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Abstract

Abnormal Ca2 + inward current through cardiac Ca2 + channels during ischemia has been shown to be an initial signal for activation of

myocardial Ca2 +-dependent enzymes. This study investigated the contribution of cardiac L- and T-type Ca2 + channels in the calpain-

mediated myocardial damage following myocardial infarction. Myocardial infarction was induced by permanent ligation of the left coronary

artery. Infarcted rats were orally treated with placebo, amlodipine (L-channel blockade; 4 mg/kg/day) or mibefradil (L-/T-channel blockade;

10 mg/kg/day) beginning 7 days before induction of myocardial infarction. Gene expression, protein levels and enzyme activity of calpains I

and II were measured 1, 3, 7 and 14 days post coronary occlusion in the noninfarcted and infarcted myocardium. Infarct size, left ventricular

dilation and interstitial collagen volume fraction were determined in picrosirius red-stained hearts. Myocardial infarction induced an up-

regulation of calpain I mRNA, protein and activity in the noninfarcted myocardium (maximum 14 days post infarction), whereas mRNA,

protein and activity of calpain II were maximally increased in the infarcted myocardium 3 days post infarction. Fourteen days post infarction,

infarct size was 49%, the left ventricle was dilated and interstitial collagen volume fraction was increased. Amlodipine inhibited mRNA,

protein and activity up-regulation of calpain I decreased interstitial collagen volume fraction and infarct size. Mibefradil attenuated mRNA,

protein and activity up-regulation of calpain II at all four time points measured and of calpain I at 7 and 14 days post infarction, reduced

infarct size and prevented left ventricular dilation. Infarction-induced cardiac hypertrophy was accompanied by an up-regulation of calpain I,

whereas calpain II was up-regulated in the infarcted myocardium. Cardiac L- and T-type Ca2 + channel blockade differentially reduced post

infarction remodeling associated with selective inhibition of cardiac calpains I and II, respectively.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The calpain system is an intracellular, strongly Ca2 +-

dependent, cysteine protease system existing in all mamma-

lian and in some nonmammalian cells. The calpain family

consists of ubiquitous and tissue-specific isoforms of cal-

pains and of the naturally occurring endogenous inhibitor,

calpastatin (Sorimachi et al., 1994; Suzuki et al., 1987). The

best characterized calpains are the widely distributed iso-

enzymes, calpain I, requiring micromolar intracellular Ca2 +

concentrations for half-maximum activity, and calpain II,

which requires millimolar intracellular Ca2 + concentrations

for activation. Although the precise intracellular functions of

the calpains have not been fully defined, a number of studies

indicate their potential importance in regulated proteolysis

of key enzymes and structural proteins as well as in apoptotic

and necrotic processes (Wang et al., 1989; Rechsteiner and

Rogers, 1996). The calpains have also been demonstrated

to play a harmful role in a variety of pathological states

which are associated with a Ca2 + overload, such as Duch-

enne’s muscular dystrophy (Reddy et al., 1986), Alzheimer’s

disease (Saito et al., 1993), multiple sclerosis (Hong et al.,

1994) and development of cataract (Lampi et al., 1992).

Recently, the calpains have been shown to participate

in pancreatic h-cell damage and is the only known gene

polymorphism of Type 2 diabetes mellitus in humans (Per-

mutt et al., 2000) which is associated with cardiovascular
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complications. Thus, studies investigating the regulation of

the calpains are of importance to clarify the role of these en

zymes as a cardiovascular risk factor.

A rise in intracellular Ca2 + in myocytes during myocar-

dial ischemia (Steenbergen et al., 1990) has been considered

to be a pivotal event in the activation of the calpains leading

to cardiac cell death and structural damage of the myocar-

dium by breakdown of myofibrillar proteins such as myosin

heavy chain, troponin T and I, tropomyosin A and a-actinin

(Toyo-oka and Ross, 1981; Steenbergen et al., 1987). How-

ever, no substantial effort has been made thus far to identify

regional and temporal differences in the regulation of myo-

cardial calpains I and II and their contribution to ischemia-

induced cardiac damage. Additionally, no studies have been

performed to clarify whether alterations in the activity of

calpains I and II during myocardial ischemia were related to

transcriptional and/or translational changes of the calpains.

Under the assumption that the Ca2 + entry into myocytes

through cardiac Ca2 + channels during myocardial ischemia is

the initiating signal in triggering Ca2 + overload, we inves-

tigated the effects of a chronic Ca2 + channel blockade on the

Ca2 +-dependent cardiac calpain system. Ca2 + channel antag-

onists have been shown to exert beneficial myocardial effects

via their inhibiting action on the slow Ca2 + inward current

through L-type Ca2 + channels into cardiac cells. This effect

has been thought to reduce the activation of intramyocardial

Ca2 +-dependent enzymes (Nayler and Britnell, 1991) which

are known to be harmful to cardiac myocytes and to contrib-

ute to cardiac dysfunction and fibrotic processes. Addition-

ally, cardiac T-type Ca2 + channels have been shown to be

up-regulated in the failing myocardium (Nuss and Houser,

1993), suggesting an influence of this channel type on intra-

myocardial Ca2 + levels. However, at present, the impact of

L- and T-type Ca2 + channels on the cardiac calpain system-

mediated structural remodeling process and tissue injury of

the infarcted heart has not been addressed. Therefore, the

present study in rats was performed to investigate the in vivo

effects of chronic blockade of cardiac L-type Ca2 + channels

by amlodipine and cardiac L- and T-type Ca2 + channels by

mibefradil on transcriptional, translational and functional

regulation of calpain I, calpain II and calpastatin in the

infarcted and noninfarcted myocardium. To assess a time-

dependent correlation between transcriptional, translational

and functional regulation of the calpains and their contribu-

tion to the cardiac remodeling process following myocardial

infarction, we investigated the action of long-term treatment

with amlodipine and mibefradil on infarct size, left ventric-

ular dilation and interstitial myocardial fibrosis.

