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Abstract

The molecular basis of human heart failure is unknown.
Alterations in calcium homeostasis have been observed in
failing human heart muscles. Intracellular calcium-release
channels regulate the calcium flux required for muscle con-
traction. Two forms of intracellular calcium-release chan-
nels are expressed in the heart: the ryanodine receptor
(RyR) and the inositol 1,4,5-trisphosphate receptor (IP3R).
In the present study we showed that these two cardiac intra-
cellular calcium release channels were regulated in opposite
directions in failing human hearts. In the left ventricle, RyR
mRNA levels were decreased by 31% (P < 0.025) whereas
IP3R mRNA levels were increased by 123% (P < 0.005). In
situ hybridization localized both RyR and IP3R mRNAs to
human cardiac myocytes. The relative amounts of IP3 bind-
ing sites increased ~ 40% compared with ryanodine binding
sites in the failing heart. RyR down-regulation could con-
tribute to impaired contractility; IP3R up regulation may
be a compensatory response providing an alternative path-
way for mobilizing intracellular calcium release, possibly

contributing to the increased diastolic tone associated with
heart failure and the hypertrophic response of failing myo-
cardium. (J. Clin. Invest. 1995. 95:888-894.) Key words:
ryanodine receptor - inositol 1,4,5-trisphosphate receptor ¢
calcium channel ¢ excitation-contraction coupling ¢« conges-
tive heart failure
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Congestive heart failure (CHF)! affects more than 2.3 million
people in the United States. Approximately 400,000 new cases
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are diagnosed each year, and mortality is substantial with
200,000—-400,000 deaths per year (1). The risk of death in-
creases with worsening clinical class; patients in New York
Heart Association class IV CHF have a 50—-60% one-year mor-
tality (2). The magnitude of these numbers underscores the
importance of elucidating the mechanisms underlying myocar-
dial dysfunction in end-stage CHF in order to provide a frame-
work for future diagnostic and therapeutic approaches.

'Excitation—contraction couplmg in the heart requires the
activation of the calcium-rélease channel in the sarcoplasmic
reticulum (SR) (3). Calcium influx via the voltage gated calcium
channel of the transverse tubule triggers the release of calcium
from the SR into the cytosol via the ryanodine receptor (RyR)/
calcium-release channel. This phenomenon is referred to as cal-
cium-induced calcium release (4, 5). Cytosolic calcmm binding
to troponin C activates the contractile apparatus.

A second type of calcium-release channel has been identi-
fied on the endoplasmic reticulum of rodent brain and smooth
muscle (6, 7), and most recently in rodent myocardium (8). This
channel is activated by IP3, a ubiquitous second messenger (9,
10). IP3 generated by phosphoinositide hydrolysis binds to its
intracellular receptor, a calcium release channel on the endo-
plasmic reticulum that is structurally related to the RyR. This
type of activation of intracellular calcium release, which stimu-
lates among other things smooth muscle contraction, is referred
to as pharmacomechanical coupling (11-13). '

The structures of the cardiac RyR and the type 1 inositol
1,4,5-trisphosphate receptor (IP3R) have been determined by
cDNA cloning. The RyR and IP3R are tetramers comprised of
four 565-kD subunits (14-16), and four 313-kD (6, 7, 17),
respectively. They are members of a gene family that comprises
the largest channel structures identified to date.

Abnormal calcium homeostasis has been demonstrated in
failing human myocardium (18). Previous studies found that
mRNA levels of the SR calcium-ATPase and DHPR were de-
creased in end-stage human CHF (19, 20). Recent work has
demonstrated that mRNA levels of the RyR were also reduced
in the myopathic left ventricle compared with normal (21, 22).

