of fluorescence intensities of 400 to 500
nm (F400/500), and fluorescence intensities at 400 and 500 nmduring
baseline condition and at the end of 2DG superfusion in a control
myocyte (upper panel ) and in a hypertrophied myocyte (lower panel).
These representative recordings were selected from the control (n = 5)
and hypertrophied (n = 10) myocyte studies. Tracings are displayed
with the convention that systolic myocyte shortening is displayed as an
upward deflection of the cell motion trace. Note the prominent upward
shift of diastolic cell position and slowing of the time course of cell
relengthening, consistent with impairment of relaxation in the hypertro-
phied myocyte.
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Figure 3. Average effects of 2DGon amplitude of cell shortening in
hypertrophied (n = 10) and control (n = 5) myocytes. Values are

normalized relative to baseline for each myocyte. Time represents the
elapsing time after the initiation of 2DG superfusion. In comparison
with the normal myocyte (Sham), 2DGexposure caused a reduction in
amplitude of cell shortening in the hypertrophied myocytes. As shown
in Fig. 2, this depression of the amplitude of cell shortening was related
to incomplete relaxation during diastole which limited the amplitude of
systolic shortening in the hypertrophied myocytes. Values are

mean±SEM.
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Figure 4. Average effects of exposure to 2DGon peak-systolic and
end-diastolic [Ca2+ ]i. Time represents the elapsing time after the initia-
tion of 2DGsuperfusion. Values are mean±SEM. There was no signifi-
cant change in peak-systolic [Ca2+]j. Exposure to 2DGcaused a similar
increase in diastolic [Ca2]i in both groups.

= 3) myocytes, respectively. There was no significant differ-
ence between the control and hypertrophied myocytes.

Effects of 2DGin intact hearts. To assure that the response
of isolated myocytes was representative of intact control and
hypertrophied hearts, the 2DGperfusion protocol was repeated
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Figure 5. Average effects of iodoacetate on cell motion (top) and
[Ca2+ ] (bottom) in hypertrophied and control myocytes. Cell motion
data are normalized relative to baseline for each monocyte. Time repre-

sents the elapsing time after initiation of iodoacetate superfusion. Values
are mean±SEM.

Table II. Left Ventricular Function and High Energy
Phosphate Content

Baseline 2DG

LV dev P (mmHg)
Control 112±2 87±2
LVH 168±4* 94±10*

LV dev P/g (mmHg/g)
Control 90±2 69±1
LVH 99±5 56±7

LVEDP(mmHg)
Control 10.3±0.3 19.0±1.8
LVH 10.9±0.3 35.3±3.2t

Tau (ms)
Control 25±1 55±6
LVH 24±1 92±6*

ATh (limol/g dry weight)
Control (n = 517) 19.1±0.5 11.1±0.9
LVH 17.6±0.3 7.1±0.8t

Phosphocreatine (umol/g dry weight)
Control 24.1±0.8 8.7±1.0
LVH 20.1+0.7* 3.2+0.7t

Mean±SEM. * P < 0.05 LVH versus control hearts. P < 0.01 LVH
versus control hearts. LVH, hypertrophied hearts from rats eight weeks
after aortic banding (n = 7); Control, hearts from sham-operated, age-
matched control hearts (n = 7); LV systolic P. left ventricular systolic
pressure; LVEDP, isovolumic left ventricular end-diastolic pressure; LV
dev P, LV developed pressure (absolute values and per gram left ventric-
ular weight); Tau, time constant of left ventricular pressure decay; ATP,
adenosine triphosphate. The baseline AT? and phosphocreatine mea-
surements were obtained in an additional five LVH and control hearts
subjected to 30 min of perfusion with the baseline perfusate solution
containing glucose in the absence of 2DG.

in additional isolated buffer-perfused hypertrophied (n = 7) and
control (n = 7) hearts (Table II). Under baseline isovolumic
conditions of left ventricular end-diastolic pressure adjusted to
10 mmHgand identical coronary flow per gram, systolic devel-
oped pressure normalized for LV mass (99±5 vs. 90±2 mmHg/
gm) and the relaxation time constant tau (24±1 vs. 25±1 ms)
were similar in the hypertrophied age-matched control hearts.
In response to oxygenated perfusion with the 2DG perfusate,
the hypertrophied versus control hearts showed a greater decline
in developed pressure (56±6 vs. 78±2% of baseline, P < 0.01).
In the hypertrophied versus control hearts, 2DGcaused severe
deterioration of diastolic function evident as a marked increase
in isovolumic left ventricular end-diastolic pressure (35±3 vs.
19±2 mmHg, P < 0.005) and prolongation of the relaxation
time constant (92±8 vs. 55±6 ms, P < 0.005). There was no
change in coronary perfusion pressure in either group, excluding
changes in pressurization of the vasculature ("turgor") as the
mechanism of the rise in isovolumic diastolic pressure in the
hypertrophy group.

