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Abstract

An arginine to glutamine missense mutation at position 403
of the (-cardiac myosin heavy chain causes familial hyper-
trophic cardiomyopathy. Here we study mice which have
this same missense mutation (« MHC*%¥'*) using an isolated,
isovolumic heart preparation where cardiac performance is
measured simultaneously with cardiac energetics using 3'P
nuclear magnetic resonance spectroscopy. We observed
three major alterations in the physiology and bioenergetics
of the «MHC*%¥'* mouse hearts. First, while there was no
evidence of systolic dysfunction, diastolic function was im-
paired during inotropic stimulation. Diastolic dysfunction
was manifest as both a decreased rate of left ventricular re-
laxation and an increase in end-diastolic pressure. Second,
under baseline conditions «MHC*** hearts had lower
phosphocreatine and increased inorganic phosphate con-
tents resulting in a decrease in the calculated value for the
free energy released from ATP hydrolysis. Third, hearts
from oMHC*¥* hearts that were studied unpaced re-
sponded to increased perfusate calcium by decreasing heart
rate approximately twice as much as wild types. We con-
clude that hearts from «MHC*** mice demonstrate work
load-dependent diastolic dysfunction resembling the human
form of familial hypertrophic cardiomyopathy. Changes in
high-energy phosphate content suggest that an energy-requir-
ing process may contribute to the observed diastolic dys-
function. (J. Clin. Invest. 1998. 101:1775-1783.) Key words:
myosin « diastole « transgenic mice « bioenergetics « hyper-
trophic cardiomyopathy

Introduction

Hypertrophic cardiomyopathy is a disease characterized by a
nondilated hypertrophied left ventricle in the absence of any
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overt cause, and an increased incidence of arrhythmias and
sudden death. A prominent feature in nearly all patients with
hypertrophic cardiomyopathy is abnormal diastolic function
due to both impaired relaxation and reduced compliance of
the left ventricle (1). These abnormalities lead to increased left
ventricular end-diastolic pressure (EDP)! and result in pulmo-
nary congestion and dyspnea, despite preserved or even hyper-
dynamic left ventricular systolic function (2).

In approximately half the patients with hypertrophic cardio-
myopathy the disease is inherited as an autosomal-dominant
familial hypertrophic cardiomyopathy (FHC). To date, over a
dozen different mutations located on four different chromo-
somes have been associated with FHC (3). One of the most le-
thal forms discovered thus far is caused by a missense muta-
tion in the B-myosin heavy chain gene on chromosome 14 that
results in an amino acid exchange from arginine to glutamine
at position 403 (Arg403Gln). Approximately half of the indi-
viduals with this mutation die by age 45 (3), primarily due to
sudden death. This amino acid substitution occurs in myosin at
the base of a loop which binds to actin. Although the site of the
mutation has been identified, and the mutation is known to im-
pair ATPase activity, the question of how this mutation causes
the clinical syndrome of FHC remains unanswered.

Mice bearing the Arg403Gln point mutation in myosin
were constructed so that the pathophysiology of this mutation
could be studied (4). Mice that are homozygous for this muta-
tion die within 7 d of birth while in contrast to human FHC,
heterozygous mice appear to have a normal life span (4). De-
spite their normal life span, mice that are heterozygous for this
mutation have some of the major characteristics of cardiomy-
opathy including myocyte disarray, interstitial fibrosis that
progresses with age, relaxation abnormalities, electrocardio-
graphic abnormalities, and left atrial dilation (4, 5).

Here we study this mouse model of FHC to determine
which aspects of cardiac physiology and energetics are altered
by this single amino acid substitution. Since diastolic dysfunc-
tion is a common feature of FHC and is known to be related to
the energetic state of the heart (6), we measured cardiac ener-
getics using the noninvasive tool of 3'P nuclear magnetic reso-
nance (NMR) spectroscopy simultaneously with measurements

1. Abbreviations used in this paper: cMHC*¥*, heterozygous muta-
tion in a-myosin at amino acid 403; Arg403Gln, arginine to glutamine
substitution at amino acid 403; DevP, developed pressure; dP/dt, first
derivative of left ventricular pressure; EDP, end-diastolic pressure;
FHC, familial hypertrophic cardiomyopathy; IAG.., pl, free energy of
ATP hydrolysis; HR, heart rate; NMR, nuclear magnetic resonance;
PCr, phosphocreatine; Pi, inorganic phosphate; RPP, rate—pressure
product; SERCA, sarcoendoplasmic reticulum calcium ATPase; SP,
systolic pressure.
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of systolic and diastolic performance in isolated isovolumic
hearts. In this way we determined whether biochemical candi-
dates known to contribute to diastolic dysfunction in other
settings contribute to dysfunction in hearts bearing the
Arg403Gln mutation. By measuring systolic and diastolic func-
tion at different work loads in the aMHC*®* and wild-type
hearts, we have identified several types of contractile dysfunc-
tion at the whole heart level that are caused by the Arg403GIn
mutation.

