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Preface

Cardiac cell biology has come of age. This was evident at the
2001 ISHR World Congress where many studies addressed
fundamental questions of clinical cardiology at the cellular
level. Papers included in this focused issue of MCB are based
on selected abstracts that have made use of cutting edge tech-
nological advances and a plethora of specialized reagents to
allow the study and understanding of heart cells to an unprec-
edented level.

Recognition of activated or modified signaling molecules
by specific antibodies, new selective inhibitors and fluores-
cent fusion tags are but a few of the tools used to dissect
signaling pathways and cross-talk mechanisms that may
eventually allow rational drug design. Thus Markou et al.
delineated the relationship between purinergic stimulation of
adult cardiomyocytes and components of MAPK pathways,
as well as their link to cPLA2 activation. Ellis et al., in a se-
ries of elegant experiments, provided evidence that CaM
kinase II C phosphorylates (and thus ‘inactivates’) the chap-
erone protein 14-3-3, resulting in the return of histone de-
acetylase in the nucleus, formation of a complex with the
transcription factor MEF-2, and thus silencing its transcrip-
tion in smooth muscle cells. Bayer et al. reported distinct
autophosphorylation patterns for different PKC isoenzymes
supporting the notion that each isozyme may play different
roles in the development of left ventricular hypertrophy and
heart failure.

Understanding the regulation of cardiac hypertrophy in all
its complexity remains a fundamental goal of cardiac re-
search. Tsoporis ef al. have studied the hypertrophic response
in cultured cardiomyocytes and the role of the calcium bind-
ing proteins S100A1 and S100B. They propose an intrigu-
ing model where down regulation of S100A1 is required to
allow early induction of hypertrophic genes subsequent to
injury, including S100B, an intrinsic negative regulator of the
hypertrophic response. Using a genetic rat model (SHHF-fa*)
Radin et al. report that obesity, secondary to leptin resist-
ance in homozygous (cp/cp) rats resulted in increased salt
sensitivity mediated by endothelin. An elegant analysis of the
metabolic profile of the hypertensive heart is presented by
Vincent ef al. who by combining ex vivo semi-recirculating

working perfused heart with 3C substrates and mass iso-
topomer analysis by gas chromatography-mass spectrometry,
describe specific metabolic changes that resemble metabolic
alterations reported in cardiac patients.

Since the advancement of adenovirally mediated gene
transfer, transfection efficiency is no longer a limiting factor
in the study of cardiomyocytes. Fan et al. were thus able to
deliver a mini-gene expressing mutated L-type calcium chan-
nel subunits to modulate EC-coupling in adult cardiomyo-
cytes, while Tian et al. used expression of dominant-negative
Ras gene to establish the link between ouabain, activation of
p42/44 MAPKSs and increasing [Ca*].

A limiting factor in considering cell transplantation as a
strategy to repair the damaged heart is cell availability at the
right time. Studies such as those by Yokomuro et al., who
report on optimal conditions and feasibility of cardiac myo-
cyte as well as cardiac tissue cryopreservation provide the
groundwork for making heart cell transplantation a practical
approach.

Cardiac gap junctions, intercellular communication chan-
nels that allow electrical and metabolic coupling and play an
important role in arrhythmogenesis are now understood to be
exquisite sensors of cardiac change. Thanks to the benefits
of confocal microscopy this is beautifully illustrated by
Kostin et al. who report that focal disorganization of gap junc-
tion distribution and downregulation of connexin-43 are typi-
cal features of myocardial remodeling in patients with dilated,
ischemic and inflammatory cardiomyopathies. Comparative
studies of the distribution of the major connexin species by
Coppen et al. point to significant similarities between the
developing mouse and human hearts and strengthen support
for the use of transgenic mouse models to study anatomical
substrates of arrhythmias. Finally, a non-channel depend-
ent, growth regulating role for the C-terminal fragment of
connexin-43 is proposed by Dang et al., introducing the pos-
sibility of direct nuclear signaling by connexins.

I'would like to take the opportunity to thank all the authors
for their contribution and hope that you, the reader, will share
in our enthusiasm for all the papers presented in the present
issue.

Elissavet Kardami

Institute of Cardiovascular Sciences
Winnipeg, Manitoba

Canada
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Decoy calcium channel beta subunits modulate
contractile function in myocytes

Q. Ivy Fan, Kathleen M. Vanderpool, Jessica O’Connor and
James D. Marsh

Program in Molecular and Cellular Cardiology, Department of Internal Medicine, Wayne State University School of
Medicine, Detroit, MI, USA

Abstract

To test the hypothesis that mutated B2-subunits of the L-type calcium channel could serve as a decoy and interdict calcium
channel trafficking and function, we engineered a B2 subunit that contained the B interaction domain for alc subunit interac-
tion, but lacked N- and C-terminal domains that might be essential for sarcolemmal localization. An adenoviral vector was
constructed containing the gene for the B-interaction domain (BID) fused to green fluorescence protein (GFP), using a vector
containing only GFP as control. Freshly plated, dissociated adult rat myocytes were infected and expression and function were
assessed at 60 h. Fluorescence microscopy confirmed GFP expression; immunoblot analysis confirmed dose-dependent GFP-
BID expression. Mechanical properties of adult rat ventricular myocytes were evaluated using a video edge-detection system.
Contractility analysis (optical/video, field stimulation) demonstrated that contracting cells decreased from 60 to 2%. Contractile
amplitude (percent shortening) decreases significantly from 5.6 vs. 2.4% with no change in time to peak twitch. Recombinant
adenovirus overexpressing mutated 32 subunits in adult mammalian myocytes can markedly alter excitation-contraction cou-
pling. This paradigm may offer new approaches to understanding and modulating EC coupling. (Mol Cell Biochem 242: 3-10,
2003)

Key words: calcium channel, beta 2 subunit, cardiac myocytes, contractility, adenoviral vector, fusion protein

Introduction

The L-type voltage-dependent calcium channel, also known
as the DHP (dihydropyridine) receptor, in the cardiovascu-
lar system is an important component of excitation-contrac-
tion coupling of contracting cells. Numerous drugs have
been developed to modify function of this channel for the
treatment and prevention of coronary artery disease, cardiac
arrhythmias, hypertension and stroke. The channel is a hetero-
multimeric protein that includes the a1, - and a28 subunits.
Although the a1 subunit is the primary protein forming the
ion pore of the channel, the other subunits are necessary for
fully physiologically functional calcium channels. It has
been widely reported that co-expression of the auxiliary
subunits, B- and .28, promote the membrane localization

of the calcium channel, and influence the gating properties
of the channel [1, 2].

Co-expression of the B subunit with the ol subunit in-
creases current density and affects the kinetics of the cur-
rent; the B subunit increases the number of channels in the
sarcolemma as well as having modulatory effects on gat-
ing of the channel [3-5]. It is likely that the B subunit might
serve as a chaperone protein and is necessary for correct
folding of the a1 subunit and insertion into the cell mem-
brane. Recently, it has been reported that in neurons there
is an endoplasmic reticulum retention signal within the I-
I loop of the a1 subunit that severely restricts the plasma
membrane incorporation of a1 subunit. The B subunit re-
verses the inhibition imposed by the retention signal of the
ol subunit [6]. Thus, we postulate that structural alterations

Address for offprints: J.D. Marsh, Program in Molecular and Cellular Cardiology, Wayne State University School of Medicine, 421 East Canfield Avenue,

Detroit, MI 48201, USA (E-mail: jmarsh@intmed.wayne.edu)



Fig. 1. Schematic diagram of the hypothesis that overexpression of the BID
fragment will interfere with the endogenous B subunit interaction with the
o1 subunit. This will reduce the number of functional calcium channels in
the sarcolemmal membrane without interference with calcium channel ki-
netics.

of the B subunit that affect its chaperone function will sub-
sequently affect the targeting of the calcium channel to the
sarcolemma. However, to this point, the effect of structural
alterations of B subunits on calcium channel function and
excitation-contraction coupling has not been reported.

It has been thought that the predominant isoform of the 3
subunit in heart was 2. Colecraft et al. [7] have reported that
in cardiac myocytes, B2 subunits localize to the plasma mem-
brane. It has been reported that there is a protein domain
within the B subunit, B-interacting domain (BID) [8], which
physically interacts with a1 subunit. Other domains of the 3
subunit serve other functions [2, 9-12]. It appears that the
amino acid sequences (Cys3Cys4 & SH3) of the B2A subunit
are responsible for its membrane association characteristics.
Mutation of these residues abolishes sarcolemmal membrane
localization in tsA201 cell and COS 7 cell [13, 14]. Although
B subunit function has been investigated in heterologous ex-
pression system, in model system and neurons, its function
in cardiac myocytes is less well understood.

This study tests the hypothesis that overexpression of a
mutated B2 subunit (BID fragment) will reduce the number
of functional calcium channels localizing to the sarcolemmal
membrane in adult cardiac myocytes (Fig. 1). We postulate
that a decrease in the number of the calcium channels in the
cell membrane will cause a decrease in the calcium influx that
will subsequently reduce the cell’s contraction in systole.

Materials and methods
Producing the adenoviral vector carrying the BID gene

Adenovirus preparation was based on the methods described
by He et al. [15]. The cDNA for the B2A subunit was a gen-

erous gift of Dr. Perez-Reyes [18]. Briefly, cDNA encoding
the BID fragment (bp 857—1177) was cloned into pEGFP-C1
vector (Clontech). The BID is in frame with green fluorescence
protein (GFP), and in the fusion protein it is localized at the
C-terminal of the GFP. ACMYV promoter drives fusion protein
expression (Fig. 2A). The CMV-GFP-BID DNA fragment was
subcloned into the p-Shuttle vector. A CMV-GFP DNA frag-
ment (lacking any B subunit construct) was also subcloned into
a p-Shuttle vector to construct a control virus. After recombi-
nation of the shuttle vector and the pAdEasy viral backbone
vector in BJ5183 cells, the viral DNA was transfected into
HEK?293 cells by using the FuGene 6 reagent (Roche). Sub-
sequently, adenoviruses were amplified in HEK293 cells and
purified by a CsCI2 gradient. The number of the viral parti-
cles was determined spectrophotometrically at 260 A.