To date, IP3R mRNA levels in normal and failing human
hearts have not been described. Indeed it is only recently that
IP3R expression in the heart has been appreciated. The de-
creased mRNA levels of the excitation-contraction coupling
calcium channels during CHF (19-22) and the possibility that
neurohormonal activation could regulate cardiac contractility
(23), led us to compare RyR and IP3R mRNA levels in failing
human hearts. We reasoned that pharmacomechanical coupling
might assume a more important role in regulating calcium ho-
meostasis during CHF. The goals of the present study, therefore,



were to determine: (a) whether the IP3R is expressed in the
human myocardium, and (b) whether the levels of IP3R are
regulated during CHF in the same manner as the RyR.

Methods

Clinical data. For each of the 32 patients, the pretransplant medical
record was reviewed to determine the clinical d.mgnosls, ejection fraction
(based on echocardlography or radionuclide angiography), hemody-
namic parameters obtained as part of transplant evaluation (cardiac in-
dex, pulmonary capillary wedge pressure, putmonary vascular resistance
index), and medications taken within the 2-mo period before transplanta-
tion.

Harvesting of tissue and RNA preparation. This study was conducted
with the approval of the institutional review board at Mount Sinai Medi-
cal Center. Explanted hearts were obtained prospectively in the operating
room from 32 patients who underwent cardiac transplantation at our
center between April 28, 1992 and January 22, 1994. Tissue sections
weighing ~ 2 grams were harvested from the left anterolateral ventricle
(LV), right ventricular free wall (RV), and ventricular septum of each
heart. Scar tissue was avoided as much as possible during sampling.
Sections from six normal LV and five normal RV and septa were also
collected as control tissue. (Sources of normal tissue were trauma vic-
tims who had not consented for organ donation and potential donors
rejected due to underlying systemic diseases.) Samples. were immedi-
ately flash frozen in liquid nitrogen and stored at —80°C until use. Total
RNA 'was isolated from these samples after homogenization, using the
standard guanidinium isothiocyanate lysis method followed by centrifu-
gation over a cesium chloride cushion (14).

Northern and slot blot analysis. Purified RNA (20 pg) was size-
fractionated on formaldehyde/agarose gels and transferred onto nitrocel-
lulose filters overnight using 10X SSC(1X SSC = 0.15 M NaCl/0.015M
sodium citrate, pH 7.0). Total RNA (12.5, 5, and 2.5 ug) was loaded
onto a slot blot apparatus (GIBCO BRL, Gaithersburg, MD). Filters
were then baked at 80°C for 2 h in a vacuum oven and prehybridized
at 42°C overnight in buffer with 1X Denhardt’s solution (0.02% polyvi-
nylpyrrolidone/0.02% Ficoll/0.02% bovine serum albumin), 5X SSC,
0.025 M sodium phosphate (pH 7.4), sonicated calf thymus DNA (50
mg/ml), 0.1% SDS, and 50% (vol/vol) formamide. The filters were
hybridized to cDNA probes overnight at 42°C in the same buffer mixture
followed by washing in 0.2X SSC at 55°C for 15 min (22). Filters were
exposed on a Storage Phosphor Screen and on x-ray film at —80°C with
a single intensifying screen. The presence of a single band on northern
blot analysis for each of the nRNAs examined permitted further quanti-
fication by slot blot analysis. Relative amounts of mRNA were deter-
mined with the Phosphorimager using Imagequant software.

cDNA probes. Two cDNA probes were used for Northern and slot
blot analyses: HCRC1—a 580 bp EcoRI and BamHI fragment corre-
sponding to nucleotides 50275647 of the rabbit cardiac RyR cDNA
(22); and R-IP3R1—a 1.7-kb EcoRI fragment of rat aortic smooth
muscle cDNA corresponding to nucleotides 987—2705 of rat brain IP3R
tDNA sequence (8). All cDNA probes were uniformly labeled with
random primers using Klenow and a-P*> dCTP to a specific activity of
> 10° cpm/pg. Tissue distribution and specificity of these cDNA probes
were assessed using rabbit tissue Northern blots. For internal control
and normalization of mRNA Phosphorimager scores, a synthetic 28 S
cDNA oligonucleotide based on the human 28 S ribosomal RNA se-
quence was used after exchange labelmg with polynucleotide kinase
and y-P*2 ATP.