2. Methods

2.1. Study design

Male, normotensive Wistar rats (Charles River Viga,

Sulzfeld, Germany), initially weighing 230–270 g, were

used in the study. All experiments were performed in

accordance with the German law on animal protection as

released in its new version in 1993. The animals were

housed individually at controlled temperature and humidity

under a 12-h light/dark cycle and rats had free access to a

standard diet (AltrominR, Altromin, Lage-Lippe, Germany)

and to drinking water.

The animals were randomly divided into 13 groups

(n = 7–9 per group). Group 1: sham operation without

treatment. Groups 2–5: myocardial infarction subjected to

placebo treatment (0.9% saline). Groups 6–9: myocardial

infarction subjected to amlodipine treatment (4 mg/kg/day).

Groups 10–13: myocardial infarction subjected to mibefra-

dil treatment (10 mg/kg/day). Amlodipine and mibefradil

were kindly provided by Hoffmann-La Roche (Grenzach-

Wyhlen, Germany). The Ca2 + channel antagonists were

dissolved in water and given daily via gastric gavage.

Treatment was begun 1 week prior to coronary occlusion

(7 days pre) in all groups and continued until sacrifice.

Investigation of gene expression, protein levels and enzyme

activity of calpain I, calpain II and calpastatin were per-

formed 1, 3, 7 and 14 days after surgery, and morphological

studies were performed 14 days post infarction.

After 1 week in single cages, rats were anaesthetized by

injection of methohexital-Na+ (10 mg/kg, i.v.) and artifi-

cially ventilated (70 ventilations/min, 200 mm H2O, 2.5 ml/

ventilation) to perform a left thoracotomy. Rats in Group 1

underwent a sham operation. In the remainder of the

animals, myocardial infarction was induced by permanent

ligation of the left coronary artery. Briefly, after anterior

pericardectomy, the left coronary artery was ligated intra-

thoracally 2 mm distal of its origin using a sterile 6-0 suture

material (Ethibond, Ethicon, Norderstedt, Germany) under a

stereo-microscope. Successful ligation of the coronary

artery was verified by the occurrence of arrhythmias in the

ECG and by observing the color changes of the ischemic

area. This method induced a transmural infarct in the left

ventricular free wall, whereas the interventricular septum

and the right ventricle remained noninfarcted. Body weight

was measured daily before induction of myocardial infarc-

tion and during the 14 days post infarction to adjust drug

doses to the individual body weight.

Preliminary experiments using different oral dosages of

amlodipine (1–10 mg/kg/day) and mibefradil (5–15 mg/kg/

day) had been performed to determine a dose of both drugs

that did not affect peripheral hemodynamics and cardiac

function in normotensive rats. In these experiments, the

femoral artery was cannulated to measure mean arterial

blood pressure and heart rate before induction of myocardial

infarction (control conditions) during the surgery and the

following 48-h time interval after infarction or sham oper-

ation beginning immediately after last oral application of the

drugs (Sandmann et al., 2001a). In these experiments, the

nonantihypertensive oral doses of 4 mg/kg/day amlodipine

and of 10 mg/kg/day mibefradil administered daily and

started 7 days before induction of infarction or sham oper-
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ation were determined. Earlier experiments using isolated

papillary muscle preparations from infarcted rat hearts dem-

onstrated that chronic oral treatment with these doses of

amlodipine and mibefradil significantly decreased the peak

systolic and diastolic intramyocardial Ca2 + concentration

(Min et al., 1999). In additional experiments, 4 mg/kg/day

amlodipine or 10 mg/kg/day mibefradil equipotently reduced

mean arterial blood pressure in spontaneously hypertensive

rats, showing a comparable Ca2 + channel inhibiting effect of

both drugs. Thus, the doses used ensured the investigation of

the effects of a long-term L- and L-/T-type Ca2 + channel

blockade on gene expression, protein levels and enzyme

activity of the cardiac calpains in the infarcted rat heart

independently of hemodynamic influences.

The study was divided into four sets of experiments. In

the first set (n = 7 per group), gene expression of calpain I,

calpain II and calpastatin was investigated in three cardiac

tissue regions: right ventricle, interventricular septum and

left ventricular free wall of sham-operated and infarcted

animals with placebo, amlodipine and mibefradil treatment

on days 1, 3, 7 and 14 post surgery using reverse tran-

scription-polymerase chain reaction. In these experiments,

the left ventricle was separated from the atria and the right

ventricle and then divided into the interventricluar septum,

representing the noninfarcted, hypertrophed myocardium

and the left ventricular free wall, representing the infarcted,

ischemic myocardium, by an incision along the line where

the right ventricle was cut off from the left ventricle. The left

ventricular free wall consisted of scar tissue and area at risk.

In the second set (n = 9 per group), cardiac protein levels of

the three calpains were investigated in paraffin fixed hearts

of sham-operated and infarcted animals at the four time

points post coronary occlusion via immunohistological

staining of the calpains. In the third set (n = 9 per group),

myocardial remodeling was determined by measurement of

infarct size, left ventricular dilation, septal thickness and

interstitial collagen volume fraction in sham-operated and

infarcted animals 14 days post coronary occlusion. In the

fourth set (n = 7–8 per group), enzyme activity of calpains I

and II was measured in the right ventricle, interventricluar

septum and left ventricular free wall of sham-operated and

infarcted animals treated with placebo or Ca2 + channel

antagonists following chromatographic separation of both

enzymes.