Left ventricular ATP and phosphocreatine contents are
shown in Table II. Under baseline perfusion conditions, ATP
contents were similar whereas phosphocreatine contents were
significantly lower in the hypertrophied hearts compared with
the age-matched control groups. In response to oxygenated 2DG
perfusion, ATP declined to 36 vs. 58% of baseline levels in
the hypertrophied versus control hearts, and phosphocreatine
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Figure 6. A representative tracing showing the
effect of BDMon increased diastolic cell posi-
tion due to 2DGin a hypertrophied myocyte.
After the pacer was stopped, diastolic cell posi-
tion was decreased, suggesting the contribution
of incomplete relaxation to the increased dia-
stolic cell position. BDMrestored the increased
diastolic cell position toward baseline, support-
ing the notion that the increased diastolic cell
position caused by 2DGis mainly due to en-
hanced interaction between actin and myosin,
not to irreversible rigor. A single electrical stim-
ulation after BDMsuperfusion elicited a calcium
transient accompanied by no cell contraction.

declined to 16 vs. 41% of baseline values in the hypertrophied
versus control hearts. There were no differences in the frozen/
dry weight ratios between the groups.

Discussion

These experiments demonstrate that glycolytic inhibition by
2DGcauses greater impairment of diastolic relaxation in well-
oxygenated hypertrophied myocytes compared with control my-
ocytes. The novel finding of the present study that 2DGcaused
more severe impairment of relaxation in isolated hypertrophied
myocytes as well as in isolated perfused hypertrophied hearts
indicates that the defect is related to impaired crossbridge disso-
ciation, rather than factors of cardiac geometry or the connective
tissue ultrastructure which are confounding factors that modify
relaxation in intact hypertrophied hearts. Diastolic intracellular
Ca2+ levels were similar in the hypertrophied and control myo-
cytes at baseline, and 2DG caused a progressive increase in
diastolic [Ca2+ ]i in both groups. However, the difference in the
magnitude of the impaired diastolic relaxation could not be
explained by a more severe diastolic Ca2+ overload in the hyper-
trophied myocytes. These findings seriously challenge the no-
tion previously advanced by us and others that the susceptibility
of the hypertrophied heart to diastolic dysfunction during energy

I Digitonin 25 pM,
Ca2 10 mM

deprivation can be explained solely by the mechanism of
an exaggerated increase in diastolic Ca2" relative to normal
hearts (4-7).

The ascending aortic-banded rat model of concentric left
ventricular hypertrophy used in the present experiment has been
extensively characterized in our prior studies (6, 12, 13, 30,
31 ). At this stage of pressure overload hypertrophy, contractile
properties are reasonably well maintained, with a slight decrease
in fractional shortening but a significant decrease in the rate of
shortening relative to control myocytes. In rat ventricle with
chronic pressure overload, a (VI) myosin heavy chain is re-
placed by /3 (V3) myosin heavy chain, an isoform shift which
correlates with a reduced velocity of cardiac muscle shortening
(32). Recent molecular biology studies have confirmed that this
isoform shift is present at this stage after aortic banding in our
model (31). Thus, our observations regarding the altered time
course and velocity of systolic cell shortening may be due in part
to the myosin heavy chain isoform shift in the hypertrophied
myocytes due to chronic pressure overload. Altered intracellular
Ca2+-handling might be an additional mechanism responsible
for an altered time course of cell shortening. The results in the
present study, however, showed no difference in either time to
peak systolic [Ca2+]i or time to 50% decline in [Ca2+]i from
peak between hypertrophied and control myocytes at this stage
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after aortic banding under well-oxygenated normothermic con-
ditions. These findings are congruent with the observation in the
present study that the relaxation time constant of left ventricular
pressure decay is similar in the isolated perfused hypertro-
phied hearts and age-matched controls at this stage after aortic
banding.