In situ hybridization. Tissue samples from human hearts were fixed
in 4% paraformaldehyde in 0.1 M PBS overnight, cryoprotected in 0.5
and 1 M sucrose in 0.1 M PBS for 30—45 min, and then frozen in Cryo-
Embed compound in liquid nitrogen -and stored at —80°C until use. 10-
pm thick sections were obtained by using an IBHI cryostat and collected
onto coated slides. Sections were refixed with paraformaldehyde for 20
min, incubated for 30 min with proteinase K (3 mg/ml in 0.1 M Tris,
pH 7.5; 0.01 M EDTA), in 0.2 M HCI for 20 min, and treated with

acetic anhydride (0.25% in 0.1 M triethanolamine buffer, pH 8.0) for
10 min at room temperature. Three million cpm of sense and antisense
cRNA [*S]CTP-labeled probes, transcribed from linearized HCRC1 and
R-IP3R1 cDNA, were applied to individual slides. Hybridization was
performed in 50% formamide, 0.3 M NaCl, 10% dextran sulfate, 2 mM
EDTA, 1X Denhardt’s, 0.01 M Tris HC, pH 8, 0.05 M DTT for 16—
20 h. Washing conditions included 2X SSPE in presence of 10 mM
DTT for 1 h at room temperature followed by treatment with 20 mg/
ml RNase in 4X SSPE and 10 mM DTT for 30 min at 37°C.- Slides
were further washed at 60°C for 1 h in 50% formamide, 2X SSPE and
10 mM DTT, transferred to 0.3 M ammonium acetate and 1% glycerol
before dipping in NTB2 autoradiographic emulsion. Slides were devel-
oped in Kodak D-19 (Eastman Kodak Co., Rochester, NY) after 2-
wk exposures. Speciméns were photographed using a Zeiss Axiophot
microscope equipped with a darkfield condenser (8).

Radioligand binding assays. 50 pg of membranes were incubated
in appropriate conditions: (a) ryanodine binding—37°C for 1 h with 10
mM [*H]ryanodine in buffer (0.5 M KCI, 5 mM Hepes, 0.1 mM CaCl,,
10 mM ATP, pH 7.4) (24); (b) IP3  binding—on ice for 10 min with
10 mM [*H]IP3 in buffer (0.1 M NaCl, 5 mM Hepes, 1 mM EGTA, 1
mM DTT, 2 mM EDTA, pH 8.3) (25). Bound radioactivity was pelleted
by ultracentrifugation and measured using a liquid scintillation counter.
Nonspecific binding was measured by incubating with a > 100-fold
excess of the respective unlabeled ligand, and specific binding calculated
as total minus nonspecific binding.

Statistical analysis. All data are expressed as meanzstandard error
(SE). Differences were assessed with the use of unpaired two-tailed
Student’s ¢ test and considered significant if P < 0.05.

Results

Clinical and hemodynamic characteristics of patients. The clini-
cal diagnosis of the 32 cardiac transplant patients were as fol-
lows: 15 had ischemic cardiomyopathy (ICM), 14 had idiopathic
dilated cardiomyopathy (IDCM), 2 had hypersensitivity myo-
carditis, and 1 had sarcoidosis. The clinical and pretransplant
hemodynamic characteristics of the patients are listed in Table
1. There were 22 males and 10 females, and the mean age was
47%2.3 yr. The degree of heart failure in this group of patients
was severe as gauged by ejection fraction (14+1.1%), cardiac
index (2.2+0.1 lier/min per m?), pulmonary capillary wedge
pressure (23+1.7 mm/Hg), and pulmonary vascular resistance
index (5.5+0.5 Wood units-m?). Within the two months before
transplantation, all patients were taking digoxin, diuretics,
angiotensin-converting enzyme inhibitors, and antithrombotic/
anticoagulant medications. 22 patients were on intravenous pos-
itive inotropes and six patients were on [-adrenergic blockers
at the time of transplantation. None of the patients were taking
calcium channel blockers.