2.2. Investigation of gene expression

Hearts of sham-operated and infarcted animals were

rapidly excised on the day of sacrifice and placed on a

preparation chamber at 4 jC. The left ventricle was sepa-

rated from the atria and the right ventricle and further

divided into the interventricular septum and the left ven-

tricular free wall. Total RNA were isolated from the three

ventricular tissue samples using a single-step isolation

method described by Chomczynski and Sacchi (1987).

Integrity of the RNA was confirmed by agarose gel electro-

phoresis, and the concentration was determined by densito-

metric measurement of UVabsorption at 260 nm. Molecular

size standards, Super Script Preamplification Systems and

Taq Polymerase were purchased from Gibco BRL (Eggen-

stein, Germany).

Using reverse transcription-polymerase chain reaction, 5

Ag of total RNA were amplificated with oligo (dT) primers

using kit reagents according to the manufacturer’s recom-

mended protocols (Prime-It II Random Primer Kit, Strate-

gen, Heidelberg, Germany). Primers were designed using

software supplied by the German Cancer Research Center

(DKFZ, Heidelberg, Germany) and were obtained from

Pharmacia Biotech (Cambridge, UK). Details concerning

primers and exact polymerase chain reaction protocols for

the various amplification reactions used have been described

previously (Sandmann et al., 2001b). For experiments with

amplification of GAPDH mRNA as house-keeping gene,

the reaction mixture was equally split into two tubes before

specific primers and polymerase chain reaction reagents

were added.

In order to measure mRNA levels, the gels were digitized

using an optical scanner (EPSON GT-8000, Seiko, Tokyo,

Japan) and the densities of bands were measured using the

public domain NIH image program. For all RNA samples,

the density of an individual mRNA band was divided by

that of the GAPDH mRNA band to correct for differences in

RNA loading and/or transfer.

2.3. Measurement of protein levels using immunohistology

Hearts of sham-operated and infarcted animals were

fixed by infusion of 4% phosphate-buffered formaldehyde,

rapidly excised and stored in the same formaldehyde

solution. To arrest the hearts in diastole, the fixation was

performed in a Ca2 +-free solution. Following removal of

the atria and large vessels, the ventricles were cut in a

standardized fashion into five transversal slices as described

previously (Sandmann et al., 2000). All slices were

weighted to obtain the total heart weight and embedded

in paraffin. For immunohistological analysis, three serial 4-

Am sections of all slices were cut from the apical side,

deparaffinated and digested for 10 min at 37 jC with 0.1%

protease (Sigma, Deisenhofen, Germany) in basis buffer (10

mM Tris base, 40 mM Tris–HCl, 150 mM NaCl, pH 7,4) to

unmask antigens. The three sections were separately incu-

bated for 30 min at 37 jC with a 1:200 dilution of primary

antibodies for calpain I, calpain II and calpastatin (Chem-

icon, Hofheim, Germany). After washing three times in

basis buffer, the sections were incubated for 1 h at 37 jC
with a alkaline phosphatase-conjugated monoclonal secon-

dary antibody (APAAP kit, DAKO, Hamburg, Germany).

Using this method, calpain I-, calpain II- and calpastatin-

labeled cardiac tissue regions appeared in a red color,

whereas the remaining tissue showed a yellow color. All

sections were counterstained with Mayer’s hematoxylin

solution (Sigma) and coverslipped with Kaiser’s glycerol
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gelatin (MERCK, Darmstadt, Germany). For determination

of protein levels of the three calpains, the sections were

placed in a universal microscope (Leica DMR, Leica

Microscopy and Systems, Wetzlar, Germany), scanned

systematically at fivefold lens magnification and compu-

terized using a surface determination method which

employed onscreen visualization of the cardiac sections in

direct light (Leica Imaging Systems, Cambridge, UK).

Following calibration, the software digitized red-stained

tissue areas as a blue color and expressed the protein

content of the calpains as percentage of the corresponding

tissue region (right ventricle, interventricular septum, left

ventricular free wall).

2.4. Cardiac morphology

From hearts excised 14 days post infarction, additional 4-

Am sections were cut from slice 3, which has been shown to

have the largest left ventricular circumference (Passier et al.,

1996), and routinely stained with the collagen-specific stain

picrosirius red (Sirius Red, C.I. 3570, Polysciences, War-

rington PA, USA, in aqueous picric acid). Using this

method, collagen I and III content was clearly detectable

within the collagen accumulating tissue showing a red color

and the remaining tissue a yellow color. The histology of

picrosirius red-stained sections showed a transmural infarc-

tion. Infarct size, left ventricular dilation, septal thickness

and interstitial collagen volume fraction were estimated

using the computerized surface determination method as

described above. Briefly, the sections were scanned at 25-

fold lens magnification and the borderline between the

infarcted area and the remaining myocardial muscle was

marked exactly with a pointer. Infarct size was calculated by

the computer program as the percentage of the left ven-

tricular circumference. Left ventricular dilation and septal

thickness were determined according to the method as

published previously (Sandmann et al., 1998). Interstitial

collagen volume fraction of the noninfarcted myocardium

was evaluated by the software basing on density of the

picrosirius red-stained collagen fibers of tissue areas in

direct light and was calculated as the sum of all connective

tissue areas divided by the sum of all connective tissue and

muscle areas of the noninfarcted myocardium. All immu-

nohistological and morphometric measurements were per-

formed in a blinded fashion by a single observer.