Methods

Animals

Heterozygous «aMHC*¥* mice (strain 129/BS) were generated using
the “hit and run” technique as described (7). It should be noted that
oaMHC is the dominant isoform in mouse hearts whereas BMHC is
the dominant isoform in human hearts but that these two isoforms
are 100% homologous for 30 amino acids in each direction of amino
acid 403. 30 adult (20-24 wk of age) male (for exception, see below)
aMHC** (wild-type) and 31 age-matched littermate mutant cMHC*'~
mice were studied. Each animal was genotyped by PCR-amplified tail
DNA and restriction enzyme digestion to confirm the presence or ab-
sence of the mutation (4). The experimental protocol for this study
was approved by the Standing Committee on Animals of Harvard
Medical Area and followed the recommendations of current NIH and
American Physiological Society guidelines for the use and care of lab-
oratory animals.

Isolated perfused heart preparation

Hearts of wild-type and «MHC*** mice were isolated and perfused
in the Langendorff mode in a 10-mm glass NMR tube as described
previously for mouse hearts (8). In brief, the chest was opened, and
the heart was rapidly excised and arrested in ice-cold buffer. Retro-
grade perfusion via the aorta was carried out at a constant coronary
perfusion pressure of 75 mmHg at 37°C. Right ventricular drainage
was accomplished by incision of the pulmonary artery. The flow of
Thebesian veins was drained by a thin polyethylene tube (PE-10)
pierced through the apex of the left ventricle. Coronary flow was
measured by collecting coronary sinus effluent through the suction
tube. Phosphate-free Krebs-Henseleit buffer containing (mM): NaCl
(118), KCl (5.3), CaCl, (2.0), MgSO, (1.2), EDTA (0.5), NaHCO;
(25), pyruvate (0.5), and glucose (10) was prepared at the time of the
experiment and equilibrated with 95% O, + 5% CO, yielding a pH of
7.4. For the calcium dose-response experiments, the perfusion was
switched to a recirculating system containing a total volume of 660 ml
and the calcium concentration was increased in steps of either 0.5 or
1.0 mM. The free calcium concentration in the baseline buffer (total
calcium of 2.0 mM with 0.5 mM EDTA) was 1.1 mM. Except where
noted, hearts were paced at 7 Hz using monophasic square-wave
pulses delivered from a stimulator (model S 88; Grass Instrument
Co., Quincy, MA) through salt bridge pacing wires consisting of PE-
160 tubing filled with 4 M KCl in 2% agarose.

Measurement of isovolumic contractile performance

A water-filled balloon custom-made of polyvinylchloride film was in-
serted through the mitral valve into the left ventricle via an incision in
the left atrium. The balloon was connected to a pressure transducer
(Statham P23Db; Gould, Oxnard, CA) for continuous recording of
left ventricular pressure and heart rate (HR). The size of the balloon
was carefully matched to the ventricle size. The balloon was inflated
to set left ventricular EDP between 6 and 8 mmHg for all hearts and
the balloon volume was then held constant. Contractile performance
data were collected on-line at a sampling rate of 200 Hz using a com-
mercially available data acquisition system (MacLab ADInstruments,
Milford, MA). Left ventricular developed pressure (DevP) (the dif-
ference between systolic pressure [SP] and EDP), the minimum and
maximum values within a beat of the first derivative of left ventricu-
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lar pressure (+dP/dt and —dP/dt), and rate—pressure product (RPP)
(product of DevP and HR) were calculated off-line.

Experimental groups and protocols

Four protocols were used. In the first protocol (eight wild-type and
nine cMHC*¥* hearts), isovolumic contractile performance and *'P
NMR spectroscopy were measured simultaneously under baseline
perfusion conditions (perfusate [Ca?*] equal to 2.0 mM). The perfu-
sion was then switched to a recirculating system containing low cal-
cium buffer (perfusate [Ca’>*] of 1.0 mM) and the relationship be-
tween perfusate [Ca?*] and isovolumic performance was measured by
incrementally increasing the [Ca?*] (in 0.5 or 1.0 mM steps) to 5.0
mM. Each Ca?* dose was administered for 3 min and functional mea-
surements were made when a new steady state was achieved, typically
after 2 min.

To compare changes in ATP, phosphocreatine (PCr), and their
hydrolysis products in wild-type and aMHC*¥* mouse hearts due to
increased cardiac work, a second group of animals was studied. In this
group (eight wild-type and eight « MHC*™¥* hearts), after baseline 3'P
NMR and functional measurements had been made, the perfusion
was switched to a buffer containing a total [Ca?*] of 4.0 mM. This
high work load condition was maintained for 12 min during which
time high-energy phosphate content using 3P NMR spectroscopy and
cardiac function were measured.

To test whether pacing at a fixed HR influences the systolic and
diastolic performance (of the «MHC*3* hearts), a third group of
hearts (eight wild-type and eight cMHC*¥*) underwent the same
protocol as described for the second group except that these hearts
were studied without pacing. This cohort of animals included three
wild-type and two aMHC*** hearts from female mice. Because the
HR data for male and female hearts were not different in this proto-
col, the data are pooled. At the end of each of these experiments for
these three protocols, hearts were blotted, weighed, and stored at
—80°C for subsequent biochemical assays.

In the fourth protocol, hearts from six wild-type and six a MHC*¥*
mice were perfused for 16 min and then rapidly frozen for biochemi-
cal measurements.