Tissue distribution and specificity of cDNA probes. Northern
blot analysis of rodent tissue RNA hybridized to either the
HCRC-1 or R-IP3R1 cDNA probe is shown in Fig. 1. HCRC1
identified a single ~ 16-kb mRNA species representing the car-
diac isoform of the RyR in both rabbit heart and brain; no
signals were detected in skeletal muscle, utérus, and kidney (the
latter two rich in smooth muscle tissue). On the other hand, R-
IP3R1 identified a single ~10-kb mRNA species representing
the type 1 isoform of the IP3R in all rodent tissues except
skeletal muscle. The signal was strongest in rat heart, intermedi-
ate in rabbit brain, and weakest in rabbit uterus and kidney.
Nonspecific hybridizdtion (e.g., to ribosomal RNAs) was not
observed.

Calcium-release channel mRNA levels in human hearts.
When human myocardial RNA was subjected to Northern blot
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Table I. Clinical Characteristics of Patients with End-Stage Heart
Failure

Patient Age Sex EF CI PCWP PVRI
% Ymin/m* mm Hg Wood U/m?
1 64 M 18 2.1 26 4.7
2 45 M 2.1 14 8.1
3 52 M 15 26 18 8.3
4 58 M 22 26 6.6
5 2 M 4 2.1 26 6.2
6 48 M 6 2 29 5.5
7 51 F 12 1.8 29 6
8 59 F 20 1.6 18 5
9 45 M 9 19 30 5.6
10 46 F 15 1.6 23 75
11 62 M 2.1 42 43
12 52 M 11 2.1 33 4.8
13 56 F 10 26 6 3.1
14 39 M 14 37 10 1.9
15 45 M 20 1.9 9 5.3
16 45 M 22 24 9 3.3
17 60 F 14 22 23 5.4
18 58 F 15 1.9 38 3.6
19 63 F 15 2.6 26 3.5
20 59 M 2.6 27 35
21 14 M 10 1 30 5
22 13 M 5 2 28 5.6
23 54 M 15 1.8 38 8.7
24 63 M 1.6 30 3.8
25 43 F 16 3 20 33
26 48 M 1.9 18 47
27 45 M 16 24 8 16.9
28 42 M 9 1.8 23 6.8
29 18 M 24 1.4 34 9
30 40 F 23 3.6 16 22
31 43 M 6 24 16 33
32 45 F 15 2.5 8 32

Mean+SE 4723 14*+1.1 22*0.1 23x1.7 5.5%0.5

EF, ejection fraction; CI, cardiac index; PCWP, pulmonary capillary
wedge pressure; PVRI, pulmonary vascular resistance index; ICM, isch-
emic cardiomyopathy; /DCM, idiopathic dilated cardiomyopathy; SE,
standard error.

analysis with the same cDNA probes, HCRC1 detected a single
~ 16-kb RyR mRNA while R-IP3R1 recognized a distinct
~ 10-kb IP3R mRNA; no other signals were detected. Fig. 2
shows representative lanes from Northern blot analysis of RNA
prepared from the different regions of normal and failing human
ventricles, hybridized to probes for the cardiac RyR, aortic
smooth muscle IP3R, and 28S. In both normal and cardiomyo-
pathic tissue, the RyR mRNA was much more abundant than
IP3R mRNA in all regions. However, the intensity of the mRNA
signals varied according to the region from which it was taken,
the amount of RNA present as indicated by the 28 S ribosomal
RNA signal, and whether or not the tissue was cardiomyopathic.
To quantify these signals more precisely, slot blot analysis was
performed.