2.5. Measurement of enzyme activity

Calpains I and II activity was measured fluorimetrically

by the release of 7-amino-4-methyl-coumarin (AMC) from

the synthetic fluorogenic substrate for calpain, Suc-Leu-Tyr-

AMC (Calbiochem, Darmstadt, Germany, and Affinity

Research, Mamhead, UK) (Sasaki et al., 1984). Specific

proteolysis of the substrate by calpain liberates the AMC

group, leading to an increase in fluorescence at 470 nm

(excitation 385 nm). In these experiments, right ventricle,

interventricular septum and left ventricular free wall of

hearts of sham-operated and infarcted animals were homo-

genized (approximately 0.6–1.2 g) in five volumes of buffer

(25 mM imidazole/HCl containing 5 mM cysteine and 1

mM EDTA, pH 7.5) for 1 min using an IKA Ultra-Turrax

(1000 rpm, T25, Janke and Kunkel, Germany). The homo-

genates were centrifuged at 100,000g for 1 h (Beckman Ti

70.1 rotor, 37,000 rpm), and the supernatants were applied

to a 1�10 cm DEAE–sepharose column (Amersham-

Pharmacia Biotech, Uppsala, Sweden) equilibrated in

homogenization buffer. All procedures were performed on

ice or at 4 jC precooled buffers and centrifugations. The

elution was performed with a 50-ml linear gradient of 0–

500 mM NaCl in homogenization buffer at a flow rate of 1

ml/min. The enzyme activity for calpains I and II was

measured in all samples in a total volume of 200 Al,
containing 170 Al of the enzyme fraction, 10 Al Suc-Leu-
Tyr-AMC (final concentration 500 AM) and 20 Al CaCl2
(final concentration 5 mM to optimally activate both calpain

isoforms, Ca2 +-dependent activity). To measure Ca2 +-inde-

pendent activity, CaCl2 was replaced by 20 Al EDTA at a

final concentration of 10 mM. The reaction was performed

at 30 jC and started by addition of substrate. After 1 h, the

reaction was stopped by addition of 200 Al alkali buffer (250
mM glycine, 85 mM Na2CO3, 120 mM NaCl, pH 10.7). The

fluorescence was measured in 220 Al of the stopped reaction

mixture using a spectrofluorometer (Fluorolite 1000, Japan,

lamp voltage 6 V). An AMC standard curve was included in

each experiment. The protein concentration of each fraction

was determined by the method of Bradford (1976) using

bovine serum albumin as a standard. The activity of calpains

I and II was determined as the difference between the Ca2 +-

dependent and the Ca2 +-independent fluorescence per

minute.

2.6. Statistical analysis

Statistical evaluation was performed with SYSTAT soft-

ware using one-way analysis of variance (ANOVA). Means

shown to be different between individual groups were

compared using the post hoc unpaired Student’s t-test or

the Bonferroni test when appropriate. A probability of

P < 0.05 or less was considered as significant. Results are

expressed as meansF standard error of the mean (S.E.M.).

Further details of statistical analysis are given in the legends

to the figures.

3. Results

3.1. Effects of Ca2+ channel antagonists on transcriptional

regulation of calpain I, calpain II and calpastatin in the

infarcted myocardium

Reverse transcription followed by polymerase chain

reaction amplification of total RNA resulted in single bands
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of the predicted size for calpain I (152 bp), calpain II (117

bp) and calpastatin (110 bp) as well as for the house-keeping

gene, GAPDH (916 bp). The GAPDH signals did not

change in the rat myocardium throughout the time course

following infarction compared to the noninfarcted myocar-

dium and, thus, were used as internal control (Fig. 1, fourth

lane). Therefore, the expression levels of the three cardiac

calpains were related to myocardial GAPDH signals and

expressed by folds of increase from those of sham-operated

rats. Calpain I mRNA abundance increased steadily in the

interventricluar septum of infarcted rat hearts at the four

time points studied, was significantly increased 3 days post

infarction (twofold) and reached maximal expression 14

days post infarction (threefold) compared to noninfarcted rat

hearts (Fig. 1, first lane). Calpain I mRNA expression was

unchanged in the right ventricle and the left ventricular free

wall at any time point measured following infarction (data

not shown). The post infarction increase of calpain I mRNA

expression was abolished by pretreatment for 1 week

followed by treatment up to 14 days post coronary occlusion

with the L-type Ca2 + channel antagonist, amlodipine,

whereas chronic treatment with the L-/T-type Ca2 + channel

antagonist, mibefradil, reduced calpain I up-regulation on

days 7 and 14 post infarction compared to placebo treatment

(Fig. 2A). Calpain I mRNA up-regulation in the interven-

tricular septum 14 days post infarction was significantly

decreased in chronic amlodipine-treated infarcted animals

compared to chronic mibefradil-treated infarcted animals

(Fig. 2A). Calpain I mRNA expression was not affected by

amlodipine and mibefradil in sham-operated animals.

In contrast, calpain II mRNA expression of placebo-

treated infarcted animals was increased in the left ventric-

ular free wall on day 1 post infarction (twofold), reached

maximal expression on day 3 post infarction (threefold) and

remained elevated for 7 and 14 days post infarction

compared to sham-operated animals (Fig. 1, second lane).

No significant differences in the transcription of calpain II

were observed in the right ventricle and interventricular

septum following infarction (data not shown). As illustrated

in Fig. 2B, chronic amlodipine treatment decreased calpain

II mRNA up-regulation in the left ventricular free wall on

day 3 post infarction. In contrast, chronic treatment of

infarcted animals with mibefradil totally prevented calpain

II mRNA up-regulation in the left ventricular free wall at

all four time points post infarction studied (Fig. 2B).