Isolation and culture of adult cardiac myocytes

Ventricular myocytes were isolated from adult male Sprague—
Dawley (S/D) rats and plated on cover slips coated with
laminin as described previously [16]. Briefly, young male
S/D rats were anesthetized, the heart was dissected out and
perfused with calcium-free solution and subsequently with
trypsin and collagenase. The ventricle was then minced and
further digested with collagenase (shaking at 37°C for 30 min).
After passing the mixture through gauze mesh to eliminate any
undigested tissue, the myocytes were gradually brought back
to normal calcium concentration (10~ M) and suspended in cul-
ture medium. The cells were plated on laminin-coated cover-
slips.

Immunoblot analysis

The immunoblots were carried out by conventional methods
as we have previously described [16, 17]. The anti-GFP an-
tibody was purchased from Invitrogen.

Myocyte contractility

Mechanical properties of cultured ventricular myocytes were
assessed using a video based edge-detection system (Cres-
cent Electronics, Sandy, UT, USA). In brief, coverslips with
myocytes attached were placed in a chamber mounted on the
stage of an inverted microscope and perfused with buffer (pH
7.4) containing 1 mM Ca?, other ions and glucose. The cells
were field stimulated with a suprathreshold voltage at a fre-
quency of 0.5 Hz for 3 msec. A video-based edge-detector
was used to capture and convert changes in cell length dur-
ing shortening and relengthening into an analogue voltage
signal (IonOptix, Milton, MA, USA) which was subsequently
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Fig. 2. Immunoblot analysis. (A) Schematic diagram of the constructs for

GFP alone and the GFP-BID fusion protein. (B) Cardiac myocytes infected
with adenovirus carrying GFP, or with increasing doses of virus carrying
GFP-BID. One dose of GFP-BID equals [ x [0 viral particles. Primary
antibody is anti-GFP. The predicted molecular weight is 30 kD for GFP,
and 42 kD for the fusion protein GFP-BID.

analyzed with pClamp software. Cell shortening and re-
lengthening were assessed using the following indices: peak
twitch amplitude (PTA), time-t0-90% PTA (TPT90), time-to-
90% relengthening (TR 90), maximal velocities of shorten-
ing (+dL/dt) and relengthening (—dL/dt).

Data analysis
Data are presented as mean + S.E.M. Statistical significance

for each variable was estimated by ANOVA followed by a
Newman—Keuls test.

Materials
All chemicals and media used in this study were purchased

from Sigma except as indicated. The restriction enzymes used
for DNA cloning were purchased from Invitrogen and NEB.

Results

Production of adenoviruses that express a decoy f subunit

Ventricular myocytes from adult rat were used to express the
control and decoy (experimental) genes (GFP or GFP-BID).
Two h after isolation, the myocytes were infected with in-
creasing amounts of an adenovirus carrying the gene for GFP

5

or GFP-BID fusion protein. Adenovirus dosage was -8 x
10? particles for each well/6 well dish. Sixty h after infection,
fluorescence microscopy and immunoblot analysis were used
to confirm successful viral infection.

Immunoblot analysis was used to confirm expression of
the specific protein; the anti-GFP antibody was used. The ob-
served molecular weights of 30 and 42 kD are consistent with
our predicted molecular weights for GFP and GFP-BID re-
spectively. Additionally, there is a dose-dependent increase
in protein expression with increased amount of the adenovi-
rus used in the experiments (Fig. 2B). Using the anti-BID an-
tibody, immunoblot analysis showed that the decoy B subunit
was expressed at a much higher level compared to endog-
enous wild type 3 subunits in infected myocytes (data not
shown). Thus, overexpression of a potentially dominant nega-
tive decoy protein was achieved.

To test our hypothesis, we need evidence that the truncated
3 subunit, BID, does not have the ability to localize to the
cell membrane but rather remains in the cytoplasm. Immuno-
cytochemisty with an anti-f3 antibody will show the location
of the exogenous B mutant, but it will also recognize the
endogenous wild type B subunit which might well be located
in the cell membrane. To eliminate interference by the endog-
enous P subunit, we created a fusion protein by conjugating
the EGFP ¢cDNA with the cDNA fragment encoding BID.
This allowed us to track the exogenous 3 subunit protein’s
intracellular location by looking for GFP-BID with fluores-
cence microscopy.

Fluorescence microscopy demonstrated that the fusion
protein GFP-BID was restricted to the cytoplasmic compart-
ment. This distribution pattern is similar to that of the con-
trol protein, GFP, that is known as a cytoplasmic protein [19].
Paralleling what we have observed from the immunoblot,
there is a dose dependent increase in the number of the green
cells as well as a dose dependent increase in the intensity of
green color in individual cells (Fig. 3).

Effect of overexpression of GFP-BID on myocyte shortening

Myocytes were electrically stimulated to contract at 0.5 Hz
under isotonic conditions in a physiological buffer. In the GFP
control group, about 60% of the myocytes contract in re-
sponse to the electrical stimulation. However, for myo-
cytes infected with the vector expressing the GFP-BID
construct there was a dose-dependent decrease in percent
of the cells that could be stimulated to contract. At the
highest dosage, there were only 2% cells still contracting
regularly (Fig. 4).

The average resting cell length (CL) of ventricular myo-
cytes was 105 = 5 um. In the myocytes infected with GFP
virus, peak twitch amplitude (PTA) in response to electrical
stimulation after normalization to CL (PTA/CL) was 5.6 £
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Fig. 3. Green fluorescence detection of gene expression in cultured ventricular myocytes. Photomicrographs were taken 60 h after infection with the adeno-
virus. Left panels show bright field view of cardiac myocytes and right panels show fluorescence image of the same cells (100x).

0.5%. Of note, PTA/CL is similar to that we have previously
reported for noninfected cells, excluding a major contractil-
ity effect of GFP alone [20]. There is a dose-dependent de-
crease in PTA among the myocytes which have been infected
with the GFP-BID virus. At the highest dose (8 x 10° viral
particles), the PTA/CL was 1.9 = 0.1%. Overall, there was a
significant reduction of the shortening ability in myocytes
infected with GFP-BID virus with 42 + 3.8% (p < 0.05) in
1% dose virus group to 66 + 5% (p < 0.05) in 8% dose group
(Fig. 5A). Normal time-to-90% peak twitching (TPT90) (Fig.
5B) was observed. This suggests that although trigger cal-
cium may be decreased, the kinetics of calcium release from
the sarcoplasmic reticulum is not altered. With depressed
PTA and normal TPT90, all groups showed a significant re-

duction in the maximum velocities of shortening except for
the lowest dose group (Fig. 5C).

Relaxation kinetics was also altered by overexpression of
the decoy [ subunit. At the 4x and 8% dosage of virus infec-
tion, the time to 90% relaxation (TR90) was increased (Fig.
6A) and the maximal velocity of relaxation (—dL/dt) was de-
creased in a dose-dependent manner (Fig. 6B).

Discussion
There are several novel and important findings of the present

study. First, we demonstrate that in cardiac myocytes it is pos-
sible to over express L-type calcium channel B subunits that



Fig. 4. Percentage of cells contracting in response to field stimulus after
60-h infection with adenoviral vector containing the gene for either GFP or
GFP-BID fusion protein. The percentage of contracting cells expressing GFP-
BID is significantly decreased in a dose-dependent manner when compared
to cells expressing the control construct, GFP alone.

are mutated and do not localize to the sarcolemmal membrane.
The adenovirally-mediated delivery of subunits is efficient,
with dose-dependent subunit and GFP expression in essentially
100% of adult myocytes. The second novel finding is that when
the mutated subunit is overexpressed, there are important func-
tional consequences. Normal excitation-contraction coupling
is affected in a gene dose-dependent manner. There is a decline
in cell contractility that is specific for the process dependent
on calcium entry through the L-type channel; there is no dis-
ruption in kinetics of contraction or relaxation, which are
largely dependent on function of proteins of the sarcoplasmic
reticulum: the ryanodine receptor, sarco(endo)plasmic reticu-
lum calcium ATPase and phospholamban. Thus the BID mini-
gene is a very sharp probe of E-C coupling.

B Subunits are a heterogenous group of proteins; at least
four genes have been identified encoding B subunits: 1 [21—
23], B2 [16], B3 [24] and B4 [25]. All the B subunits share some
degree of homology in their central core sequence, especially
at the BID which interacts with the ol subunit [8]. The
unique N-terminal and C-terminal regions of each isoform
make them functionally different from each other. Research-
ers in the Dolphin laboratory studying dorsal root ganglia
have described the negative consequences of depletion of 8
subunits in neurons [26]. When a 26 bp antisense DNA for 3
subunits was microinjected into individual cells, there was a
reduction in maximum calcium current amplitude of 47% and
shift in the activation curves [26]. Furthermore, alteration of
the expression of B subunits has been reported in human dis-
eases. A recent study by Hullin’s group showed that in cardiac
allografts demonstrating diastolic failure related to alteration

% of changes

% of changes

Fig. 5. Cell contractility. (A) Peak cell shortening after normalization by
cell length (PTA/CL). Cells expressing GFP-BID show a significant dose-
dependent decrease in contractility when compared to cells expressing only
GFP. (B) Time to 90% peak twitch (TPT90). Cells expressing increasing
levels of GFP-BID show no significant change in the time they take to reach
90% peak twitch when compared to cells expressing only GFP. (C) Maxi-
mal velocity of contraction (+dL/dt). Cells expressing GFP-BID show a
significant, dose-dependent reduction in the velocity of contraction when
compared to cells expressing GFP alone. *p < 0.05; comparison between
the GFP and individual GFP-BID group; n = 25-33 for each group.

of the calcium handling, down regulated expression of the
subunit might have contributed [27]. Conversely, in hyper-
trophic obstructive cardiomyopathy where systolic function
is supranormal, an increase in the expression of the 8 subunit
has been reported [28].