3P NMR spectroscopy

3P NMR spectra were obtained at 161.94 MHz using a GE-400 wide-
bore spectrometer (Omega, Fremont, CA). Hearts were placed in a
10-mm glass NMR tube and inserted into a custom-made 'H/3'P dou-
ble-tuned probe situated in a 89-mm bore, 9.4 T superconducting
magnet. To improve homogeneity of the NMR-sensitive volume, the
perfusate level was adjusted so that the heart was submerged in
buffer. Spectra were collected without proton decoupling at a pulse
width of 15 s, pulse angle of 60°, recycle time of 2.14 s, and sweep
width of 6,000 Hz. Single spectra were collected during 8-min periods
and consisted of data averaged from 208 free induction decays. Spec-
tra were analyzed using 20-Hz exponential multiplication and zero
and first-order phase corrections. The resonance areas corresponding
to ATP, PCr, and inorganic phosphate (Pi) were fitted to Lorentzian
functions and calculated using a commercially available program
(NMR1, Syracuse, NY). By comparing the areas under the peaks
from fully relaxed (recycle time 15 s) and those of partially saturated
(recycle time 2.14 s) spectra, correction factors for saturation were
calculated for ATP (1.0), PCr (1.2), and Pi (1.15).

Biochemical measurements

Between 5 and 10 mg of ventricular tissue was homogenized for 10 s
at 4°C in potassium phosphate buffer containing 1 mM EDTA and 1 mM
B-mercaptoethanol, pH 7.4 (final concentration of 5 mg wet wt/ml).
Aliquots were removed for measurement of protein according to the
method of Lowry et al. (9) with BSA as the standard and measure-
ment of total creatine content according to the fluorometric assay of
Kammermeier (10). Triton X-100 was then added to the homogenate
at a final concentration of 0.1% for analysis of creatine kinase activity

11).



Data analysis

Metabolite concentrations. To determine the cytosolic concentration
of ATP, the absolute resonance areas corresponding to the y- and
B-phosphates of ATP in the 3P NMR spectra were normalized by
heart weight. Since the Lowry protein content (which minimizes de-
tection of extracellular matrix protein and thereby approximates myo-
cyte protein) was the same in both groups (0.153%+0.004 mg/mg wet
wt, see Table 1), we make the assumption that the fractional volumes
of intracellular water in the myocytes of wild-type and aMHC*¥*
hearts are similar and equal to values typical of well-perfused rodent
hearts (0.48 wl/mg wet wt). In this case, area units/mg wet weight is di-
rectly proportional to the absolute intracellular concentrations. The
value of 10 mM for [ATP] for wild-type mouse myocardium was used
to calibrate the [y-P] and [B-P]ATP peak areas of the 3'P NMR spec-
trum obtained during baseline perfusion period. In this study, the
mean of the areas of the [y-P] and [B-P]ATP resonances was used for
this calculation. The possibility that free ADP could contribute to the
[y-P]ATP area and thereby lead to an overestimation of the ATP
concentration can be excluded since the ADP concentrations in all
protocols reported here were at least one order of magnitude lower
than the NMR-detectable threshold. Changes in ATP, PCr, and Pi
concentrations during the protocols were calculated by multiplying
the ratio of their resonance peak areas to the mean area of the [B-P]
and the [y-P]ATP peaks from the initial baseline spectrum by 10 mM.

Intracellular pH was determined by comparing the chemical shift
of Pi and PCr in each spectrum to values from a standard curve.

Cytosolic free ADP was calculated using the equilibrium constant
of the creatine kinase reaction and values obtained by NMR spectros-
copy and biochemical assays: [ADP] = ([ATP][free creatine])/
([PCr][H"]K.,); where the equilibrium constant (Kq) is 1.66 - 10°
M~! for a [Mg?*] of 1.0 mM (12, 13).

The free energy stored in the high-energy phosphate bonds of
ATP (AG..p) is released by ATP hydrolysis. Although AG,.p is a neg-
ative value, the change in free energy state due to release of AG..p
by ATP hydrolysis is a positive value and is calculated here as:
IAG., pl(kJ/mol) = IAG°+ RT In ([ADP][PJ/[ATP])l; where AG®
(—30.5 kJ/mol) is the value of AG. p under standard conditions of
molarity, temperature, pH, and [Mg?*] (14), R is the gas constant (8.3
J/mol K), and T is the temperature in Kelvin.

Statistical analysis. All results are expressed as means*SEM.
Paired and unpaired Student’s ¢ tests as appropriate were used to
compare aMHC*¥* and wild-type hearts at baseline and high cal-
cium perfusion. Statistical analyses were performed with the use of
Statview (Brainpower, Calabasas, CA) and a value of P = 0.05 was
considered significant.

Results

General characteristics of wild-type and aMHC*** mice. To
determine if gross cardiac hypertrophy was present in hearts
from aMHC*®* mice, body weight, ventricular weight, and
ventricular to body weight ratios were determined (Table I).
In agreement with previous reports, body weight, ventricular
weight, and ventricular to body weight ratio were the same in
both groups (4). Left atrial enlargement of various degrees was
observed in approximately one-third of the «MHC*3™ hearts.
Quantification was not possible since part of the left atria had
to be removed as part of the isovolumic heart preparation.
Lowry protein content, which approximates the myocyte pro-
tein content, and coronary flow were also unchanged in the
aMHC*3* compared with wild-type hearts.