Calpain II mRNA up-regulation in the left ventricular free

wall of mibefradil-treated infarcted animals was signifi-

cantly reduced 1 and 3 days post infarction compared to

amlodipine-treated infarcted animals (Fig. 2B). In sham-

operated animals, amlodipine and mibefradil had no effect

on mRNA expression of calpain II.

The mRNA levels of calpastatin in the infarcted rat heart

were unchanged in the three tissue samples, right ventricle,

interventricular septum and left ventricular free wall,

throughout the 14 days post infarction period when com-

pared to hearts of sham-operated rats and were unaffected

by long-term treatment with the Ca2 + channel antagonists,

amlodipine and mibefradil (Fig. 1, third lane).

Fig. 1. Representative experiments using reverse transcription-polymerase

chain reaction amplification showing mRNA expression of calpain I in the

interventricular septum (IS), calpain II in left ventricular free wall (LVFW),

calpastatin and GAPDH of placebo-treated infarcted animals on days 1, 3, 7

and 14 post infarction compared to sham-operated animals (n= 7).

Fig. 2. Relative changes of calpain I mRNA expression in the

interventricular septum (IS) (A) and of calpain II mRNA expression in

the left ventricular free wall (LVFW) (B) determined by densitometric

analysis and normalized to GAPDH signals of sham-operated and

infarcted animals treated either with placebo (0.9% saline), amlodipine

(4 mg/kg/day) or mibefradil (10 mg/kg/day) on days 1, 3, 7 and 14 post

infarction. *P < 0.05 compared to sham, #P < 0.05 compared to placebo,
§P< 0.05 compared to mibefradil, $P < 0.05 compared to amlodipine. Data

represent meansF S.E.M. (n= 7).
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3.2. Effects of Ca2+ channel antagonists on protein levels of

the cardiac calpains post infarction

Immunohistological studies were performed to measure

the protein content of calpain I, calpain II and calpastatin in

the left ventricular free wall and the interventricular septum

of the infarcted and noninfarcted rat myocardium. As shown

in Fig. 3A, calpain I-stained red areas were most prominent

14 days post infarction within the interventricular septum of

infarcted rat hearts. To a minor extent, calpain I was also

found in the infarcted region and in the right ventricle

showing the basal level of this enzyme in the rat myocar-

dium. In contrast, calpain II-stained regions were abun-

dantly present within the left ventricular free wall of the

infarcted myocardium with highest detected levels on day 3

post infarction and was not detectable within the interven-

tricular septum and right ventricle of the noninfarcted

myocardium at any time point post infarction measured

(Fig. 3B). Fig. 3C and D show computerized images where

calpains I and II, respectively, were digitized as a blue color.

Calpastatin was evenly distributed in the infarcted rat

myocardium (right ventricle, interventricular septum and

left ventricular free wall) throughout the time period studied

(1, 3, 7 and 14 days post infarction).

As demonstrated for calpain I mRNA expression, pre-

treatment of infarcted animals with the L-type Ca2 + channel

antagonist, amlodipine, totally prevented the post infarction

up-regulation of the calpain I protein in the interventricular

septum 14 days post infarction compared to placebo-treated

infarcted animals (Fig. 4A). The L-/T-type Ca2 + channel

antagonist, mibefradil, also decreased calpain I protein up-

regulation in the interventricular septum of infarcted animals

compared to placebo but was significantly increased com-

pared to sham-operated and amlodipine-treated infarcted

animals (Fig. 4A). In contrast, the infarction-induced

increase in calpain II protein levels in the left ventricular

Fig. 3. Photomicrographs show immunhistological stainings of calpain I and II within the left ventricular free wall (LVFW) and the interventricular septum (IS)

untreated myocardium in direct light. Red-stained areas of immunostainings show in the original images at fivefold lens magnification the existence of calpain I

predominantly in the interventricular septum (A), whereas calpain II-stained areas occurred predominantly in the left ventricular free wall (B) of the infarcted

rat heart. (C) and (D) show the computerized binary images where calpain-stained red areas are digitized and displayed as a blue color. For measurement of

protein levels of calpain I and II, the detected blue areas were normalized to the whole tissue area of the left ventricular free wall and the interventricular

septum.
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free wall of infarcted rat hearts 3 days post infarction was

prevented by chronic mibefradil treatment, whereas amlo-

dipine treatment had a much smaller effect to decrease

calpain II protein in the left ventricular free wall following

infarction as shown by the significant difference compared

to mibefradil treatment (Fig. 3B).

Myocardial calpastatin protein concentration was unaf-

fected by chronic treatment with the Ca2 + channel antago-

nists, amlodipine and mibefradil (data not shown).

3.3. Cardiac morphometry

Fourteen days post myocardial infarction, the cardiac

index (ratio of total heart weight to body weight) was

increase in placebo-treated infarcted animals compared to

sham-operated animals. Cardiac index of Ca2 + channel

antagonist-treated infarcted animals tended to decrease

compared to placebo-treated infarcted animals but was not

statistically significant (Table 1). The infarct size was

49.1F 2.8% in placebo-treated infarcted animals. Pretreat-

ment of infarcted animals with both Ca2 + channel antago-

nists, amlodipine and mibefradil, reduced infarct size

compared to placebo treatment (Table 1). In these experi-

ments, the L-/T-type Ca2 + channel antagonist, mibefradil,

showed a greater tendency to limit the infarct size (not

significantly different) when compared to the L-type Ca2 +

channel antagonist, amlodipine. Left ventricular dilation

was increased in all infarcted animals compared to sham-

operated animals and was significantly reduced by amlodi-

pine and mibefradil pretreatment as compared to placebo

treatment (Table 1). However, mibefradil showed a greater

tendency to prevent left ventricular dilation compared to

amlodipine as the values were not different from those of

sham-operated animals, whereas left ventricular dilation of

amlodipine-treated animals were significantly increased

compared to sham-operated animals. Septal thickness was

increased in placebo-treated infarcted animals compared to

sham-operated animals (Table 1). Amlodipine abolished and

mibefradil reduced septal thickening in infarcted animals.