Among all the B subunits, 32 subtype is the most abundant
form in the heart. It is also the isoform that physically inter-
acts with the a.lc subunit to form the L-type calcium chan-
nel [29]. Alternative splicing of the B2 subunits has also been
reported. At least two splicing forms of the 32 subunit have
been cloned from heart tissue, B2A and 2B, and a third splic-



Fig. 6. Cell relaxation. (A) Time to 90% relaxation (TR90). Cells express-
ing GFP-BID show increase in the TR90, especially significant in the higher
dosage group. (B) Maximal velocity of relaxation (—dL/dt). Myocytes ex-
pressing GFP-BID show a dose-dependent decrease in the relaxation speed.
*p < 0.05; **p < 0.01, comparison between the GFP and individual GFP-
BID group.

ing form 2C has been observed in brain and heart tissue. The
two cardiac 32 isoforms are different in that 2B has an ad-
ditional 28 amino acids at the N-terminal of the protein [29,
30]. Although structurally B2 A subunit is predicted to be a
hydrophilic protein, in tsA201 cells expression of B2A alone
showed a membrane distribution [31]. A recent study showed
that the predominant isoform of 3 subunit in rat heart is 2C,
which differed from the B2A subunit by substitution of the
first 16 amino acids with a different 67 amino acid sequence
[32]. The alteration is due to alternative slicing of the gene.
To date, membrane localization of the expressed 2 subunit
has not been extensively studied in adult cardiac myocytes.
As predicted from physiological studies we also observed
similar phenomenon when we expression of GFP-B2A (wild
type) protein in cardiac myocytes. The fusion protein locates
to the membrane rather than remaining in the cytoplasmic
compartment as the GFP-BID (data not shown).

The current study shows there is a dose-dependent increase
in the GFP-BID fusion protein expression (Figs 2B and 3)
in cardiac myocytes. The mutated 3 subunit competes with
endogenous wild type B2 subunits and binds with the al1C
subunit. Therefore, with more GFP-BID being expressed
within the cells, less a.1C subunit will be correctly folded and
inserting into cell membrane (Fig. 1). Accordingly, we would

predict less calcium influx during depolarization. This results
in depressed PTA (Fig. 5A).

What domain(s) of the § subunit are essential for sarco-
lemmal localization? GFP-tagged full length § subunit over-
expressed in myocytes do localize the sarcolemma, and if just
the C-terminal portion, up to the BID is deleted, excellent sar-
colemmal localization is also observed (data not shown).
Thus, presence of the N-terminal domain appears to the nec-
essary for sarcolemmal localization.

The changes in TR90 and —dL/dt indicated a significantly
slower relaxation of the myocytes infected with higher dos-
age GFP-BID virus (Fig. 6). These two parameters are related
to calcium removal from the cytoplasmic compartment. Cal-
cium efflux is through the sodium-calcium exchanger (NCX)
while calcium sequestration into the sarcoplasmic reticulum
is carried out by sarcoplasmic reticulum Ca-ATPase (SERCA)
[33—35]. The diminished relaxation velocity would be ex-
pected for myocytes with decreased cytosolic calcium con-
centration, as we and others have observed in the presence
of blocked or down-regulated calcium channels [36, 37].
With diminished [Ca*], there are altered gradients for both
SERCA and for NCX. Altered expression of genes encoding
these calcium regulatory proteins, which is an part calcium
dependent, cannot be excluded.

Clinically, calcium overload has been described in several
disease conditions such as in diastolic heart failure and myo-
cardial ischemia, and organic calcium channel blockers have
been widely used for the treatment of hypertension, cardiac
arrhythmia, and myocardial ischemia. The molecular approach
to modulation of calcium channel expression and function
may offer a number of substantial advantages over pharma-
cological blockade of calcium entry. For instance, strategies
can be developed to modify calcium channel expression and
function to the immediate environment of specific myocytes
in the myocardium or atrio-ventricular node. As an example,
a hypoxia response element can be engineered into the pro-
moter of a therapeutic gene so that gene expression could
respond to conditions of hypoxia or ischemia, two important
arrhythmogenic triggers.

In summary, we now show for the first time in an adult
mammalian cardiac myocytes that an adenovirus can deliver
a mini-gene encoding a § subunit that can function as a de-
coy and alter excitation-contraction coupling. The mutated
B subunit localizes to the cytosol and its expression can be ti-
trated by altering viral dose to produce a graded physiological
effect.
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Importance of Ca?* influx by Na*/Ca** exchange
under normal and sodium-loaded conditions in
mammalian ventricles
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Abstract

Na*/Ca* exchange (NCX) is a major Ca?* extrusion system in cardiac myocytes, but can also mediate Ca’* influx and trigger
sarcoplasmic reticulum Ca?* release. Under conditions such as digitalis toxicity or ischemia/reperfusion, increased [Na*], may
lead to a rise in [Ca®*], through NCX, causing Ca** overload and triggered arrhythmias. Here we used an agent which selec-
tively blocks Ca?* influx by NCX, KB-R7943 (KBR), and assessed twitch contractions and Ca®* transients in rat and guinea
pig ventricular myocytes loaded with indo-1. KBR (5 pM) did not alter control steady-state twitch contractions or Ca®* tran-
sients at 0.5 Hz in rat, but significantly decreased them in guinea pig myocytes. When cells were Na*-loaded by perfusion
of strophanthidin (50 uM), the addition of KBR reduced diastolic [Ca®*], and abolished spontaneous Ca** oscillations. In
guinea pig papillary muscles exposed to substrate-free hypoxic medium for 60 min, KBR (10 pM applied 10 min before
and during reoxygenation) reduced both the incidence and duration of reoxygenation-induced arrhythmias. KBR also en-
hanced the recovery of developed tension after reoxygenation. It is concluded that (1) the importance of Ca** influx via
NCX for normal excitation-contraction coupling is species-dependent, and (2) Ca?* influx via NCX may be critical in caus-
ing myocardial Ca?* overload and triggered activities induced by cardiac glycoside or reoxygenation. (Mol Cell Biochem
242: 1117, 2003)

Key words: myocytes, Na*/Ca?* exchange, sarcoplasmic reticulum, arrhythmia

Introduction

Na*/Ca?* exchange (NCX) is the main mechanism of Ca?*
extrusion from cardiac myocytes [1]. Indeed, depending on
the species, NCX can compete with the sarcoplasmic reticu-
lum (SR) Ca**-ATPase to make a significant contribution to
cardiac relaxation. For example, in rabbit ventricular myo-
cytes Ca?" extrusion by NCX is responsible for ~ 25% of
twitch relaxation, but this number is only ~ 7-8% in rat ven-
tricular myocytes. Compared to the sarcolemmal Ca**-AT-
Pase, NCX is typically ~ 10 times more potent in extruding
Ca? from the cell during both rest as well as during contrac-
tion and relaxation.

Less quantitative information is available concerning Ca?*

influx via NCX. Based on thermodynamic considerations and
mathematical modeling, Ca** influx via NCX is most likely
to occur during the very early phase of the action potential
[1]. Under normal conditions, the total amount of Ca?*, which
enters NCX, is rather small. However, when intracellular Na*
concentration ([Na*]) increases during Na*/K* ATPase inhi-
bition or during ischemia/reperfusion, much greater amounts
of Ca? can enter the cell via NCX [1, 2].

While the total amount of Ca** entry via NCX during the
action potential may be small, there is evidence to suggest
that this Ca?* entry may be sufficient to trigger SR Ca?* re-
lease [3-9]. This could be due to either the direct effect of
depolarization on the driving force for Ca** entry via NCX
[5-9] or secondary to Na* channel current (I, ) and the local
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rise in subsarcolemmal [Na*], [3, 4]. However, the physiologi-
cal relevance of this mode of SR Ca?* release is controver-
sial [10, 11].

KB-R7943 (KBR) is an agent which has been reported to
preferentially block the Ca?* influx mode of the cardiac NCX
rather than the Ca? extrusion mode at the range of 1-10 pM
[12—14]. We have clarified that KBR at the concentration of
5—10 uM can be used as a specific inhibitor of the Ca®" in-
flux mode of NCX in rat ventricular myocytes and in guinea
pig papillary muscles [15, 16]. Although the many aspects
of its inhibitory properties remain controversial, we exam-
ined the effects of KBR in mammalian ventricles to clarify
the importance of Ca* influx via NCX in excitation-contrac-
tion (E-C) coupling under normal twitch contractions, and in
Na*-loaded condition induced by cardiac glycoside and hy-
poxia/reoxygenation.

Materials and methods
Preparation of ventricular myocytes

This investigation conforms with the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health. Ventricular myocytes were isolated from
male Sprague—Dawley rats (200 ~ 240 g) or female guinea
pigs (300 ~ 400 g) and were loaded with indo-1 acetoxy-
methyl ester (indo-1 AM) at room temperature as described
previously [2, 17]. A small aliquot of myocytes was placed
in an experimental chamber mounted on the stage of an in-
verted microscope (TMD, Nikon, Tokyo, Japan) and per-
fused with the solution containing (in mM) NaCl 137, KCl
4,MgSO, 1.2, glucose 10, N-2-hydroxyethylpiperazine-N’-
2-ethanesulfonic acid (HEPES) 10, CaCl, 1.5, with pH ad-
justed to 7.4 with NaOH. The myocytes received bipolar field
stimulation through platinum electrodes at 0.5 Hz.