Results of quantitative slot blot analysis of human myocar-
dial RNA using HCRC1 probe are summarized in Fig. 3 A.
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Figure 1. Northern blot analysis demonstrating specificity and tissue
distribution of cDNA probes. 20ug of total RNA isolated from rabbit
brain (Br), mixed skeletal muscle (Sk), uterus (Ut), kidney (Ki), and
either rabbit or rat heart (Ht) tissue was subjected to formaldehyde/
agarose gel electrophoresis, transferred to nitrocellulose filters, and hy-
bridized to random-labeled cDNA probes. The 28 S RNA is shown as
size marker. (A) HCRC1 identified a single ~ 16-kb mRNA species
representing the cardiac isoform of the RyR in both rabbit heart and
brain; no signals were detected in skeletal muscle, uterus, and kidney.
(B) On this blot, Ht represents rat heart, while the rest represent rabbit
tissues. R-IP3R1 identified a single ~ 10-kb mRNA species representing
the type 1 isoform of the IP3R in all tissues except skeletal muscle.
The signal was strongest in heart, intermediate in brain, and weakest in
uterus and kidney.

Consistent with previous findings (22), cardiac RyR mRNA
levels were reduced in the LV of cardiomyopathic patients by
31% (P < 0.025) compared with normals. Cardiac RyR mRNA
levels were also decreased in the septum of cardiomyopathic
patients by 37% (P < 0.05) compared with normals. The differ-
ences were significant in subgroup comparisons of normal pa-
tients with ICM and IDCM patients (data not shown). In the

LV RV Septum Figure 2. Representative
Northern blot analysis of
NLCM NL CM NL CM calcium-release channel
y ; T mRNA expression in
RyR Q" “* - normal and myopathic

human heart tissue. 20

IP3R == &% - : pg of total RNA prepared
from different regions of

28s (0 W B hear obtained from
y normal (NL) patients and

patients with cardiomyopathy (CM) was size-fractionated on formalde-
hyde/agarose gels and blotted to nitrocellulose filters. For each region,
the same blot was used to hybridize with each random-labeled cDNA
probe at separate times. Blots were exposed to x-ray films for either 1
wk (R-IP3R1) or 3 d (HCRC1). The 28 S ribosomal RNA is shown as
a measure of total RNA loading. In all samples, the HCRC1 probe
detected the ~ 16-kb RyR mRNA while the R-IP3R1 probe recognized
the ~ 10-kb IP3R mRNA. '
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Figure 3. Relative normalized RyR and IP3R mRNA levels in different
regions of normal and myopathic human heart tissue. Total RNA isolated
from hearts of normal (NL) and cardiomyopathy (CM) patients was
blotted to nitrocellulose filters in serial dilutions by loading onto slot
blot apparatus, and hybridized to the (A) HCRC1 and (B) R-IP3R1
cDNA probe. Calcium-release channel mRNA levels were quantified
with a Phosphorimager and normalized to 28 S ribosomal RNA levels.
(A) Cardiac RyR mRNA levels were reduced in the myopathic left
ventricle by 31% (P < 0.025) and septum by 37% (p < 0.05) compared
with NL. In contrast, the RyR mRNA levels were nonsignificantly ele-
vated in the myopathic right ventricle compared with NL. (B) The IP3R
mRNA levels were increased in the myopathic left ventricle by 123%
(P < 0.005), right ventricle by 96% (P < 0.005), and septum by 123%
(P < 0.001) compared with NL.

myopathic RV, RyR mRNA expression was increased by 27%
compared with normals, although the difference was not statisti-
cally significant (P = 0.38).

Fig. 3 B shows the results of quantitative slot blot analysis
using R-IP3R-1 probe. Unlike RyR mRNA levels which were
down regulated, IP3R mRNA levels were increased in the LV
of cardiomyopathic patients by 123% (P < 0.005) compared
with normals. IP3R mRNA levels of cardiomyopathic patients
were also increased in the RV by 96% (P < 0.005) and in the
septum by 123% (P < 0.001) compared with normals. These
differences remained significant even in subgroup comparisons
of normal patients with ICM and IDCM patients (data not
shown).