In this study, using normal rat myocytes, we showed that
both diastolic cell position and diastolic [Ca2"]i were increased
by 2DGcompared with baseline. The time course and magni-
tude of the increase in diastolic [Ca2+]i and impairment of
relaxation are consistent with the observation of Ikenouchi et
al. (11) who showed that glycolytic inhibition by 2DGcauses
increases in both diastolic cell position and [Ca2+]i in cultured
chick embryonic cell and paced adult rabbit ventricular myo-
cytes. Further, they demonstrated that repetitive depolarization
and cell contraction is a prerequisite for 2DG-induced impair-
ment of relaxation which does not occur in myocytes which are
quiescent ( 11 ). In their experiments and in our study, the degree
of increase in [Ca2+ ]i and that of diastolic cell position were
concordant in control myocytes from normal rabbits and rats.
This observation lends support to the notion that impairment of
cytosolic calcium homeostasis caused by 2DG contributes to
impaired diastolic relaxation in normal myocytes.

However, an unexpected finding in our study was that there
was no difference in the time course or magnitude of increase
in diastolic Ca2" levels in the hypertrophied and normal myo-
cytes in response to 2DG. Thus, the rapid and prominent impair-
ment in diastolic relaxation in the hypertrophied myocytes dur-
ing partial metabolic inhibition cannot be attributed to a greater
degree of diastolic Ca2+ overload. The ability of the hypertro-
phied myocytes to regulate diastolic [Ca2" i similar to normal
myocytes is at first surprising in the face of prior molecular
biology studies which have shown reduced message levels and
activity of the sarcoplasmic reticulum Ca2+-ATPase pumps and
the regulatory protein phospholamban in hypertrophied rat and
human hearts (3, 33). In turn, these quantitative changes in
gene expression have been conceptually linked with the obser-
vation of prolongation of the time course of decay of the Ca2+
transient in muscles obtained from hearts at a late stage of
hypertrophy with failure (34). Our observations in this study
suggest that attribution of diastolic dysfunction of hypertrophied
hearts during energy deprivation to exaggerated cytosolic Ca2+
overload may be overly simplistic. In this regard, molecular
biology studies from our laboratory using Northern blot and
PCR techniques have shown that sarcoplasmic reticular Ca2+
ATPase message levels are similar in aortic-banded hearts at
this stage of hypertrophy relative to controls, and only decline
at a much later stage of hypertrophy during the transition to
failure (31). Taken together, these observations challenge the
notion that the susceptibility of the heart with early adaptive
hypertrophy to impaired relaxation during energy depletion is
explained by the simple mechanism of diastolic Ca2+ overload.

Limitations. A potential limitation of this study is that ace-
toxymethyl fluorescent-indicators like indo 1-AM and fura 2-
AMcan promote dye compartmentation in intracellular organ-
elles such as the mitochondria (22, 35). We demonstrated,
however, that the degree of dye compartmentation is small in
the experimental conditions of this study and is not significantly
different between control and hypertrophied myocytes. There-
fore, differences in indo- 1 compartmentation between control
and hypertrophied myocytes are not likely to account for the
observation that the increase in [Ca2+]i during 2DG exposure

was not greater in the hypertrophied cells. These data do not
exclude the possibility that total Ca2" may distribute from the
cytosol to the mitochondria differently in normal and hypertro-
phied myocytes giving rise to the same indo 1 fluorescence
signal.

Calcium calibration experiments also showed that there was
no difference in absolute values of either end-diastolic or peak-
systolic [Ca2+]i under baseline conditions between control and
hypertrophied cells. It should be noted that our studies were
done in normothermic rat myocytes at a pacing rate of 3 Hz
and in the presence of a relatively low perfusate [Ca2+i] of 1.2
mM. Several investigators have reported calibrated values of
[Ca2+]i in adult rat myocytes. End-diastolic [Ca2+]i values
range from 75-140 NM(22, 36) whereas peak-systolic values
of [Ca2+]i are more variable and range from 480-1100 NM
(22, 37). The calibrated values of [Ca2+ ]i in the present study
are consistent with those of earlier studies. The variation in
systolic [Ca2+]i levels in prior studies may be related to differ-
ences in experimental conditions, including temperature, perfu-
sate [Ca2+], and the presence of a rate-related "negative stair-
case" effect in rat myocytes.