Apparatus

Intracellular [Ca**] ([Ca*]) was measured from indo-1 flu-
orescence of myocytes excited at 340 nm and detected at
405 and 485 nm. The 405/480 nm fluorescence ratios after
subtraction of corresponding backgrounds were used to in-
dicate changes in [Ca*].. Cells were simultaneously trans-
illuminated with red light (> 600 nm), and contractions were
measured using a linear image sensor and the edge detection
system (Hamamatsu Photonics, Hamamatsu, Japan).

Papillary muscle preparations

Papillary muscles were obtained from the right ventricles of
guinea pig heart following the method previously reported

[18]. Thin papillary muscles were dissected in oxygenated
modified Krebs solution (pH 7.4) of the following composi-
tion (in mM): NaCl 113.1, KCI 4.6, CaCl, 2.45, MgCl, 1.2,
NaHCO, 21.9, and glucose 10. The muscle was mounted in
a Perspex bath perfused with oxygenated modified Krebs
solution at 37 + 0.2°C. The mural end of the muscles was
clamped, and the tendinous end was tied by a short length of
silk thread to a stainless steel rod to measure isometric ten-
sion. The length of the muscle was adjusted until the resting
tension was 50—100 mg. Stimuli (1 Hz) were applied to the
basal part of the preparation through a bipolar Ag-AgCl elec-
trode. The tension was displayed on a storage oscilloscope
(model 5113, Tektronix, Tokyo, Japan) and recorded on a pen
recorder (model WS-641G, Nihon Kohden, Japan) and on a
digital audiotape recorder (model RD-120T, TEAC, Japan).

Reagents and solutions

2-[2-[4-(4-nitrobenzyloxy)phenyl]ethyl] isothiourea me-
thanesulfonate (KB-R7943) was generous gift from the New
Drug Research Laboratories, Organon Ltd. (Osaka, Japan).
Indo-1 AM was supplied by Molecular Probes. These rea-
gents were used from stock solutions in ethanol or DMSO.
All other chemicals were purchased from Sigma (St. Louis,
MO). Final [DMSO] at 5 or 10 pM KBR was < 0.1%.

Statistical analyses

Results were expressed as means * S.E. for the indicated
number (n) of isolated myocytes. Statistical analyses were
performed using Student’s ¢-test. The probability was con-
sidered significant atp < 0.05.

Results

Effects of KBR on steady-state (SS) twitches and Ca**
transients in rat and guinea pig ventricular myocytes

Figure 1A shows simultaneous recordings of twitch cell
shortening and Ca?* transient during SS stimulation at 0.5 Hz
in rat ventricular myocytes. The Ca?* transients and contrac-
tions were obtained during control conditions and 8 min af-
ter the application of 1 and 5 uM KBR, respectively. Figures
1B and 1C summarize the changes in SS twitch cell shorten-
ing and Ca*" transient amplitude. KBR up to 5 pM did not
significantly affect either SS twitch contractions or Ca?* tran-
sients.

Figure 2A represents recordings of twitch cell shortening
and Ca? transient during SS stimulation in guinea pig ven-
tricular myocytes. Figures 2B and 2C indicate the changes



Fig. 1. Effects of KB-R7943 (KBR) on steady-state (SS) twitch contrac-
tions and Ca?* transients in rat ventricular myocytes. (A) Representative
examples of five SS twitch contractions and Ca** transients under control
condition and during the perfusion of KBR at room temperature. Twitch
contractions (upper) and Ca?* transients (lower) were recorded simultane-
ously in an indo-1-loaded myocyte. (B and C) The summary data of twitch
cell shortenings (B) and Ca? transient amplitudes (C) before (Control) and
after application of 5 uM KBR (KBR). KBR up to 5 uM did not affect ei-
ther cell shortening or Ca?* transient amplitude. Data are means + S.E. from
12 paired experiments.

in SS twitch cell shortening and Ca?" transient amplitude. In
guinea pig, KBR at 1 uM did not produce significant effects,
but at 5 pM, it did reduce both SS twitch contractions and
Ca?* transient amplitudes.

Effects of KBR under Na*-loaded conditions

Inhibition of Na*/K* ATPase by cardiac glycosides leads to
an increase in [Na*], which can lead to increased [Ca*], via
NCX and thereby can induce a positive inotropic effect or even
Ca?* overload and arrhythmias [1]. We previously showed that
strophanthidin increased the basal [Ca®*]. and amplitude of
Ca®" transients as [Na'], rose, and when arrhythmias occurred
the amplitude of Ca®* transients decreased while [Na*], and
basal [Ca*], continued to increase [19]. The increase in Ca™
in response to increased [Na]. can occur by either limiting
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Fig. 2. Effects of KBR on SS twitch contractions and Ca** transients in
guinea pig ventricular myocytes. (A) Representative examples of five SS
twitch contractions and Ca?* transients under control condition and during
the perfusion of KBR at room temperature. Twitch contractions (upper) and
Ca?* transients (lower) were recorded simultaneously in an indo-1-loaded
myocyte. (B and C) the summary data of twitch cell shortenings (B) and
Ca? transient amplitudes (C) before (Control) and after application of 5 uM
KBR (KBR). In guinea pig, KBR at 1 uM did not change either cell short-
ening or Ca®* transient amplitude, but at 5 pM it decreased them. Data are
means * S.E. from 5 paired experiments. *p < 0.05 vs. Control.

Ca® efflux via NCX or if [Na*]. is high enough producing
net Ca?* influx via NCX. Here we used KBR to examine the
role of Ca?* influx via NCX in the positive inotropic and
arrhythmogenic effects of strophanthidin in rat ventricular
myocytes.

Figure 3 shows representative records of cell shortening
and Ca?" transient during SS 0.5 Hz stimulation before and
during application of 50 uM strophanthidin. The addition of
strophanthidin increased both twitch contraction and Ca*"
transient amplitude, but then spontaneous contractile activi-
ties and [Ca?'], oscillations occurred at 8 min, indicative of
Ca** overload. The application of 5 pM KBR abolished the
spontaneous activity and partially restored diastolic [Ca*],
but the strophanthidin-induced inotropy remained largely
intact. The similar effects were obtained in 3 other cells,
which showed spontaneous activities and Ca®* oscillations
during strophanthidin application.
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Fig. 3. Effects of KBR on strophanthidin-induced inotropy and arrhythmia
in a rat ventricular myocyte. Simultaneous records of SS twitch contrac-
tions (upper) and Ca?* transients (lower) in a cell exposed to 50 uM
strophanthidin. After spontaneous activities appeared, 5 uM KBR was added
under the continuous presence of strophanthidin. KBR abolished the spon-
taneous activities and reduced diastolic [Ca™], but did not reverse the ino-
tropic effect of strophanthidin. (Modified from Satoh et al. (15)).

These results indicate that the Ca® influx via NCX is not
so important for the positive inotropic effect of strophantidin
per se in rat ventricular myocytes. However, Ca* influx via
NCX may be critical in causing the transition to Ca** over-
load in response to elevated [Na*].

Effects of KBR on reoxygenation-induced arrhythmias

Finally, the protective effects of KBR on reoxygenation-in-
duced injuries were examined in guinea pig papillary mus-
cles. In the control experiments, the muscles were perfused
for 60 min with the substrate-free hypoxic modified Krebs
solution which was achieved by gassing the glucose-free
modified Krebs solution with 95% N, /5% CO,, and then re-
oxygenated with the control modified Krebs solution gassed
with 95% O,/5% CO,. The muscles were stimulated at 1 Hz
during the hypoxic period and after reoxygenation. During
hypoxia, there was a substantial decline in developed tension
and an increase in resting tension. Within minutes of subse-
quent reoxygenation, arrhythmic activities, which were asso-
ciated with the occurrence of aftercontractions, were elicited.
After the disappearance of arrhythmias, developed tension
and resting tension recovered to various degrees.

In the control hypoxia/reoxygenation experiments, all of
9 muscles showed reoxygenation-induced arrhythmias dur-
ing the 0—5 min reoxygenation period. When KBR (10 uM)
was applied from 10 min before reoxygenation, 5 of 9 mus-
cles were exempt from reoxygenation-induced arrhythmias.

Table 1. Effects of KBR on reoxygenation-induced arrhythmias and on
contractile parameters after reoxygenation in guinea pig papillary muscles

Control KBR
Averaged duration of arrhythmias (sec) 72+ 14 16+ 11*
Amplitude of aftercontraction (%) 14£1 e
Recovery of developed tension (%) 69+3 83 4%
Increase in diastolic tension (mg) 112£15 109+ 16

Data are means + S.E. from 9 muscles in each group. All of 9 control mus-
cles and 4 of 9 muscles treated with KBR (10 uM) showed reoxygenation-
induced arrhythmias. The amplitude of aftercontraction was expressed as
% of preceding developed tension at 5 min reoxygenation. The recovery
of developed tension was estimated as % of developed tension at 30 min
reoxygenation against that at pre-hypoxia. The increase in diastolic tension
indicates difference in diastolic tension between pre-hypoxia and 30 min
after reoxygenation. *p < 0.05 vs. Control.

Although the reduction of the incidence of reoxygenation
arrhythmias by KBR did not reach the significant level, the
summed duration of arrhythmias was significantly shortened
by KBR (Table 1). KBR also improved the contractile per-
formance after reoxygenation. By the perfusion of KBR, the
ratio of the amplitude of aftercontraction to the preceding
developed tension at 5 min after reoxygenation was signifi-
cantly decreased, and the recovery of developed tension at
30 min after reoxygenation became greater. However, there
was no significant difference in the increase in diastolic ten-
sion at 30 min after reoxygenation (Table 1).

Discussion

Ca?* influx via NCX in normal condition; species
difference

Thermodynamic calculations indicate that, during the up-
stroke of the cardiac action potential, membrane potential
exceeds the reversal potential of the exchanger such that there
is a modest driving force favoring Ca®* entry into the cell. The
ability of Ca* influx mode of NCX to trigger SR Ca? release
was first reported by Berlin ef al. [20] in a Ca?*-overloaded
cardiac preparation. Leblanc and Hume [3] have also pre-
sented more direct evidence that Ca*" entry via NCX may
induce SR Ca* release. In this case, they suggested that tet-
rodotoxin-sensitive Na* entry might increase the subsarco-
lemmal [Na*], thereby activating Ca** entry via NCX and SR
Ca* release. This hypothesis was supported by other labo-
ratories [4, 21]. In addition, recent works have suggested that
voltage-dependent NCX may contribute to E-C coupling even
when I is inactivated [5-9].