Fourteen days post infarction, interstitial collagen volume

fraction of the noninfarcted myocardium was markedly

increased in all infarcted animals when compared to

sham-operated animals. Amlodipine and mibefradil signifi-

cantly reduced interstitial collagen volume fraction com-

pared to placebo treatment with a greater efficacy of

amlodipine than mibefradil (Table 1). Thus, amlodipine

predominantly reduced the cardiac remodeling process in

the noninfarcted myocardium, whereas mibefradil more

Fig. 4. Effects of chronic treatment with amlodipine (4 mg/kg/day) and

mibefradil (10 mg/kg/day) on calpain I protein levels in the interventricular

septum (IS) 14 days post infarction (A) and on calpain II protein levels in

the left ventricular free wall (LVFW) 3 days post infarction (B) compared to

sham-operated and placebo-treated infarcted animals. *P< 0.05 compared

to sham, #P < 0.05 compared to placebo, §P < 0.05 compared to mibefradil,
$P< 0.05 compared to amlodipine. Data represent meansF S.E.M. (n= 9).

Table 1

Morphometric data of rat hearts 14 days after induction of myocardial infarction or sham surgery

Sham Placebo Amlodipine Mibefradil

Cardiac index (total heart weight to body weight) (g) 0.25F 0.01 0.30F 0.01a 0.28F 0.01 0.28F 0.01

Infarct size (%) 49.1F 2.8 42.8F 1.5b 39.4F 2.1b

Left ventricular dilation (mm) 5.26F 0.07 7.12F 0.06a 6.35F 0.04a,b 6.01F 0.04b

Septal thickness (mm) 1.71F 0.08 2.16F 0.09a 1.82F 0.06b 1.87F 0.05a,b

Interstitial collagen volume fraction (noninfarcted myocardium) (%) 2.91F 0.68 9.83F 1.75a 5.82F 0.89a,b,c 7.13F 1.07a,b

Indicated are animals that underwent sham surgery (sham), placebo-treated MI rats and rats treated with amlodipine (4 mg/kg/day) or mibefradil (10 mg/kg/

day) beginning 7 days before induction of MI. Data are presented as meansF S.E.M (n= 9).
a Significant versus sham ( P < 0.05).
b Significant versus placebo ( P < 0.05).
c Significant versus mibefradil ( P< 0.05).
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effectively limited infarct size and prevented left ventricular

dilation.

3.4. Proteolytic activity of calpains I and II in the infarcted

myocardium

To investigate the contribution of calpains I and II in the

cardiac remodeling process of the myocardium post infarc-

tion, the proteolytic activity of both enzymes was measured.

Following chromatographic separation using a linear NaCl

gradient (0–500 mM), calpain I eluted in the fractions 9–12

(180–240 mM NaCl), whereas calpain II occurred in the

fractions 13–16 (260–320 mM NaCl) according to findings

by Spalla et al. (1985). The calpain I activity in the

interventricular septum of placebo-treated infarcted animals

increased from days 1 to 14 post infarction compared to

sham-operated animals. At this time point, a threefold

increase in the proteolytic activity of this enzyme was

measured (Fig. 5A). Chronic L-type Ca2 + channel blockade

with amlodipine prevented and chronic L-/T-type Ca2 +

channel blockade with mibefradil reduced the infarction-

induced increase in the activity of calpain I when compared

to placebo treatment. Calpain I activity in the interventric-

ular septum 14 days post infarction was significantly

decreased in amlodipine-treated infarcted animals compared

to mibefradil-treated infarcted animals (Fig. 5A). In con-

trast, calpain II activity was maximally increased (threefold)

in the left ventricular free wall 3 days post infarction

compared to sham-operated animals (Fig. 5B). Treatment

with amlodipine reduced and with mibefradil abolished the

increase in calpain II activity (Fig. 5B). Calpain II activity in

the left ventricular free wall 3 days post infarction was

significantly decreased in mibefradil-treated infarcted ani-

mals compared to amlodipine-treated infarcted animals (Fig.

5B). Thus, amlodipine inhibited more effectively the enzy-

matic activity of calpain I in the noninfarcted myocardium,

whereas the calpain II activity was more inhibited by

mibefradil in the infarcted myocardium.

4. Discussion

The present study demonstrates that myocardial infarc-

tion induces an up-regulation of gene expression, protein

levels and enzyme activity of calpain I in the noninfarcted

myocardium in the later state of infarction (14 days) and of

calpain II in the infarcted myocardium in the earlier state of

infarction (3 days). These results indicate a differential

regional and temporal up-regulation of calpains I and II in

the infarcted rat heart. Fourteen days after permanent

ligation of the left coronary artery, the hearts of placebo-

treated infarcted animals featured an infarct size of 49% and

a left ventricular dilation accompanied by an increase in

septal thickness and an elevation in interstitial collagen

volume fraction of the noninfarcted myocardium. These

findings indicate that myocardial infarction had induced a

dilatative hypertrophy and myocardial fibrosis accounting in

part for the progressive deterioration in the mechanical

behavior of the myocardium (Gay, 1990; Sandmann et al.,

1999). Whereas both Ca2 + channel antagonists, amlodipine

and mibefradil, limited infarct size, amlodipine more effec-

tively reduced septal thickness and interstitial collagen

volume fraction suggesting an antihypertrophic and antifi-

brotic action of this drug in infarct-induced heart failure.