Radioligand binding assays were performed on selected
patient samples to determine whether changes in mRNA levels
were paralleled by changes in high affinity binding sites for
[*H]ryanodine and [*H]IP3. High affinity [*H]ryanodine binding

sites were decreased by 30% in the myopathic LV (n = 4)
compared with normals (n = 3), but the level of [*H]IP3 binding
sites (n = 4) was unchanged compared to normals (n = 3).

Localization of calcium-release channel mRNA in cardiac
myocytes. The myocardium is comprised of multiple cell types
(e.g., cardiac myocytes, vascular smooth muscle cells, endothe-
lial cells), all of which could express and potentially regulate
RyR and IP3R channels. To determine the cellular location of
the mRNA signals, in situ hybridization was performed on a
subset of normal and myopathic tissue sections. Fig. 4 shows
representative results of in situ hybridization using specific
cRNA probes on the myopathic LV. Hybridization with the
IP3R antisense probe demonstrated that the IP3R mRNA is
present not only in the vascular smooth muscle surrounding
intramyocardial arteries, but also within the cardiac myocytes
in a patchy distribution (Fig. 4 C); higher magnification revealed
that the patchy appearance was due to clustering of granules
within pleomorphic nuclei. Adjacent sections hybridized with
sense probe did not show signals above background distribution
as expected (data not shown). In situ hybridization using cardiac
RyR antisense probe revealed abundant RyR mRNA signals
within cardiac myocytes, but not in vascular smooth muscle
cells (Fig. 4 D).

Discussion

The present study demonstrates that: (a) two different types of
calcium-release channels are expressed in the normal and failing
human myocardium—the RyR and the IP3R, and (b) distinct
and opposite regulation of each type of calcium-release channel
mRNA occurs during end-stage CHF.

Although the dominant mechanism of excitation—contrac-
tion coupling in cardiac muscle is calcium-induced calcium
release via the RyR (4, 5), evidence has accumulated supporting
a role for IP3-induced calcium release as well. Functional stud-
ies on isolated animal ventricular fibers have shown that IP3
triggers calcium release from the SR (26) and potentiates the
effects of caffeine-induced calcium release (27). Northern blot
analyses using the cloned murine IP3R cDNA as a probe have
identified the ~ 10-kb IP3R mRNA in various mouse tissues,
including the heart (7, 28). Recently, our laboratory showed
that the IP3R is expressed in rat cardiac myocytes by immuno-
histochemistry and in situ hybridization (8). Using Northern
blot analysis and in situ hybridization in the present study, we
have now conclusively demonstrated that the IP3R mRNA is
also expressed in both normal and diseased human cardiac myo-
cytes, albeit in relatively low amounts compared with the RyR
(Fig. 2 and 4).

Previous studies on human CHF have demonstrated down
regulation of the mRNAs encoding the excitation—contraction
coupling calcium channels in myopathic LV tissue. The mRNA
level of SR calcium-ATPase has been shown to be reduced by
35-55% in end-stage CHF (19-22). Likewise, mRNA levels
of the voltage gated calcium channel DHPR were decreased in
myopathic LV by 47% (20). Our group and others have also
shown that RyR mRNA expression in the LV was decreased in
cardiomyopathy patients (21, 22).

The current study extends these observations. Not only was
RyR mRNA level in the LV decreased by 29% in ICM patients
(P < 0.05), but it was also reduced by 32% in IDCM patients
(p < 0.05). Cardiac RyR mRNA levels were also reduced in
myopathic septum by 36-39% (P < 0.05), regardless of
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Figure 4. In situ hybridization demonstrating specificity of the cRNA probes and localizing calcium-release channel mRNA in cardiocytes. Antisense
and sense **S-labeled cRNA probes were used on paraformaldehyde-fixed cardiac tissue specimens obtained from patients with cardiomyopathy.
(A) Left ventricle section stained with hematoxylin and eosin containing both cardiac tissue (asterisk) and vascular smooth muscle tissue around
blood vessels (arrow). (B) The area surrounding the asterisk in A is magnified further under phase contrast, to show the striations which are typical
of cardiac fibers. (C) Darkfield view of the same section as in A, hybridized to the IP3R antisense probe, showing that IP3R mRNA is present in
vascular smooth muscle (arrow) and more importantly in cardiac myocytes. (D) Darkfield view of an adjacent section hybridized to the RyR
antisense probe, showing abundant RyR mRNA in cardiac fibers but not in vascular smooth muscle (arrow). Bars: (A, C, and D) 80 um; (B) 40

pm.