Contrary, Sham et al. (10) have suggested that [ -associ-
ated [Ca”"], transient results from activation of Ca>* channels



during voltage escape. Sipido et al. [22] also exhibited that
the manipulating Na* influx through I, failed to modulate
the SR Ca?* release and suggested that I, modulates SR Ca**
release by affecting the Ca** load of the SR. They also as-
sumed in a mathematical model, that Ca?* entering via NCX
was only 25% as efficient as that via the L-type channel in
promoting Ca?' release from the SR [11]. This may be be-
cause NCX does not tightly couple with the SR Ca®* release
channel as L-type Ca*" channel does.

This controversy may be ascribed to several factors. First,
NCX function is temperature-dependent, such that lower
temperature tends to minimize the apparent contribution to
E-C coupling [8, 23]. In this regard, we previously indicated
that Ca2* entry via NCX has no significant role on E-C cou-
pling at both 23 and 36°C in rat myocytes [15]. Second, there
may be species difference in the contribution of NCX to E-
C coupling. A recent study using transgenic mice [24] has
found that after a treatment with nifedipine, the prominent
twitch Ca?* transients were preserved in the transgenic mouse
myocyte overexpressing NCX, whereas only small Ca* tran-
sients were seen in the wild type mouse myocyte. In contrast,
Adachi-Akahane et al. [25] reported that even with the three
fold increased density of I, the exchanger did not signifi-
cantly alter the SR Ca?* content and failed to trigger Ca**
release from the SR in the physiological voltage range. In this
study, we observed that KBR (5 pM) reduced the cell short-
ening and Ca?" transient amplitude in guinea pig myocytes,
significantly. Previous reports also exhibited negative ino-
tropic effects of KBR in rabbit and canine ventricles [26,
27]. Therefore, the importance of Ca? influx via NCX may
vary because of the difference in the level of expression of
the exchanger, action potential configuration and subsarco-
lemmal [Na'].

Ca?* influx via NCX in Na*-loaded condition: induction of
inotropy and Ca’* overload

1t is well known that the inhibition of the Na*/K* pump by
cardiac glycosides enhances contractility by increasing [Ca®],
through modified NCX activity. The steep relation between
intracellular Na* activity (aNa,) and developed tension was
first reported in cardiac Purkinje fibers [28]. We also dem-
onstrated in individual guinea pig myocytes that during the
inotropic phase of strophanthidin perfusion the increase in
the amplitude of Ca®>* transient is well associated with an
increase in [Na™], [19].

The small increases in [Na*], can have a large impact on
the balance of Ca** fluxes mediated by NCX. For example,
an increase of aNa, from 7-10 mM would shift the reversal
potential of NCX by ~ 30 mV in the negative direction. This
shift in the reverse potential of NCX (E,_ ) will shift the
competition between SR Ca** pump and NCX more in favor
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of the SR Ca?* pump during relaxation [1]. Even though there
was no net Ca?* influx via NCX, this may increase both the
diastolic [Ca?"], and the SR Ca® load, resulting in greater SR
Ca? release during twitch. Our result that KBR did not pre-
vent the strophanthidin-induced increase in twitch cell-short-
ening or the amplitude of Ca*" transient well agrees with this
idea. However, we have to remind other possible mechanisms
of the inotropic action of strophanthidin, such as an increase
in the activity of SR Ca?*" release channels [29] or an increase
in Ca? influx through Na* channels [30].

It has been shown that at high concentrations of cardio-
active steroids the positive inotropic action gives way to a
negative inotropic effect [1]. We previously showed that
when arrhythmic activities were induced by strophanthidin,
the Ca?* transient amplitude decreased in spite of the continu-
ous increase in diastolic [Ca?"]. and [Na*], [19]. When [Na'],
becomes high enough (~ 16 mM) by the perfusion of stroph-
anthidin, E, . goes below resting membrane potential caus-
ing net Ca® influx via NCX even at rest [1]. This influx can
induce SR Ca? release by overloading SR with Ca** (sponta-
neous Ca®* release) or by triggering Ca** release [1]. This
SR Ca? release raises [Ca?*]. thereby activating net Ca®"
extrusion via NCX and unloading the SR [1, 31]. The find-
ing that KBR abolished the spontaneous contractile activi-
ties and reduced diastolic [Ca*'], well predicts the Ca** gain
via NCX at these high [Na*]. levels. Thus, KBR could be
useful in limiting dysfunction and arrhythmias induced by
Ca?* overload, especially in those where NCX is implicated.

Ca?* influx via NCX in reoxygenation-induced
arrhythmias and in recovery of developed tension after
reoxygenation

There was a high incidence of arrhythmias on reoxygenation
after 60 min of substrate-free hypoxia. It is well known that
the SR overloaded with Ca?* causes the oscillatory Ca®* re-
lease and the resulting increase in [Ca®™], triggers transient
inward currents and delayed after depolarizations (DADs)
[18, 32, 33]. Although the detailed mechanism of Ca> over-
load on reoxygenation remains undefined, the massive and
rapid Ca?' influx via NCX is a candidate [2, 34, 35]. In this
study, KBR inhibited the reoxygenation-induced arrhyth-
mias and aftercontractions. The reduction of aftercontract-
jions could be due to the amelioration of SR Ca*" overload
[36].

We have shown that reoxygenation-induced arrhythmias
can be inhibited by various agents such as the Na* channel
blocker (tetrodotoxin), the L-type Ca** channel blocker (D-
600), the K* channel opener (nicorandil), and the SR Ca*
release channel inhibitor (ryanodine) [37]. However, the
mode of actions of KBR was obviously different from these
agents. For example, tetrodotoxin and nicorandil did not in-
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hibit the amplitude of aftercontractions. Although D-600
suppressed the amplitude of aftercontractions, the ratio to
developed tension remained unaffected. Ryanodine reduced
both, but also decreased the developed tension under normal
condition. The difference in the mode of action by KBR is
consistent with the suggested mechanism of the drug, that is,
the selective inhibition of the Ca?* influx via NCX. However,
KBR at 10 pM did not inhibit the arrhythmic activity com-
pletely. This finding raises the possibility that other routes of
Ca® influx during reoxygenation such as the L-type Ca*
channel and/or non-specific cation channel current might
contribute to Ca?* overload [38].

We also found that KBR significantly enhanced the post-
hypoxic recovery of developed tension. The lower degree of
the recovery of developed tension and diastolic tension seems
to relate to the cellular Ca®* load on reoxygenation [39]. There-
fore, reduced Ca?" influx via NCX by KBR could lead to the
amelioration of Ca?* overload and better contractile recov-
ery. However, there were no significant differences in the
increase in diastolic tension at 30 min after reoxygenation
between the control muscles and those treated with KBR. It
could be possible that other factors than [Ca*'], (e.g. deple-
tion of ATP) determine the recovery of diastolic tension [40].

In conclusion, the importance of Ca* influx via NCX for
normal E-C coupling is species-dependent, and is involved
in potentially arrythmogenic Ca** overload at digitalis toxic-
ity or hypoxia/reoxygenation. More detailed studies should be
addressed to clarify the functional feature of NCX.
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Compensated hypertrophy of cardiac ventricles
in aged transgenic FVB/N mice overexpressing
calsequestrin
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Abstract

Cardiac-specific overexpression of murine cardiac calsequestrin results in depressed contractile parameters and hypertrophy
in transgenic mice. To determine the long-term consequences of calsequestrin overexpression, the cardiac phenotype of young
(2—3-months old) and aged (17 months old) transgenic FVB/N mice was characterized. Ventricular/body weight ratios, which
were increased in young transgenics compared with wild-types, were unaltered with age. Left atria of aged transgenics
exhibited enlargement and mineralization, but their ventricles did not display fibrosis, mineralization and other injuries.
Although echocardiography suggested a time-dependent change in ventricular geometry and loading conditions in vivo, as
well as an age-dependent reduction of left ventricular fractional shortening in transgenic mice, Langendorff-perfused hearts of
young and aged transgenics indicated that there were no age-related reductions of contractile parameters (+dP/dt). Further-
more, neither genotype nor age altered lung/body weight ratios. Thus, our findings suggest that left ventricular performance in
calsequestrin overexpressing mice becomes apparently depressed with age, but this depression is not associated with progres-
sive reduction of left ventricular contractility and heart failure. (Mol Cell Biochem 242: 19-25, 2003)

Key words: Sarcoplasmic reticulum, echocardiography, myocardial contractility, cardiac hypertrophy, cardiomyopathy

Abbreviations: SR —sarcoplasmic reticulum; dCSQ, , —transgenic mouse overexpressing canine cardiac calsequestrin; mCSQ,
—transgenic mouse overexpressing murine cardiac calsequestrin; WT—wild-type; SERCA— sarco/endoplasmic reticulum Ca?*-
ATPase; h/r —end-diastolic left-ventricular wall thickness/cavity radius ratio; LVFS — left-ventricular percent fractional short-
ening; Vcf, — velocity of circumferential fiber shortening corrected for heart rate

Introduction models with cardiac-specific overexpression of calsequestrin
were generated, providing valuable insights the physiologi-
cal role of calsequestrin: (i) mice with 10-fold overexpres-

sion of canine cardiac calsequestrin (dCSQ,,) [2]; and (ii)

Calsequestrin is a luminal sarcoplasmic reticulum (SR) pro-
tein, which binds Ca?" with low-affinity and high-capacity,

and has been suggested to form a functional complex with
the ryanodine receptor through interactions with triadin or
junctin at the cardiac junctional SR [1]. Recently, two mouse

mice with 20-fold overexpression of murine cardiac cal-
sequestrin (mCSQ,,) [3]. With the latter, mouse lines over-
expressing 43- and 56-fold murine calsequestrin were also
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propagated and had similar cardiac function characteristics
to the 20-fold overexpression line [3]. Overexpression of ca-
nine or murine cardiac calsequestrin resulted in a markedly
augmented SR Ca? storage capacity; however, there was an
impairment of SR Ca? release upon depolarization in trans-
genic myocytes, as evidenced by depressed Ca?* transients.
Consistent with the attenuation in Ca**-induced Ca?" release
from the SR, contractile parameters were depressed for both
dCSQ,,, and mCSQ,,, hearts [2-5]. The depressed cardiac
function was associated with the induction of a fetal gene
program [3.,4], which characterizes pathological cardiac
remodeling. Indeed, both dCSQ,, and mCSQ,, models de-
veloped cardiac hypertrophy although, surprisingly, the se-
verity and prognosis was quite different between the two.