4.1. Role of cardiac calpains in the infarcted myocardium

Previous studies have demonstrated that calpain I is up-

regulated by sustained stimuli and contributes to the regu-

lated protein turn-over during differentiation or hypertrophy

(Pussard et al., 1993; Arthur and Belcastro, 1997). In fact,

our data demonstrate that the cardiac remodeling coincided

with transcriptional, translational and functional up-regula-

Fig. 5. Effects of chronic treatment with amlodipine (4 mg/kg/day) and

mibefradil (10 mg/kg/day) on proteolytic activity (pmol AMC/min/mg

protein) of calpain I in the interventricular septum (IS) 14 days post

infarction (A) and of calpain II protein levels in the left ventricular free wall

(LVFW) 3 days post infarction (B) compared to sham-operated and

placebo-treated infarcted animals. *P< 0.05 compared to sham, #P < 0.05

compared to placebo, §P < 0.05 compared to mibefradil, $P< 0.05 compared

to amlodipine. Data represent meansF S.E.M. (n= 7–8).
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tion of calpain I in the noninfarcted myocardium. These

findings are consistent with the idea that calpain I is

involved in the structural remodeling process of the heart

in the later phase of infarction. Indeed, calpain I, activated in

the pressure overload and stunned myocardium, has been

shown to alter the microstructure of matrix and myofilament

proteins leading to cardiac hypertrophy and reduction of

Ca2 + responsiveness of the contractile filaments (Gao et al.,

1996; Contard et al., 1991). The present study further

demonstrated that calpain I was not significantly up-regu-

lated in the infarcted myocardium supporting the hypothesis

that this enzyme is not involved in ischemic cell damage

following infarction but contributes to adaptive mechanisms

of the hypertrophying myocardium.

In contrast, mRNA, protein and activity of calpain II

were increased in the infarcted myocardium during the early

phase of infarction. Calpain II has been shown to be up-

regulated by processes which are associated with an excess

elevation of intramyocardial Ca2 + (Pussard et al., 1993).

The ligation of the left coronary artery, as performed in the

present experiments, is thought to be associated with an

intracellular accumulation of Ca2 + within the infarcted

(ischemic) myocardium (Katz and Reuter, 1979). Thus,

the infarct-induced abnormal rise in intramyocardial Ca2 +

as a result of an increased Ca2 + influx through Ca2 +

channels, an elevated Ca2 + release by the sarcoplasmatic

reticulum (Wier, 1990) and/or a stimulated Na+–Ca2 +

exchanger activity (Siffert and Akkerman, 1989) might be

the initial signal to up-regulate calpain II in this cardiac

region. This is in agreement with the finding that calpain II

was not significantly up-regulated in the noninfarcted myo-

cardium indicating that a pathological rise in intramyocar-

dial Ca2 + is required for activation of this enzyme.

Additionally, Ca2 + overload has been shown to act as a

specific mechanism to activate calpain II (Toyo-oka and

Ross, 1981; Steenbergen et al., 1987). In agreement with

these findings, in our experiments, myocardial infarction

increased the activity of calpain II in the infarcted myocar-

dium which, in turn, might be responsible to accelerate

tissue injury following infarction.

4.2. Contribution of cardiac Ca2+ channels in the

regulation of calpains I and II

A central aim of our study was to compare the effects of

a long-term L-type Ca2 + channel blockade versus a com-

bined L-/T-type Ca2 + channel blockade on the regulation of

cardiac calpain I, calpain II and calpastatin by using an in

vivo animal model of myocardial infarction.

The present experiments showed that chronic treatment

with the L-type Ca2 + channel antagonist, amlodipine,

reduced the infarct-induced up-regulation of calpain I gene,

protein and activity in the noninfarcted myocardium impli-

cating that intramyocardial Ca2 + is involved in the tran-

scriptional, translational and functional up-regulation of

cardiac calpain I post infarction. Steenbergen et al. (1990)

demonstrated that cardiac L-type Ca2 + channels are stimu-

lated following infarction leading to an increased Ca2 +

influx into ventricular myocytes. Pasquet et al. (1996)

demonstrated that the Ca2 + influx through these channels

activates the calpains directly and/or by stimulation of Ca2 +

release from intracellular stores. We further showed that

chronic amlodipine treatment prevented the septal thicken-

ing and reduced cardiac fibrosis suggesting that chronic L-

type Ca2 + channel blockade by amlodipine limited the

structural remodeling process in the noninfarcted myocar-

dium via inhibition of calpain I up-regulation in this cardiac

region. A prevention of the left ventricular remodeling in the

noninfarcted rat myocardium by long-term treatment with

amlodipine has been demonstrated earlier by Shimada et al.

(1998). Since the reactive fibrosis post infarction has been

shown not to be related to myocyte necrosis and independ-

ent of the size of myocardial infarct (Sawamura et al., 1990;

Brilla et al., 1991), the ability of L-type Ca2 + channel

antagonists to decrease interstitial collagen content seems

to be directly related to modulation of intracellular Ca2 +-

dependent signaling mechanisms, such as mediation by

calpain I, in cardiac fibroblasts (Olsen et al., 1989). The

reduction of myocardial fibrosis and cardiac hypertrophy by

L-type Ca2 + channel antagonists post infarction (Weishaar

and Bing, 1980) resulted in an improved myocardial per-

formance evidenced by an increase in cardiac contractility

and a decrease in inner left ventricular pressure (Sandmann

et al., 2001a; Hoff et al., 1989). Additionally, evidence has

been presented that inhibition of cardiac L-type Ca2 +

channels by verapamil attenuated the infarct-induced

increase in calpain I activity in the noninfarcted myocar-

dium (Yoshida et al., 1993). It is, therefore, possible that the

inhibition of calpain I up-regulation by amlodipine was

directly related to the decrease in intramyocardial Ca2 + by

the reduction of Ca2 + influx through cardiac L-type Ca2 +

channels and, thereby, prevented structural remodeling and

cardiac fibrosis post infarction.