Our observations implicate an increase in myofilament re-
sponsiveness to Ca to account for the greater impairment of
diastolic relaxation in hypertrophied myocytes relative to con-
trol myocytes in the presence of a similar increase in [Ca2+]i
during 2DG exposure. Ikenouchi et al. (11) have shown that
exposure to 2DG does not cause a change in intracellular pH
under conditions similar to this experiment. However, 2DG
serves as Pi "sink" within the myocyte as the result of the
irreversible phosphorylation of 2DG to 2DG-6-phosphate (11,
38, 39). Differences in the depletion of intracellular Pi could
potentially contribute to the difference in cell motion and relax-
ation in the hypertrophied versus normal myocytes since Pi
decreases Ca2' responsiveness of the myofilaments (40, 41).
To investigate this possibility, we examined the effects of an
alternative compound which inhibits glycolysis, iodoacetate, in
the absence of the confounding action of promoting a Pi sink
(25). Exposure to iodoacetate caused a change in cell motion
and [Ca2J]i similar to that induced by 2DG. During exposure
to iodoacetate, there was greater impairment of relaxation in
hypertrophied myocytes whereas the increase in diastolic
[Ca2+], was similar to the normal cells. It is unlikely, therefore,
that the severe changes in relaxation caused by 2DGin hypertro-
phied myocytes relative to control myocytes are explained by
a greater depletion of intracellular Pi due to phosphorylation of
2DG. Even though iodoacetate elicits a significant increase in
diastolic cell position in control myocytes, the degree of upward
shift of diastolic cell position was less prominent compared
with that caused by 2DGin control myocytes. The mechanism
for this is unclear and may relate to differences in the magnitude
of glycolytic inhibition in response to 2DGand iodoacetate.

To determine if the impairment of myocyte lengthening in
response to 2DGwas irreversible, we also examined the effects
of BDMon cell motion in hypertrophied myocytes after the
development of severely impaired relaxation during 2DGexpo-
sure. BDMdecreases [Ca2+]i-induced contraction of myofila-
ments during persistent crossbridge cycling (26, 27), and Nich-
ols and Lederer (42) have shown that BDMcan prevent the
development of rigor but cannot reverse already formed rigor
bonds. In this experiment, BDMreversed 87%of the contracture
due to 2DGexposure. This observation suggests that the severe
impairment of relaxation of the hypertrophied cells during 2DG

Glycolytic Inhibition in Hypertrophied Myocytes 2773



exposure is in part related to a change in myofilament Ca2"
-responsiveness rather than Ca2+ -insensitive rigor. Alterna-
tively, the observation that BDMdid not completely normalize
relaxation is consistent with a few rigor bridges acting in series
with cycling crossbridges. In addition, the high concentration
of BDMused may have effects in addition to those at the level
of the crossbridge, including changes in the amplitude of Ca2+
transient.

Another potential limitation is that experiments were per-
formed on individual myocytes raising the issue as to whether
the isolated myocytes are representative of the intact hearts
from which they are isolated. Furthermore, it is also possible
that the shortening behavior of relatively unloaded isolated my-
ocytes may not simulate the response of the loaded intact heart
to glycolytic inhibition. To address this, additional age-matched
control and hypertrophied hearts from aortic-banded rats at an
identical stage were studied in an isolated isovolumic perfused
heart preparation and subjected to the baseline and 2DGperfu-
sion protocols used in the isolated myocyte study. In these
hearts, indices of isovolumic force development were measured
rather than unloaded cell shortening. In response to 2DGperfu-
sion for 8 min, the hypertrophied hearts in comparison with the
control hearts developed severe elevation of isovolumic left
ventricular end-diastolic pressure and prolongation of the relax-
ation time constant of left ventricular pressure decay. Left ven-
tricular systolic developed pressure was also more depressed in
the hypertrophied hearts, due to incomplete relaxation to base-
line end-diastolic pressure. These findings support the notion
that the severe impairment of myocyte lengthening observed in
the isolated hypertrophied myocytes is characteristic of the ef-
fects of glycolytic inhibition in the intact hypertrophied heart,
in which severe impairment of relaxation is prominent.

To further the relationship between diastolic dysfunction
and high energy phosphate depletion in response to 2DG, myo-
cardial ATP and phosphocreatine contents were measured in
the hypertrophied and control hearts perfused with 2DG. Under
baseline perfusion conditions ATP content was similar in both
groups, whereas phosphocreatine levels were lower in the hy-
pertrophied hearts consistent with observations in other models
of hypertrophy (1, 2). In normal and hypertrophied well-oxy-
genated hearts supplied with acetate as substrate for mitochon-
drial oxidative phosphorylation, 2DGmay cause a reduction in
ATP levels by trapping of Pi, leading to reduced phosphoryla-
tion and washout of creatine substrate with secondary impair-
ment of ATP synthesis via the creatine kinase pathway ( 1, 25 ).
However, we observed that both the absolute reduction and
change relative to baseline of ATP and phosphocreatine con-
tents were greater in the hypertrophied hearts compared with
the controls in response to metabolic inhibition with 2DGunder
oxygenated conditions.