At 7 weeks of age, dCSQ,. mice were characterized by
concentric left ventricular hypertrophy and mild reduction in
systolic function [4]. This phenotype rapidly deteriorated to
one of dilated cardiomyopathy at 14 weeks of age and led to
premature death by 16 weeks [4]. The appearance of severe
dilated cardiomyopathy in this model is believed to be due
to the altered expression of cardiac calsequestrin and/or
associated myocardial Ca* cycling defects, and has led to
the use of the dCSQ,,, mouse as a human heart failure model
[6]. However, this is not supported by our findings obtained
in adult mCSQ,, mice. In contrast to the dCSQ _, model, 8—
15 week old mCSQ,_ ;. mice display a concentric cardiac
hypertrophic phenotype with the absence of severe cardiac
dysfunction [3, 5, 7]. Due to this discrepancy between the two
models, the direct effects of increased calsequestrin levels on
the myocardial phenotype remain controversial.

It is possible that the time-courses of myocardial pathogen-
esis between the dCSQ,, and mCSQ_, models are different,
and that the eventual prognoses are common. If chronic sup-
pression of Ca®* release, upon overexpression of calsequestrin,
initiates a hypertrophic pathway that ultimately results in
cardiac decompensation, then the latter should become evi-
dent with age. Furthermore, cardiac hypertrophy per se may
secondarily lead to ventricular wall thinning and cavity di-
lation with time [8, 9]. In this study, to better understand
the primary effects of calsequestrin overexpression on the
myocardium and its long-term consequences, and to evalu-
ate the significance of SR Ca** cycling defects in the pathogen-
esis of myocardial diseases, we examined cardiac hypertrophy
and contractile parameters in young (2-3 months old) and
aged (17 months old) mCSQ_, transgenic mice.

Materials and methods

Generation of transgenic mice

Transgenic mice (strain: FVB/N) overexpressing murine car-
diac calsequestrin (mCSQ, ) were generated and maintained,

as previously described (Line #418) [3]. Male mice were used
for this study. All animals were maintained in pathogen-free
facilities with food and water supplied ad libitum. The han-
dling and maintenance of the animals in this study were ap-
proved by the ethics committee of the University of Cincinnati,
and followed the guidelines of the National Institute of Health
Sciences in Tokyo.

Immunoblotting

Left ventricles were homogenized at 4°C in a buffer con-
taining 10 mM imidazole (pH 7.0), 300 mM sucrose, 1 mM
dithiothreitol, 1 mM sodium metabisulfite, 0.3 mM pheny-
methylsulfonyl fluoride, 5 pg/ml leupeptin, 2 mM EDTA,
10 pg/ml soybean trypsin inhibitor type II-S, and 7 pg/ml
pepstatin A. After solubilization of homogenates, SDS-poly-
acrylamide electrophoresis and quantitative immunoblotting
for calsequestrin, sarco/endoplasmic reticulum Ca?**-ATPase
(SERCA) and phospholamban were performed as described
previously [3].

Morphological analysis

Histological evaluation of the hearts from 17-month old
mCSQ,, and WT mice was performed as described previ-
ously [3]. Briefly, the tissues were fixed in 10% formalin, de-
hydrated through graded alcohols, and embedded in paraffin.
Longitudinal sections (5 pm) of the heart (cut at 50-um inter-
vals) were stained with Masson’s trichrome method. Hearts
were examined for hypertrophy, mineralization, fibrosis,
thrombogenesis and milder changes. Wet tissue/body weight
ratios of cardiac chambers and lungs from 3- and 17-month
old mice were also measured.

Echocardiography

M-mode and Doppler echocardiography were carried out to
non-invasively assess left-ventricular performance and di-
mensions, as described previously [5]. End-diastolic left-ven-
tricular wall thickness/cavity radius ratio (h/r), left-ventricular
percent fractional shortening (LVFS) and velocity of circum-
ferential fiber shortening corrected for heart rate (Vcf)) were
calculated as previously described [5].

Langendorff perfusion

Contractile parameters of isolated hearts from 2-3- and 17-
month old mice were determined in Langendorff mode with
a constant perfusion pressure of 50 mmHg, as described



previously [3, 7]. The frequency-response relation of the pres-
sure monitoring system (including the catheter) was flat up to
46 and 52 Hz within 10 and 20% amplitude distortion levels,
respectively, as determined by ‘pop tests’ [10]. These frequen-
cies were approximately the 7th or 8th harmonics of heart rates
of the preparations, indicating adequate fidelity [11].

Statistics

Data are expressed as means £ S.E. Comparisons across
groups were evaluated using two-way analyses of variance
(ANOVA). When the p-value was less than 0.05, Bonferroni’s
multiple t-test was employed as a post hoc test to determine
any significance between pairs of means.

Results
Aged calsequestrin overexpressing mice

In contrast to findings in the dCSQ,; model [4, 6], mCSQ,,;
transgenic mice (Line #418) exhibited no gross abnormality
up to 17 months of age with 100% survival (9 out of 9 mice
in each group). As shown in Fig. 1, immunoblot analysis of
cardiac ventricular homogenates revealed that aging did not
alter the relative calsequestrin levels in mCSQ, hearts in
comparison to WTs. Protein level of cardiac calsequestrin in
ventricles of 17-month old mCSQ__ mice was 20.2 + 6.3-fold
(n=5) over the age-matched WT littermates, which was com-
parable to that of young mCSQ,, mice [3]. Protein levels of
SERCA and phospholamban in the aged mCSQ, hearts were
0.96 + 0.14-fold and 1.03 £ 0.18-fold (n = 4), respectively,
compared to their WT littermates.

Morphological analysis

Examination of gross cardiac morphology revealed severe
left atrial enlargement with thrombus and mineralization in
aged mCSQ,, hearts (Figs 2 and 3). In spite of the severe
atrial morbidity, no other obvious pathological changes, ex-
cept mild ventricular hypertrophy, were observed in histo-
logic sections of aged mCSQ_ hearts (Fig. 2). In young
mCSQ,, hearts, mild increases in both left and right ventricu-
lar/body weight ratios were observed, indicating biventricular
hypertrophy. The increases in the ventricular/body weight
ratios by overexpression of murine calsequestrin were not
significantly altered with age (Fig. 3). Neither genotype nor
age altered lung/body weight ratios. In addition, the body
weights of the mCSQ_, mice were not different from those
of the age-matched WT controls.
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Fig. 1. Immunoblotting for SR Ca?>* handling proteins in aged transgenic
mouse hearts. Dilution series of a control homogenate from pooled wild-type
hearts were used to generate standard lines for quantitation of calsequestrin,
sarco/endoplasmic reticulum Ca**-ATPase (SERCA) and phospholamban
levels in cardiac ventricular homogenates from 17-month old calsequestrin-
overexpressing mice (mCSQ,,.) and their age-matched wild-type (WT)
littermates. For the quantitation of phospholamban, the solubilized samples
were boiled for 5 min to fully dissociate the pentameric form of phospho-
lamban into monomers. Calsequestrin levels inmCSQ,,, were approximately
20-fold above WT, and SERCA and phospholamban levels were not dif-
ferent between the two groups.

Echocardiography

Mean echocardiographic data are indicated in Fig. 4. As ob-
served previously [5], overexpression of murine cardiac cal-
sequestrin was associated with a 43% increase in the h/r ratio
in young mCSQ,,, mice, compared to the age-matched WT
controls. This observation, combined with the gravimetric
data described above, implies a concentric nature of left
ventricular hypertrophy. LVFS and Vcf_ were slightly in-
creased in the young mCSQ_, mice, compared to the age-
matched WTs, though the differences did not reach statistical
significance. There was no difference in the h/r ratios be-
tween aged mCSQ,,, mice and their age-matched WT con-
trols. LVFS and Vcf were significantly decreased in aged
mCSQ,,, hearts, compared to young mCSQ,,; mice. Neither
genotype nor age altered intrinsic heart rates.
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Fig. 2. Representative hearts from aged calsequestrin overexpressing
(right) and wild-type (left) mice (anterior view). (A) Gross examination
revealed mild ventricular hypertrophy in a 17-month old calsequestrin-
overexpressing mouse (mCSQ,,.), in comparison to its wild-type littermate
(WT). Note the massive left atrial enlargement and mineralization in the
mCSQ heart. (B) A four-chamber section of the mCSQ_, heart demon-
strates mild increases in right and left ventricular chamber size and wall
thickness (in the mCSQ,, section, a papillary muscle is visible in the left
ventricular cavity (*)). The mCSQ,, heart also exhibited thrombus in the
left atrial chamber, and enlargement of the left atrium with mineraliza-
tion and fibrosis.