Our study further demonstrated that chronic treatment

with the L-/T-type Ca2 + channel antagonist, mibefradil,

inhibited transcriptional, translational and functional up-

regulation of calpain II in the infarcted (ischemic) myocar-

dium suggesting that the early Ca2 + influx through T-type

Ca2 + channels seem to be involved in the regulation of

cardiac calpain II. This effect was associated with a reduction

of infarct size and left ventricular dilation. An infarct size-

limiting property of mibefradil has previously been demon-

strated after permanent coronary artery ligation (Sandmann

et al., 1998). In view of these findings, the results of the

present study nourish the hypothesis that the reduction of

infarct size by mibefradil might be related to the prevention

of calpain II up-regulation in the infarcted (ischemic) myo-

cardium. Indeed, calpain inhibitors have been found to

protect the myocardium from ischemia-induced damage via

reduction of calpain II activity in this cardiac region

(Urthaler et al., 1997; Iwamoto et al., 1999; Tolnai and

Korecky, 1986). The greater efficacy of mibefradil than

S. Sandmann et al. / European Journal of Pharmacology 453 (2002) 99–109 107



amlodipine to decrease infarct size, as also demonstrated

previously (Sandmann et al., 2001a), could be partially

explained by the additional blockade of cardiac T-type

Ca2 + channels which have been found to exert an increased

Ca2 + channel current in the myocardium post infarction (Qin

et al., 1995). In contrast to healthy ventricular myocytes of

adult rat hearts, in which no T-type Ca2 + channel current was

detectable (Lory et al., 1990; Bogdanov et al., 1995), an

increase in T-type Ca2 + channel current was measured in

cells of cardiomyopathic hamsters (Sen and Smith, 1994)

suggesting that this Ca2 + channel type participates in the

regulation of intramyocardial Ca2 + under pathological con-

ditions. Additionally, an abnormal Ca2 + channel current of

T-type Ca2 + channels was shown in ventricular myocytes of

failing hearts (Nuss and Houser, 1993). Thus, it seems

reasonable to suppose that the functional importance of T-

type Ca2 + channels is more pronounced in ischemic myo-

cytes of the failing heart. Indeed, in earlier experiments, we

found that the infarct-induced abnormal increase in systolic

and diastolic intramyocardial Ca2 + in the ischemic myocar-

dium was attenuated by long-term L-/T-type Ca2 + channel

blockade by mibefradil (Sandmann et al., 1999). The inhib-

ition of Ca2 + influx into ischemic myocytes could stem from

the fact that mibefradil blocks Ca2 + entry more potently in

depolarized cells because ischemic myocardial tissue is

depolarized (Janse and Kleber, 1981). Thus, the greater

efficacy of mibefradil compared to amlodipine in reduction

of infarct size might be related to the combined L- and T-type

Ca2 + channel blocking action of the drug (Mishra and

Hermsmeyer, 1994).

Calpastatin expression, on the other hand, was not up-

regulated whether in the noninfarcted nor in the infarcted

myocardium at mRNA or protein levels suggesting that

transcriptional and translational expression of the naturally

occurring calpain inhibitor was not affected in infarct-

induced heart failure. These results are in keeping with

findings of Sorimachi et al. (1997), showing that cardiac

calpastatin was not up-regulated in the ischemic–reperfused

rat heart. Additionally, calpastatin has been shown to be a

substrate for both calpain isoforms (Doumit and Koohmar-

aie, 1999) implying that the ischemia-induced increase in

calpains I and II expression and activity seems to be

responsible for abnormal calpastatin degradation in the

myocardium. Thus, it appears that the calpain–calpastatin

ratio was shifted towards calpain leading to abnormal

protein degradation and increased myocardial damage dur-

ing cardiac ischemia. Therefore, a reduction of cardiac

calpains I and II gene, protein and activity up-regulation

as observed under Ca2 + channel antagonist treatment might

be cardioprotective via decreasing the amount of activable

calpains I and II levels within the myocardial tissue and

preserve cardiac function in infarct-induced heart failure via

prevention of myocardial remodeling and limitation of

infarct size.

In summary, our study demonstrates for the first time that

the infarct-induced cardiac remodeling of the noninfarcted

myocardium is correlated with calpain I up-regulation in this

region, whereas calpain II was up-regulated earlier post

infarction in the infarcted (ischemic) region suggesting a

contribution of this enzyme to the myocardial tissue injury.

Long-term treatment with the L-type Ca2 + channel antago-

nist, amlodipine, attenuated calpain I up-regulation and

reduced myocardial fibrosis of the noninfarcted myocar-

dium implicating that this drug effectively protected the

heart against cardiac remodeling post infarction. In contrast,

chronic treatment with the L-/T-type Ca2 + channel antago-

nist, mibefradil, reduced calpain II up-regulation in the

infarcted myocardium and decreased infarct size. Thus, both

agents seems to positively influence pathological alterations

of the infarcted heart by limiting the calpain-associated

structural myocardial remodeling process via different path-

ways.
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