whether the tissue was obtained from ICM or IDCM patients
(Fig. 3 A). Interestingly, there was an opposite trend of increased
RyR mRNA levels in myopathic RV compared with normals,
albeit the increase was statistically nonsignificant. The absence
of a significant difference in RyR mRNA levels between normal
and myopathic RV may be partly due to the varying degree of
RV failure present among the patients.

More importantly, this study reports for the first time an up
regulation of the IP3R mRNA levels in the ventricles of patients
with end-stage CHF compared with normal patients, in contrast
to other calcium channels which are down regulated (Fig. 3 B).
Levels of IP3R mRNA were markedly increased in the myo-
pathic LV by 98% in ICM and by 143% in IDCM (P < 0.005
for both), and in the myopathic RV by 80% in ICM and by
110% in IDCM (P < 0.005 for both), compared with normal
tissue. IP3R mRNA levels were also significantly up regulated
in the myopathic septum by 122-124% (P < 0.001), whether
ICM or IDCM.
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Recent studies examining protein levels of SR calcium-
ATPase in human CHF have produced conflicting results: one
reported reduction of SR calcium-ATPase protein levels by 36%
in failing myocardium (29) while another did not find any differ-
ence between nonfailing and failing human myocardium (30).
With regard to the present study, we sought to determine
whether levels of ryanodine and IP3 binding sites were regu-
lated during CHF similar to mRNA levels. The level of high
affinity [*Hlryanodine binding sites was decreased by 30% in
the myopathic LV compared with normals whereas the level of
[HJIP3 binding sites remained unchanged, consistent with the
data on mRNA levels of RyR, but not IP3R. Binding sites were
calculated as the moles of radioligand binding per mg of total
protein in each sample, which in effect expresses the absolute
number of ryanodine and IP3 binding sites relative to much
more abundant proteins that may be regulated during CHF.
Direct comparison of ryanodine to IP3 binding sites reveals that
the relative amount of IP3 binding sites increased 43% com-



pared with ryanodine binding sites in the failing heart. Thus
although the absolute level of IP3 binding sites was not altered
during CHF, the ratio of IP3R to RyR quantified by binding
studies was higher in failing versus normal human myocardium.

In the tissues comprising the myopathic LV chamber, the
simultaneously reduced RyR and elevated IP3R mRNA levels
argue against a universal decrease or increase in either cardiac
gene expression or number of myocytes as the explanation for
these findings. Recent animal studies have reproduced this find-
ing of decreased RyR calcium-release channel expression in
CHF using various animal models such as chronic doxorubicin
cardiomyopathy in rabbits (24) and rapid ventricular pacing
induced or spontaneous CHF in dogs (31). Our preliminary
studies using rats with acute doxorubicin-induced cardiomyopa-
thy also showed down-regulation of RyR mRNA levels, as well
as up regulation of IP3R mRNA levels (32). That various pro-
cesses leading to CHF manifest similar changes in calcium-
release channel regulation suggest that these changes are funda-
mental to the pathophysiology of CHF and not merely due to
the effects of individual pharmacologic agents or entities.

It is evident that regulation of calcium channel mRNA levels
vary depending on the channel type (Fig. 3, A and B). The
decreased expression in myopathic hearts of two channels in-
volved in excitation—contraction coupling, the DHPR and the
RyR, implies that intracellular calcium regulation by this path-
way may be impaired and could contribute to compromised
cardiac contractility. Support for this concept is provided by a
study which reported prolonged contractions and calcium tran-
sients in failing hearts, then proceeded to demonstrate that vera-
pamil and ryanodine together abolished the abnormal calcium
transients (18). Clinical trials have documented further deterio-
ration of CHF in patients treated with organic calcium channel
blockers including diltiazem (33) and nifedipine (34), sug-
gesting that the excitation—contraction coupling mechanism
may be already jeopardized in the myopathic heart.