Langendorff perfusion

To examine whether the isovolumic parameters further de-
teriorate with aging in the calsequestrin overexpressing myo-
cardium, isolated hearts from young and aged mCSQ_ mice
were perfused in parallel with age-matched WT controls (Fig.
5). Age had no effect on end-diastolic pressure in either WT
or mCSQ,, hearts (WT: 2.6 + 0.6 mmHg (young) and 2.5 +
0.8 mmHg (aged); mCSQ_,: 5.4 + 0.5 mmHg (young) and
7.2 £ 0.9 mmHg (aged), n = 3-7). In addition, the maximal
rates of pressure development (+dP/dt) and decline (—dP/dt),
which were significantly depressed in mCSQ_, hearts com-
pared to WTs, did not further deteriorate with age. Neither
genotype nor age altered intrinsic heart rates (Fig. 5).

[ 1 3months

17 months

LVW (mg/g BW)
RVW (mg/g BW)

AW (mg/g BW)
LGW (mg/g BW)

WT  mCSQq WT  mCsQ

Fig. 3. Cardiopulmonary weights in young and aged mice. Body weight
(BW), and blotted left ventricular (LVW), right ventricular (RVW), atrial
(AW) and lung (LGW) weights normalized to body weight for 3- and 17-
month old wild-type and calsequestrin-overexpressing (mCSQ,,) mice.
There was no difference in body weight between mCSQ,,, and wild-type
groups at the same age. Note the mild and stable biventricular hypertrophy
and the marked increase in atrial weight in the 17-month old mCSQ,.s.
Genotype and age did not alter lung weight. Values are means = S.E. (n =
3-5). #p <0.05 association with age, *p < 0.05 association with genotype,
*p <0.05 vs. 17-month old mCSQ,s, ns — not significant.

Discussion

In the present study, we demonstrate that left ventricular func-
tion was sufficiently compensated in transgenic animals over-
expressing mouse cardiac calsequestrin up to 17 months of
age. The mild increases in ventricular/body weight ratios in
young mCSQ, . hearts were not progressive with age, and
echocardiography indicated that the increases in the h/r ra-
tios, which were observed in young mCSQ,,, mice, were not
present in the aged transgenics, when compared to their re-
spective WT controls. These data suggest time-dependent
remodeling of the ventricle.

We have also previously shown that overexpression of
mouse cardiac calsequestrin leads to low intrinsic myocar-
dial contractility, as evidenced by decreases in isovolumic left
ventricular contractile parameters in Langendorff prepara-
tions [3]. In the present study, echocardiography revealed age-
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Fig. 4. Echocardiography of anesthetized intact mice. M-mode and Dop-
pler echocardiography on left ventricles of young (3-month old) and aged
(17-month old) mice demonstrated a concentric profile of left ventricular
hypertrophy in young mice overexpressing calsequestrin (mCSQ,;). Left
ventricular fractional shortening (LVFS) and velocity of circumferential
fiber shortening corrected for heart rate (Vcf) were decreased in mCSQ,,
mice with age. WT: wild-type, HR: heart rate, h/r: end-diastolic wall thick-
ness to cavity radius ratio. Values are mean + S.E. (n = 6-8). *p <0.05 as-
sociation with genotype, ®p < 0.05 vs. 3-month old WTs , °p < 0.05 vs.
3-month old mCSQ,s, ns — not significant.

dependent decreases in both LVFS and Vcf, in the mCSQs,
implying attenuation of in vivo cardiac performance with age.
However, these changes in ejection phase indices do not nec-
essarily reflect similar temporal attenuation of myocardial
contractility, as both remodeling and loading conditions im-
portantly influence LVFS and Vcf . Indeed, in contrast to the
in vivo auxotonic indices, ex vivo isovolumic contractile pa-
rameters of mCSQ, ventricles were not further depressed
with age, suggesting that the depression of cardiac contrac-
tility by calsequestrin overexpression is not progressive. The
discrepancy in left ventricular function between in vivo and
ex vivo measurements could be due, at least partly, to altered
external loads by the enlarged and mineralized left atrium in
aged mCSQ,_ mice. Nonetheless, the aged mCSQ,, mice did
not have congested lungs that characterize congestive heart
failure. Furthermore, the observed atrial morbidity in the
mCSQ,, hearts appears to be due to sustained atrial wall
stress by reduced left ventricular function, though we can-
not exclude the possibility that overexpression of calse-
questrin in the atria contributed to generation of the atrial
abnormalities.

The phospholamban/SERCA protein ratio has been pos-
tulated to be a major determinant of cardiac contractile pa-
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Fig. 5. Left ventricular contractile parameters of Langendorff perfused
hearts. Langendorff perfused hearts from young (2-3-month old) and aged
(17-month old) mice demonstrated depressed maximal rates of left ventricu-
lar pressure development (+dP/dt) and decline (—dP/dt) in mice overex-
pressing calsequestrin (mCSQ,,,). No change was observed in the intrinsic
heart rate (HR), compared to wild-types (WT). The depressed contractile
parameters in the nCSQ, s were not further deteriorated with age. Values
are the mean = S.E. (n = 3-7). *p < 0.05 association with genotype.

rameters [12], and an increase in this ratio, which is mainly
due to downregulation of SERCA, has been reported to be
associated with morbidity in failing hearts [13, 14]. We have
previously shown parallel increases in protein levels of SERCA
and phospholamban in young mCSQ_, hearts, compared to
those of their WT littermates, without alteration in the ratio
of phospholamban to SERCA [3]. Although increases in these
proteins were not observed in 17-month old mCSQ,_ mice,
the phospholamban/SERCA ratios remained comparable be-
tween mCSQ,,, and WT. This finding is consistent with the
non-progressive feature of the reduced contractility in mCSQ
hearts.

The findings of the present study are clearly different than
those from the dCSQ,, model, which displays severe and
progressive dilation of ventricular cavity and premature
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death [4, 15]. In addition, we have observed no progression
of either the increase in the ventricular/body weight ratio or
the reduced ventricular contractility up to 7 months of age
in mCSQ_,, hearts, that have a mixed genetic background
(FVB/N+129SvJ/CF-1), and transgenic mice exhibit no at-
tenuation of the B-adrenergic effects in cardiomyocytes at 2—
3 months of age [3]. In contrast, a number of B-adrenoceptor
signaling defects have been shown to develop in the dCSQ,
hearts as early as 1-2 months of age [4, 15].

There are a number of possible factors that may play a role
in the very different outcome between the models: (i) clonal
artifact, such as an insertional mutation by the transgene;
(ii) levels of calsequestrin expression; (iii) species of cal-
sequestrin transgene; and (iv) genetic background. Our three
independent lines of mCSQ,, mice (expressing 56, 43 or 20-
fold calsequestrin), have similar cardiac phenotypes [3], sug-
gesting that the phenotype is not due to clonal artifacts and
there does not seem to be a gene-dosage effect. Furthermore,
murine cardiac calsequestrin was overexpressed in the con-
text of the same endogenous protein in the mCSQ,,, hearts
[3], whereas the transgene of the dCSQ,,, model encodes ca-
nine cardiac calsequestrin [2]. Mouse cardiac calsequestrin
has a 90% amino acid identity, but has 5 more acidic amino
acid residues in its C-terminus, compared with canine car-
diac calsequestrin [3]. Thus, it is conceivable that these small
differences in amino acid sequences may affect the cardiac
phenotype of the transgenic mice.

Several studies have shown that the genetic backgrounds
of the mouse strains, used in transgenesis studies, may con-
siderably influence the observed phenotype (for review, see
ref. [16]). The dCSQ, has a genetic background of an in-
bred strain DBA/2 (or C3H/DBA) [15, 17], whereas we used
FVB/N for generation of the mCSQ,_, model [3]. DBA/2 and
C3H mouse strains have been known to develop spontane-
ous dystrophic cardiac calcinosis as early as 1-2 months of
age [18-20], characterized with cardiomyocyte injury, in-
flammation, necrosis, and calcium deposition, which may
lead to cardiac hypertrophy and/or congestive heart failure
[19]. In fact, dCSQ,,, mice develop dystrophic ventricular cal-
cifications [15]. Therefore, overexpression of calsequestrin
in the DBA/2 (or C3H/DBA) background may influence the
onset or severity of the spontaneous dystrophic cardiac calci-
nosis, resulting in severe dilated cardiomyopathy. In addition,
recent genetic analyses revealed significant co-segregation of
the spontaneous dystrophic cardiac calcinosis in both DBA/
2 and C3H strains with a single gene located on Chromosome
7. This region contains Hrc, a candidate gene responsible for
the spontaneous calcinosis, which encodes the histidine-rich
Ca? binding protein [20, 21]. The histidine-rich Ca*" bind-
ing protein is a low-affinity-high-capacity Ca** binding pro-
tein in skeletal and cardiac muscle, and is associated with
the ryanodine receptors through binding to triadin at the
junctional SR of skeletal muscle, reminiscent of calsequestrin

[22]. Thus, it is also possible that abnormal properties of the
histidine-rich Ca? binding protein by the genetic lesion af-
fect the physiological function of junctional SR in dCSQ,,
cardiomyocytes.