Contractile performance during baseline perfusion and Ca?*
dose-response relationship. Left ventricular isovolumic con-
tractile performance was measured over a range of perfusate
calcium concentrations to determine if the «MHC*®* muta-

Table I. Characteristics of Wild-Type and aMHC*3* Mice

Wild-Type aMHCH3*
n 24 25
Body wt (g) 36+1 39+1
Ventricular wt (mg) 1445 1455
Ventricular/body wt ratio (mg/g) 4.0x0.1 3.8+0.1
Protein content (mg/mg wet wt) 0.153+0.004 0.153+0.004

Data are means=SEM. For the protein measurements: n = 14 for wild-
type and n = 15 for «MHC*?'* hearts.

tions cause changes in the calcium sensitivity of myocardial
tension development. Systolic function was assessed as SP and
+dP/dt while diastolic function was assessed by measuring
EDP and —dP/dt. Representative tracings of isovolumic con-
tractile performance during baseline perfusion ([Ca**] set to
2.0 mM) for a wild-type and an eMHC*%'* heart are displayed
in Fig. 1. When paced at 420 bpm and perfused under identical
perfusion conditions with an EDP of 8 mmHg, SP and DevP as
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Figure 1. Representative tracings of isovolumic contractile perfor-
mance in a wild-type and an cMHC*¥* heart under baseline perfu-
sion conditions. When paced at 420 bpm there were no differences in
baseline contractile performance between the wild-type and
aMHC*%'* hearts.
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Table II. Baseline Isovolumic Contractile Performance and
Coronary Flow in Wild-Type and cMHC*¥* Mouse Hearts

Wild-Type aMHC+
n 8 9
EDP (mmHg) 8+1 8+1
SP (mmHg) 94+4 95+4
DevP (mmHg) 85+4 87+4
RPP (mmHg/min) 359001900 365001700
+dP/dt (mmHg/s) 2800150 3100140
—dP/dt (mmHg/s) 2200130 200080
Coronary flow (ml/min) 2.5+0.1 2.7+0.1

Data are means*=SEM; All hearts were paced at 420 bpm.

well as +dP/dt and —dP/dt were the same in wild-type and
aMHC*%'* hearts (Table II).

Changes in cardiac performance in response to changes in
perfusate [Ca®*] are shown in Fig. 2. When the perfusate was
switched to 1.0 mM [Ca?*], EDP increased by 6-7 mmHg for
both wild-type and aMHC** hearts. DevP decreased from
85*4 to 212 mmHg in wild-type hearts, while DevP de-
creased much less, from 87%4 to 42+4 mmHg in aMHC*'*
hearts. Increasing the perfusate [Ca’*] toward baseline levels
normalized EDP in both groups. SP and consequently DevP
were again indistinguishable between wild-type and « MHC*0%/*
hearts. At higher [Ca’"], SP increased in both groups. How-
ever, whereas EDP remained essentially constant in wild-type

hearts at high [Ca?*], EDP for «MHC*®* hearts showed a
progressive increase from 9 mmHg at 2.0 mM [Ca?*] to 14 and
20 mmHg at 4.0 and 5.0 mM [Ca**], respectively. When [Ca®*]
was returned to 2.0 mM at the end of the protocol, EDP re-
turned to baseline levels in both groups (data not shown).
Since EDP progressively increased in the «MHC*¥* hearts
while SP was comparable to that in the wild types, DevP
was lower for aMHC*¥* than for wild types at perfusate
[Ca?*] > 3.0 mM. When the [Ca’*]-DevP relationship is ex-
pressed normalized to the maximal achieved DevP, a leftward
shift in the dose-response relation for the «MHC*** hearts
was observed (Fig. 2).

Peak +dP/dt plotted against perfusate [Ca?*] follows the
pattern of SP in each group. Maximal rate of relaxation (—dP/
dt) in the «sMHC*3'* hearts, however, was lower than in wild-
type hearts for [Ca?*] greater than 1.5 mM (Fig. 3).

Taken together, these results indicate that «MHC*¥/*
hearts demonstrate increased systolic performance at low
[Ca**] and comparable systolic performance for [Ca?*] > 2.0
mM. The reversible increase in EDP and the decreased rate of
relaxation at high [Ca’*] observed for the «MHC*®* hearts
demonstrate two aspects of diastolic dysfunction.

3P NMR measurements and biochemical characteristics at
baseline. Biochemical markers of myocardial energy status
were measured with 3'P NMR spectroscopy to determine if the
aMHC** mutation causes changes in energetics similar to
those observed during some forms of heart failure. Fig. 4
shows representative 3'P NMR spectra from a wild-type and an
aMHC*3* heart acquired during baseline perfusion. The
spectra show that the PCr resonance area and thus the amount

Figure 2. Relationships between perfusate
calcium concentration and parameters of
left ventricular function in wild-type (filled
circles) and aMHC*** (open circles)
hearts. cMHC*¥* hearts generated more
left ventricular pressure than wild types at
1 mM Ca?", but had a lower maximal DevP
due to an increased EDP. When DevP was
normalized as a percentage of maximal
DevP, there is a leftward shift in the cal-
cium dose-response relationship in
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Figure 3. Relationships between perfusate Ca** concentration and
peak positive and negative dP/dt. Note that —dP/dt (rate of left ven-
tricular relaxation) was less in « MHC*3'* at Ca®* concentrations
above 2.0 mM, despite similar values for +dP/dt and SP. Wild type
(filled circles), esMHC*%'* (open circles).

of PCr in the aMHC*** heart was less than in wild-type
hearts. Similarly, the resonance area for Pi was larger in
aMHC*3* than wild-type hearts. The ATP resonance area for
the aMHC*3* hearts was indistinguishable from wild-type
hearts (232+11 vs. 2287 area units/mg of wet weight).