The up regulation of IP3R mRNA levels and increased
IP3R/RyR ratio are novel findings and may provide further
insights into the molecular basis underlying different aspects of
chronic CHF. For example, hypertrophy is an early response
of the myocardium to the increased wall stress produced by
ventricular dilatation and peripheral vasoconstriction (23), and
this enduring response manifested by the gross biventricular and
microscopic myocyte hypertrophy and enlarged pleomorphic
nuclei which are characteristic of explanted hearts from patients
with end-stage CHF (35). Multiple growth factors have been
shown to cause cardiac myocyte hypertrophy with DNA replica-
tion (polyploidy) in in vitro studies (36), and some of these
factors exert their effects via the IP3/calcium signaling pathway,
such as angiotensin II (37, 38) or endothelin (36, 39). Increased
IP3R expression in ventricular myocytes during CHF is consis-
tent with the up regulation of a signaling pathway mediating
the hypertrophic response.

The IP3R could participate in regulating contractility in the
failing heart by analogy to its role in controlling smooth muscle
contraction via pharmacomechanical coupling (10, 12). CHF is
a disorder of the circulation characterized by elevated neurohor-
monal activity (23). Studies using intracoronary infusions of
adrenergic agonists in patients with CHF have demonstrated
both B-adrenergic receptor-mediated lusitropy and a-adrenergic
receptor-mediated inotropy in such patients (40). Such modula-
tion of contractility by adrenergic agents can be carried out
through the IP3R-mediated intracellular calcium release (10,

41), with up regulation of IP3R as a mechanism to increase
sensitivity in the failing myocardium.

In addition to regulating contractility and facilitating hyper-
trophy in the failing myocardium, the IP3/calcium signaling
pathway may play a pathological role in cardiac arrhythmogen-
esis (4). Delayed afterpotentials in hypertrophied and failing
myocardium have been attributed to abnormal transient inward
currents which occur during diastole; if large enough, these
afterdepolarizations can reach threshold and trigger arrhythmias
(42). Development of high myoplasmic calcium level during
diastole (> 500 nM) due to intracellular calcium oscillations
appeared to induce this inward current (43, 44). Recent data
from skinned cardiac fibers demonstrated that IP3 enhanced
such calcium oscillations from the SR (45). Thus, the increased
IP3R expression in myocardium of patients with end-stage CHF
could potentially explain why these patients are so susceptible
to arrhythmias.

In view of the decreased expression in cardiomyopathic
tissue of the calcium channels involved in excitation-contraction
coupling, the alternative pathway of regulating intracellular cal-
cium via the IP3R calcium-release channel may prove to be a
significant compensatory mechanism in the failing human heart.
Therapy designed to enhance pharmacomechanical coupling by
targeting the IP3R might prove efficacious. However, this spec-
ulation should be tempered as we did not examine inositol
polyphosphate hydrolysis per se in our samples by membrane
bound phospholipase C, which in turn is dependent upon G-
protein coupled receptors, tyrosine kinase coupled receptors,
and mechanical deformation for its activation (9, 10, 37, 38).

In summary, differential regulation of calcium-release chan-
nel mRNA levels occurs during end-stage CHF according to
channel type. RyR mRNA levels in the myopathic LV and
septum is down regulated compared to normal. In contrast, there
is a consistent trend of increased IP3R mRNA levels in failing
human myocardium compared to normal. Such an alteration in
calcium handling may be a molecular mechanism underlying
impaired excitation-contraction coupling, enhanced pharmaco-
mechanical coupling, compensatory hypertrophy, and increased
arrhythmia susceptibility which are observed in progressive
myocardial dysfunction. These insights into the molecular basis
of CHF should provide new directions for future diagnostic and
therapeutic approaches.
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