These findings are consistent with other experiments sug-
gesting an altered integration of energy synthesizing pathways
in hypertrophied myocardium including depressed activity of
the creatine kinase pathway and an enhanced dependence on
glycolytic metabolism ( 1, 2, 7, 8, 43-45). The increased depen-
dence of hypertrophied myocardium for glucose utilization may
be related to an increased activity of glycolytic enzymes (8, 46)
as well as a switch to the fetal pattern of enhanced expression of
the GLUT 1 basal transporter relative to the GLUT4 insulin-
responsive transporter (47). Taken together, these observations
lend support that utilization of glucose as an energy substrate
in hypertrophied myocardium may simulate the immature pat-

tern of enhanced dependence on glycolysis for cardiac ATP
production which has been observed in neonatal hearts (48)
and embryonic cultured myocytes (49).

Potential mechanisms of impaired relaxation. Mechanisms
distinct from ATP-dependent rigor merit consideration. The ab-
solute level of ATP in the hypertrophied hearts in response to
2DGwas in the range of 7 cismol per gram dry weight, which
is higher than the levels usually associated with ATP-dependent
rigor during prolonged ischemia. This finding is consistent with
the results of the BDMexperiment in the isolated hypertrophied
myocytes, which suggested that the impaired myocyte lengthen-
ing induced by 2DGwas largely reversible, implicating persis-
tent Ca2 -dependent crossbridge cycling. As recently reviewed
by Winegrad et al. (50), studies in skinned cardiac fibers have
shown that Ca2+-activated force increases when ATP concen-
tration falls to levels of < 1 mM/l to about 50 jtmol/l, due to
an allosteric effect of low ATP levels on troponin affinity for
Ca2 . In our experiments, ATPcontent was measured and actual
cytosolic ATP concentration is not known. Further, skinning
of cardiac fibers itself appears to modify myofilament Ca2+
sensitivity (51). Thus, the magnitude of reduction of ATP
which is sufficient to exert an allosteric effect on Ca2+ sensitiv-
ity in the intact nonhyperpermeabilized myocyte is not known.

Increases in MgADPcould also modify Ca2+ sensitivity
and potentially contribute to the exaggerated impairment of
relaxation in hypertrophied myocardium, in light of recent in-
sight into the altered integration of energy-synthesizing path-
ways in hypertrophied myocardium. Recent studies in animal
models of hypertrophy, including the present aortic-banded rat
model, have consistently demonstrated depressed activity of the
creatine kinase system, which serves the dual function of rapid
resupply of ATP during high demand conditions and providing
the "buffering" function of maintaining low ADPconcentra-
tions (1, 43-45). Recent studies suggest that small increases
in ADP may modify myofilament Ca2+ sensitivity. Current
modeling of crossbridge kinetics supports the presence of three
states of crossbridge activation including unattached, weakly
bound and force-generating states (52). Hoar et al. (53) have
shown that increases in MgADPwithin the mMrange increase
maximum tension and myofilament Ca2" sensitivity in skinned
rabbit soleus muscle, implicating prolongation of the force-gen-
erating state of crossbridge interaction. MgADPmay also mod-
ify Ca2' affinity for troponin (54). Recent studies using both
rat cardiac and skeletal muscle confirm that the addition of
MgADPin a concentration as low as 25 ksM inhibits the sliding
velocity of actin filaments on myosin and reduces the rate of
crossbridge detachment (55). Thus, a potential mechanism to
explain the severe impairment of relaxation in the hypertrophied
myocytes and intact hearts during 2DGperfusion in the presence
of ATP levels sufficient to prevent rigor is the development of
a higher concentration of ADPsufficient to prolong the force-
generating state of crossbridge attachment. Future experiments
using technique such as magnetic resonance spectroscopy to
directly calculate ADPconcentration will be needed to confirm
this hypothesis.

In summary, glycolytic inhibition by 2DGcaused more se-
vere impairment of diastolic relaxation in comparison with nor-
mal myocytes. However the greater impairment of diastolic
relaxation in the hypertrophied myocytes was not explained by
more severe diastolic [Ca2+ ]i overload, implicating an increase
in myofilament Ca2+ sensitivity. Wespeculate that the severe
impairment of relaxation in hypertrophied myocytes in response
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to glycolytic inhibition may be related to altered integration of
energy-synthesizing pathways and complex interaction between
elevated ADPand reduced ATP levels on prolongation of the
force-generating active crossbridge state.
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