The mean values of [ATP], [ADP], [PCr], [Pi], and total

Wild-Type

PCr

Pi Pi

ATP PCr

Table I11. Concentrations of High and Low Energy Phosphate
Metabolites and Creatine in Wild-Type and aMHC*%* Mouse
Hearts during Baseline Conditions

Wild-Type aMHC#¥+
n 16 17
[ATP] (mM) 10.0x0.1 9.9+0.3
[PCr] (mM) 17.0x0.4 13.2+0.7*
[Pi] (mM) 4.7+0.4 8.3+0.7*
[ADP] (M) 33+3 46+6%
Total [creatine] (mM) 26.3+1.3 22.2+1.0%

Data are means*SEM; n, number of hearts. For creatine measure-
ments: n = 6 for wild-type and «MHC*** hearts; *P =< 0.05 vs. wild-

type.

creatine pool measured or calculated from 3'P NMR spectros-
copy and chemical assays are summarized in Table III.
aMHC*%'* hearts, performing the same amount of work esti-
mated as RPP and the same contractility as estimated by +dP/
dt, had a lower [PCr] (—22%) and higher [Pi] (+77%) com-
pared with wild-type hearts. The total amount of NMR visible
phosphate-containing metabolites was the same in both groups
of hearts, 51.7 and 51.2 mM for wild-type and aMHC***
hearts, respectively. Intracellular pH was similar in all groups
and averaged 7.14. The total creatine pool measured chemi-
cally was 16% lower in cMHC*3'* hearts. In combination with
the 22% decreased [PCr] and the unchanged [ATP], calculated
[ADP] was 39% higher in « MHC*3'* hearts than in wild-type
hearts. These changes were not due to changes in either total
creatine kinase activity or isoenzyme distribution which were
the same in wild-type and eMHC*3'* hearts (data not shown).

Thus, under conditions of comparable contractile perfor-
mance, aMHC*¥* hearts had a markedly decreased [PCr] and
[total creatine] and an increased [Pi] and [ADP], while [ATP]
was unchanged.

Diastolic performance and energetic responses to increased
perfusate [Ca**]. To determine if the differences in myocar-
dial energetics seen at baseline are greater during increased

(XMHC+/4O3

Figure 4. Representative

3P NMR spectra from a
wild-type heart (left) and an
oaMHC*¥* heart (right). Each
spectrum is the average of 208
consecutive scans collected over
8 min. The major resonances are
assigned (from left to right) as
Pi, PCr, and y-, a-, and B-phos-
phates of ATP. The area under
each peak is proportional to the
number of molecules of that sub-
stance in the heart. « MHC*¥*
hearts have similar ATP areas as

ATP

PPM

-8 -10 -18

PPM

wild-type hearts but smaller PCr
and larger Pi areas.
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Figure 5. Effect of increased cardiac work
on energetics and two measures of diastolic
function. In these hearts (eight in each
group) cardiac function and energetics
were measured at baseline and after a step
change to 4.0 mM perfusate [Ca?*]. The en-
ergetic response to increased ventricular

! performance was very similar in wild-type
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hearts despite differences in baseline [PCr]
and [Pi]. These hearts from aMHC*3"*
mice demonstrated the same defect of dias-
tolic function during this step change in
[Ca?*] as observed during the dose—
response protocol in Fig. 2, no increase in
—dP/dt at high [Ca®*] but an increase in
EDP. *Significantly different from base-

0 T
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contractile performance, thereby explaining the observed dias-
tolic dysfunction, we measured high-energy phosphate content
at baseline and at a perfusate [Ca’"] of 4.0 mM. This protocol
also tests whether a step increase in [Ca?*] from 2.0 to 4.0 mM
reproduces the diastolic abnormalities observed in the Ca?*
dose-response protocol. Fig. 5 shows that in wild-type hearts
—dP/dt increased in parallel with increased work load while
EDP remained constant. In aMHC*3* hearts, however, in-
creasing perfusate [Ca?*] from 2.0 to 4.0 mM caused a 6-mmHg
increase in EDP with no increase in —dP/dt. Therefore, a step
increase in perfusate [Ca?*] caused changes in contractile per-
formance that are very similar to the changes observed during
the dose-response protocol, confirming these results.

The changes in high-energy phosphate content of these
hearts measured simultaneously with the changes in contrac-
tile performance are also summarized in Fig. 5. When cardiac
work was increased by changing [Ca?*] from 2.0 to 4.0 mM,
[PCr] and [ATP] decreased while [Pi] and [ADP] increased
both in the wild-type and in the cMHC*®* hearts. Thus, al-
though starting from different phosphate metabolite levels
during baseline perfusion, the work-induced changes were
very similar in wild-type and in cMHC*¥* hearts.

During baseline perfusion, the free energy release from
ATP hydrolysis (IAG.. pl), was 59.7+0.3 kJ/mol for wild-type
hearts and 57.6+0.7 kJ/mol for «MHC*¥* hearts. For the
same increase in RPP, IAG.. pl decreased to 55.2+0.6 kJ/mol in
wild-type and to 53.4+0.5 kJ/mol in tMHC*3'* hearts.

Response of unpaced hearts to increased [Ca’*]. Although
pacing hearts at a constant HR allowed us to more easily inter-
pret changes in left ventricular pressures and rate of pressure
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line; *wild-type and «MHC*** hearts sig-

L)
high calcium nificantly different.

change (dP/dt), it could mask any differences in HR behavior
(and rhythm) in the two groups of hearts. To address this issue,
we studied a separate group of unpaced hearts when perfusate
[Ca?"] was increased from 2.0 to 4.0 mM. Although there was
a trend toward a lower intrinsic HR and higher DevP in
aMHC** compared with wild-type hearts during baseline
perfusion, there were no significant differences in HR, DevP,
or RPP between groups (Fig. 6). However, when the perfusate
[Ca*"] was increased to 4.0 mM, aMHC*¥* and wild-type
hearts responded differently. HR in wild-type hearts de-
creased 18%, DevP increased 66% and RPP increased 33%. In
the aMHC*¥* hearts, HR decreased 40% while DevP in-
creased only 23%; as a consequence, RPP decreased by 29%.
EDP remained constant during the protocol in both groups
(data not shown).

In summary, increasing the perfusate Ca?* concentration in
unpaced aMHC*'* hearts led to a profound decrease in HR
such that RPP decreased instead of increased as observed in
wild-type hearts.

Discussion

Here we report studies on mice heterozygous for the
Arg403Gln point mutation in cardiac a-MHC (aMHC*®'*). In
humans, this mutation causes FHC with a 50% mortality by
age 45 (3). We studied hearts from these mice with regard to
major factors thought to contribute to the complex clinical syn-
drome of FHC, specifically, systolic and diastolic function, re-
sponse to inotropic stimulation, and myocardial high-energy
phosphate content. Our goal was to determine which aspects
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Figure 6. Unpaced aMHC*%'* (open circles) and wild-type (filled cir-
cles) hearts at baseline (2 mM [Ca?*]) and during increased cardiac
work (4.0 mM [Ca?*]). Note the large (40%) HR decrease in
aMHC*3* hearts in response to increased [Ca?*] as compared with
only a 18% decrease in wild-type hearts. RPP fell in response to in-
creased perfusate [Ca®"] in the «MHC*®'* hearts due to this large de-
crease in HR, whereas it increased in the wild-type hearts. *Signifi-
cantly different from baseline; *wild-type and «MHC*¥* hearts
significantly different.

of cardiac physiology and energetics are altered by this single
amino acid substitution which in human FHC is associated
with left ventricular diastolic dysfunction and premature
death.

Mice bearing this mutation demonstrated the following
characteristics. First, while hearts isolated from these mice had
normal systolic function, diastolic dysfunction was manifest
during inotropic challenge both as impaired relaxation (—dP/
dt) and elevated EDP. Second, myocardial energetics were al-
tered under baseline conditions in «MHC*3* mice such that
[PCr] was decreased and [Pi] increased, while [ATP] was un-
changed. These changes resulted in a decrease in calculated
free energy release from ATP hydrolysis. While «MHC**
and wild-type hearts responded similarly with regard to
changes in phosphate-containing metabolite concentrations
during increased cardiac work, in «MHC*3'* hearts IAG . pl fell
to a lower absolute level. This may be one mechanism leading
to diastolic dysfunction. Our third major finding was that spon-

taneously beating (unpaced) hearts from oMHC¥* re-
sponded to the inotropic challenge of increased perfusate
[Ca**] by decreasing HR to such an extent that cardiac work
(as estimated by RPP) decreased.

Systolic function. Systolic dysfunction, manifest as de-
creased ejection fraction or left ventricular pressure genera-
tion, is not commonly observed in patients with the Arg403Gln
mutation (15). Consistent with this clinical observation in hu-
mans, we found no evidence of systolic dysfunction in hearts
from aMHC*¥* mice. The only condition where there was a
difference in systolic performance in aMHC*¥* compared
with wild-type mouse hearts was during perfusion with low
(1.0 mM) calcium. Under this condition hearts bearing the mu-
tation demonstrated increased SP and +dP/dt compared with
wild-type hearts. This augmented SP generation in mutants at
low perfusate calcium could have been caused by either more
intracellular calcium during systole (larger calcium transient)
or more force generated for a given amount of calcium (in-
creased calcium sensitivity). Increased calcium sensitivity at
low [Ca*] in the xsMHC*%¥* hearts could be caused by cooper-
ative activation of the thin filament as a result of the altered
actin-myosin binding kinetics of the Arg403Gln cross-bridges.
Such cooperative activation has been demonstrated by in-
creasing the number of noncycling cross-bridges in cardiac
and skeletal muscle preparations (16). In skeletal muscle,
Argd403GIn cross-bridges have been shown to cycle more
slowly and to remain bound longer to the actin filament than
wild-type cross-bridges (17, 18). A clear prediction of these al-
tered kinetics for the intact hearts studied here is that by in-
creasing the number of cross-bridges in the bound state, the
Arg403GIn mutation results in increased cooperative activa-
tion of the thin filament, and thus greater pressure generation
at low levels of calcium activation. This effect should saturate
at high levels of calcium activation, where the thin filament ap-
proaches the state of maximal activation. This prediction was
verified by the data of Fig. 2 showing that pressure develop-
ment was increased at low calcium in aMHC*** hearts but
converged with wild-type hearts at high concentrations of ex-
tracellular calcium.

HR. The primary cause of death in patients with the
Arg403Gln mutation is sudden cardiac death thought to be
secondary to cardiac arrhythmias (19). While the focus of our
study was not on cardiac arrhythmias, we did make a surpris-
ing observation consistent with an abnormality in controlling
heart rhythm in mutant hearts. In spontaneously beating (un-
paced) mice hearts, increasing perfusate calcium concentration
from 2.0 to 4.0 mM led to a decrease in HR by 18% in wild-
type hearts while mutant hearts decreased HR by 40%. The
magnitude of this decrease was sufficient to reduce overall car-
diac work (as assessed by RPP) in the mutant hearts by 29%.
In contrast, under the same conditions, wild-type hearts in-
creased cardiac work by 33%. The 18% decrease in HR in
wild-type hearts was likely caused by a hyperpolarization of
the pacemaker cells secondary to increased extracellular cal-
cium. Whether the larger HR decrease in mutants was due to
an augmented hyperpolarization of the pacemaker or some
other mechanism such as induction of a conduction distur-
bance is not known. In an electrophysiological study of
aMHC*3* mice, Berul et al. reported that «MHC** mice
demonstrate a normal increase in HR in response to isoproter-
enol in vivo (5). This suggests that the large decrease in HR in
the isolated «MHC** hearts in response to 4 mM calcium
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observed here was not a general response to inotropic stimula-
tion.

Diastolic function. Diastolic function in patients with the
Arg403GlIn mutation is often impaired. Fananapazir et al. re-
port that eight out of nine members of one family with the
Arg403GIn mutation had an EDP of > 15 mmHg (15). The
isometric Langendorff preparation used in the present study is
particularly well suited to the study of diastolic dysfunction
since changes in left ventricular relaxation during diastole are
seen as changes in diastolic pressure. In «MHC*** mice we
observed two forms of diastolic dysfunction during inotropic
stimulation, an increase in EDP, and a slower maximal rate of
relaxation (—dP/dt). The increase in EDP in the mutants dur-
ing inotropic stimulation could be caused by mechanical and/
or biochemical abnormalities. A mechanical cause could be an
increase in turgor. One would expect turgor (the garden hose
effect) to increase EDP when perfusion pressure increased or
when SP decreased below perfusion pressure causing vascular
engorgement in the Langendorff preparation. This is the likely
explanation for the increase in EDP seen in both groups of
hearts when calcium was decreased to 1 mM, resulting in a SP
of less than the perfusion pressure of 75 mmHg. It is unlikely
that increased turgor is responsible for the increased EDP at
high [Ca?*], since SP is well above perfusion pressure in all
hearts.

There are three possible biochemical mechanisms which
could explain an increase in EDP. First, [ATP] could have de-
creased to the point where rigor tension developed. Second,
ADP could have accumulated leading to slowed cross-bridge
cycling (6). Third, an increased or prolonged Ca** availability
to the myofibril due to a thermodynamic limitation (decreased
IAG.. pl) of the sarcoendoplasmic reticulum calcium ATPase
(SERCA). The first possibility is unlikely since the changes in
[ATP], [ADP], and [Pi] with increased contractile perfor-
mance are similar in the «eMHC*¥* and wild-type hearts. In
assessing the second possibility, while it is true that the ADP
levels are similar in both wild-type and «eMHC*** hearts, it is
not known if the threshold concentration for ADP-induced
slowing of myosin cross-bridge cycling is affected by the
Arg403GlIn mutation, or indeed whether the mutant myosin is
affected in some unanticipated manner by Pi accumulation or
pH decrease. The third possible explanation for the increase in
EDP is an increase in diastolic calcium concentration second-
ary to a fall in IAG. pl below that which is necessary to main-
tain a normal calcium gradient between the cytoplasm and sar-
coplasmic reticulum.

The second type of diastolic dysfunction present in the
aMHC*%3'* hearts was a failure to increase the rate of ventricu-
lar relaxation during inotropic stimulation. This was observed
even though SP and +dP/dt increased similarly in wild-type
and aMHC*%¥* hearts. Impaired relaxation could be caused by
a change in ventricular compliance, decreased rate of calcium
resequestration into the sarcoplasmic reticulum, or prolonged
thin-filament activation caused by a decreased rate of actin-
myosin cross-bridge detachment. It is unlikely that changes in
left ventricular compliance due to either interstitial fibrosis or
intracellular disarray could have caused impaired isometric re-
laxation because the hearts studied here were contracting iso-
metrically (no muscle shortening or relengthening). However,
we cannot rule out the possibility that impaired relaxation is
caused by some secondary effect of increased fibrosis on the
contractile proteins. Evidence against slowed calcium removal
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as the cause of the impaired relaxation rate comes from the
observation that when cardiac work was increased by a cal-
cium-independent method (increasing preload) impaired re-
laxation still occurred (Christe, M., unpublished observations).
The most direct explanation for impaired relaxation in the
aMHC*3 hearts is that the arginine to glutamine amino acid
switch has slowed the kinetics of actin-myosin dissociation and
led to prolonged activation of the thin filament (17).

Using the working (ejecting) heart preparation, it has been
reported previously that the xsMHC*3* hearts have a disconti-
nuity in the left ventricular pressure tracing during left ventric-
ular relaxation (4). In the isovolumic (isometric) preparation
described here, this upward deflection was not observed. In pi-
lot studies we found that this altered pressure waveform disap-
pears in cMHC*3* hearts when they are switched from the
ejecting preparation to isovolumic, and reappears when switched
back to ejecting. Since this discontinuity was present in the
ejecting heart which shortens and relengthens during each
beat, but not the isovolumic heart, it appears that the disconti-
nuity phenomenon is caused by some effect of the Arg403GIn
mutation on muscle relengthening during left ventricular re-
laxation. Taken together these observations indicate that the
relaxation dysfunction is a primary consequence of altered my-
osin binding kinetics and not a secondary consequence of hy-
pertrophy.

Cardiac energetics. In this study we observed that under
baseline conditions [ATP] was not different in the two groups
but that [PCr] was lower and [Pi] higher in the «MHC*¥/*
hearts compared with wild-type hearts. Although quantita-
tively small, this pattern of decreased [PCr] and creatine pool
is similar to that observed during heart failure in humans (20).

What could cause [PCr] to be decreased in the «MHC*¥/*
mice? The concentration of PCr is determined by the size of
the total creatine pool and the degree of its phosphorylation.
The observation that the total creatine pool was decreased by
16% likely is sufficient to explain most of the 22% decrease in
[PCr]. Since heart weight and myocyte mass were the same,
and we could not detect any overt changes in left ventricular
geometry, it is unlikely that increased wall stress in the
aMHC*3* mice accounts for the decreased [PCr]. Finally, the
decreased concentration of PCr cannot be explained by lack of
creatine kinase activity or shift in creatine kinase isoenzyme
distribution (data not shown) as they were the same in
aMHC** and wild-type hearts.

A further consequence of the Argd03Gln mutation that
may affect cardiac energetics is that the mutant myosin puts a
drag on the wild-type myosin during shortening (17). When
the «MHC*¥* heart is shortening against a load, the cost of
doing this work will be higher than for a wild-type heart. It
seems likely that this chronic increase in the cost of maintain-
ing cardiac function could result in the depressed energetic
state that we observed in the form of decreased [PCr] and cre-
atine pools.

To determine if the differences in myocardial energetics
seen at baseline are maintained or even greater during in-
creased cardiac energy consumption, possibly explaining the
observed diastolic dysfunction, we measured myocardial ener-
getics after an ~ 40% increase in cardiac RPP. Although start-
ing from different metabolite levels during baseline perfusion,
hearts from aMHC*** mice responded very similarly to wild-
type hearts in terms of decreased [PCr] and increased [Pi].

Calculating the free energy release from ATP hydrolysis



integrates the changes of phosphate-containing metabolites
and defines the amount of energy available to the ATPases in
the myocytes. The free energy available to the aMHC*%/*
hearts at high rates of energy consumption was in the range of
the minimal energy requirement of the SERCA, the ATPase
with the highest minimal energy requirement in muscle cells
(21). We hypothesize that at high work loads the «MHC*¥*
hearts reach an energetic state where the SERCA is unable to
maintain the cytoplasm-sarcoplasmic reticulum Ca?* gradient,
resulting in diastolic Ca?* overload. The possibility that the
SERCA becomes thermodynamically limited has been ex-
plored for the normal heart (6) but this hypothesis remains to
be directly tested for the «MHC*%¥'* hearts.

Conclusions. In conclusion, the «MHC*¥* hearts were able
to maintain systolic function, even though they contain slowly
cycling Argd03GlIn cross-bridges. However, the aMHC*3*
cross-bridges caused impaired relaxation that apparently can-
not be compensated for by the heart. In addition, the cost of
developing pressure may be higher in the mutant hearts. Im-
portantly, this study demonstrates that both the diastolic dys-
function and the energetic abnormalities are likely to be pri-
mary effects of the myosin mutation, and are unlikely to be
secondary consequences of hypertrophy. Extrapolation from
this experimental model to the clinical setting can only be done
with caution, particularly since these mice do not reproduce
two important signs of FHC, namely gross cardiac hypertrophy
and sudden death. Nevertheless, our data suggest that an in-
creased energetic cost of cardiac function may be an important
common feature of many of the FHC mutations that have
been unappreciated in earlier investigations and may contrib-
ute to the sudden death that is characteristic of FHC.
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