In summary, our data suggest that cardiac-specific over-
expression of murine cardiac calsequestrin in FVB/N mice
does not result in phenotypic features of severe dilated car-
diomyopathy at least up to 17-month of age, but compensated
ventricular hypertrophy with left atrial enlargement. The SR
Ca?* handling defects by overexpression of calsequestrin per
se are associated with generation, characteristics and main-
tenance of cardiac hypertrophy. However, some myocardial
alterations in young dCSQ,, mice may not be related to the
primary action of calsequestrin overexpression, but could be
rather consequences of the heterogeneity of calsequestrin
molecules and/or the genetic background of the mice. Fur-
thermore, our findings indicate that chronic suppression of
SR Ca?* release does not necessarily lead to dilated cardio-
myopathy. This is supported by recent findings on mice
chronically treated with ryanodine [23]. Cardiac hypertrophy
and cardiomyopathy are multifactorial, and diverse etiologies
are associated with their onset or progression. Therefore, fur-
ther examination of endogenous traits of genetic backgrounds
and materials for transgenesis should help to elucidate the
etiological roles of intracellular Ca**-cycling defects for myo-
cardial pathogenesis in vivo.
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Abstract

S100A 1 and S100B are members of a family of 20 kDa Ca?*-binding homodimers that play a role in signal transduction in mamma-
lian cells. S100A1 is the major isoform in normal heart and S100B, normally a brain protein, is induced in hypertrophic myocar-
dium and functions as an intrinsic negative modulator of the hypertrophic response. In order to examine the function of SI00A1,
we first showed that, in contrast to S100B, S100A 1 was downregulated in rat experimental models of myocardial hypertrophy
following myocardial infarction or pressure overload. Second, in co-transfection experiments in cultured neonatal rat cardiac
myocytes, S1I00A1 inhibited the o -adrenergic activation of promoters of genes induced during the hypertrophic response
including the fetal genes skeletal o actin (skACT), and B-myosin heavy chain (MHC) and S100B, but not the triiodothyronine
(T3) activation of the promoter of the o-MHC gene, that is normally expressed in adult myocardium. These results suggest that
S100A1 is involved in the maintenance of the genetic program that defines normal myocardial function and that its downregulation

is permissive for the induction of genes that underlie myocardial hypertrophy. (Mol Cell Biochem 242: 27-33, 2003)

Key words: S100B, S100A1, myocardial infarction, pressure overload, gene expression

Introduction

The transition of undifferentiated and dividing fetal cardiac
myocytes to differentiated and non-dividing adult myocytes
involves changes in gene expression. These include the re-
placement of fetal isoforms of contractile muscle proteins such
as skeletal a-actin (skACT) and B-myosin heavy chain (MHC)
by their counterparts cardiac a-actin and o-MHC. In disease
states, such as pressure overload due to congestive heart fail-
ure or massive necrosis due to myocardial infarction, viable
adult myocytes hypertrophy as an adaptive response in an
attempt to preserve cardiac function [1, 2]. Myocyte hyper-
trophy is accompanied by a program of fetal gene re-expres-
sion that includes skACT and p-MHC [3-5].

The hypertrophic response can be reproduced in rat and
mouse experimental models and cultured neonatal cardiac
myocytes from these species. Studies in these models, have
implicated hormonal stimulation including o, -adrenergic
agents, angiotensin 11, peptide growth factors, and mechani-
cal stretch as instigators of the hypertrophic response [3-9].
Some of these, including o -adrenergic agents, activate the
PKC signaling pathway [8—11]. The mechanisms that main-
tain the expression of adult-type genes in the normal myocar-
dium and contribute to a switch to a program of fetal gene
re-expression in the hypertrophic myocardium are likely mul-
tifactorial and not completely elucidated.

S100A1 and S100B are 20-kDa Ca**-binding homodimers
that belong to a 19-member family of related intracellular pro-

Address for offprints: T.G. Parker, The Centre for Cardiovascular Research, Division of Cardiology, The Toronto Hospital, 200 Elizabeth Street,
EN12-208, Toronto, Ontario M5G 2C4, Canada (E-mail: tom.parker@utoronto.ca)
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teins that are believed to play a signal transduction role in
the regulation of growth and differentiation of mammalian cells
[12]. These proteins are expressed selectively in normal adult
tissues. S100B is an astrocyte protein and is absent from car-
diac myocytes, whereas S100A 1 is highly expressed in skel-
etal and cardiac muscle. The changes in expression of these
proteins may be related to their function in normal and dis-
ease states. We have previously reported that S100B was
induced in hypertrophic myocardium following myocardial
infarction or o -adrenergic stimulation and inhibited the
hypertrophic response including the re-expression of fetal
genes [13, 14]. This suggests that S100B plays a role as a
negative modulator to mitigate the potential maladaptive con-
sequences of unchecked hypertrophy which, in its chronic
state, can lead to irreversible heart failure. SIO0A1 has been
implicated in the control of Ca?* homeostasis in cardiac
myocytes but its functional role in the myocardium has not
been defined [12].

In the present communication, we report that SI00A1 in-
hibits the o, -adrenergic-mediated induction of the S100B,
skACT, and B-MHC promoters, but not the induction of the
a-MHC promoter by triiodothyronine (T3) in cultured neo-
natal rat cardiac myocytes. This suggests that ST00A1 plays
a role in the maintenance of the program of normal adult
myocardial gene expression. Interestingly, we also show that
the expression of SI00A1 is markedly downregulated in rat
myocardium following experimental left ventricular myocar-
dial infarction or pressure overload, while conversely S100B
is induced in these states. This downregulation of SI00A1
may be required for the unhindered induction of the genetic
program that underlies the hypertrophic response of the dam-
aged myocardium, including S100B, the intrinsic negative
modulator of this response.

Materials and methods
Human S100B promoter driven reporter plasmids

A luciferase reporter gene system (Promega, Madison, W1,
USA) was used to study the relative ability of different 5" DNA
regions of the human S100B gene to promote transcription
in transient transfection assays, as previously described [15].
In this system, a maximal and a minimal human S100B pro-
moter were cloned upstream of the luciferase gene into the
plasmid pGL3 that lacks eukaryotic enhancer and promoter
sequences. Initially, a 9.8 kb HindIII fragment of human ge-
nomic DNA [16], spanning exons 1 and 2 (and the interven-
ing intron) of the human S100B gene, and 6689 bp of upstream
and 320 bp of downstream DNA sequence, respectively, was
subcloned into a Bluescript (pBS) plasmid (Stratagene, La
Jolla, CA, USA) to generate pBS100 9.1. A HindIIl/BamHI frag-
ment spanning the DNA nucleotide sequence —6689/+698

relative to the transcription initiation site was excised from
pBS1009.1, and designated as the maximal S100B promoter.
This fragment includes 6689 bp of DNA sequence upstream
ofexon 1, exon 1 (71 bp) and 627 bp of downstream sequence
and was subcloned into pGL3 to generate pGBS —6689/+698.
The minimal promoter Smal/BamHI fragment which includes
162 bp of DNA sequence upstream of the transcription initia-
tion site was subcloned into pGL3 to generate pGBS -6689/
+698.

Expression plasmids

The S100A1 expression vector PCM VA1 containing the rat
S100A1 coding sequence driven by the cytomegalovirus
enhancer was constructed by subcloning the human S100A1
coding sequences from a bacterial expression plasmid pKKA1
[17] into the EcoR1 and HindlIII sites of the pCMV 5 vector.
The following reported plasmids were obtained from the indi-
cated sources: skACT-CAT (containing the mouse skACT
promoter driving the chloramphenicol (CAT) reporter gene)
[9]; B-MHC-CAT (containing the rat -MHC promoter driv-
ing the CAT reporter gene) [8]; o-MHC (containing the hu-
man o-MHC promoter driving the CAT reporter gene) [18];
Rous sarcoma virus (RSV)-CAT (containing a RSV long ter-
minal repeat promoter driving the CAT reporter gene) from
Stratagene (La Jolla, CA, USA); RSV-Luciferase (LUX) (con-
taining a RSV long terminal repeat promoter driving the LUX
reporter gene) [8].

Left coronary artery ligation

Left coronary artery ligation was performed in the rat as pre-
viously described [19]. Briefly, 12—14 week-old male Sprague
Dawley rats were anaesthetized with ketamine (90 mg/kg) and
xylazine (10 mg/kg) i.p. A left thoracotomy was performed in
the fifth intercostal space and the pericardium was opened.
The proximal left coronary artery under the tip of the left atrial
was encircled and ligated using a 6-0 silk suture. Proximal
left anterior descending artery ligation in a rat model cre-
ates a reproducibly large lateral wall infarction. In the sham-
operated animals, the left coronary artery was encircled but
not ligated and the muscle layers and skin were closed simi-
larly.

Aortic banding
Aortic banding was performed in the rat as previously de-

scribed [20], with modification. Briefly, 12—14 week-old male
Sprague Dawley rats were anaesthetized with ketamine (90 mg/



kg) and xylazine (10 mg/kg) intraperitoneally. A left thora-
cotomy was performed in the fifth intercostal space and the
pericardium was opened. A 21-gauge needle was placed
along the aortic arch, distal to the subclavian artery. A 6-0
silk suture was tightened against the needle. The needle was
then removed to produce a predefined constriction. Sham
operation was performed by isolation of aorta without li-
gation.

Cell cultures

Neonatal cardiac myocytes were isolated from ventricles of
2-day-old Sprague Dawley rats and established in culture as
previously described [21].

Cell transfection

Transfection was carried out by calcium phosphate precipi-
tation [8], using specific quantities of the following plasmids:
pCMVAL (1 pg); skACT-CAT, B-MHC-CAT, o-MHC-CAT (9
pg); pGBS—162/+698, pGBS —6689/+698 (5 ug). RSV-LUX (0.1
pg) was included as an internal control for transfection effi-
ciency for co-transfections with sk ACT-CAT, 3-MHC-CAT,
and a-MHC-CATRSV-CAT, whereas RSV-CAT (0.1 pug) was
included for pGBS —162/+698 and pGBS —6689/+698. Myocyte
cultures were maintained in medium supplemented with 5%
fetal bovine serum for 18 h following transfection, prior to
transfer to serum-free medium and treatment with norepine-
phrine (NE, 20 uM), phenylephrine (PE, 20 pM), isoproterenol
(IS0, 20 uM), triiodothyronine T3 (20 ng/mL), phorbol ester
phorbol 12-myristate 13-acetate (PMA) (10 nM) or vehicle
diluent (100 uM ascorbic acid for NE, PHE, ISO, T3 or 0.01%
DMSO for PMA) for 72 h. The cell lysates were assayed for
LUX and CAT activity using published techniques [22, 23].
Co-transfection with any of the plasmids or treatment of cul-
tures as described above did not affect the respective inter-
nal control CAT or LUX activity. The activity of the reporter
genes was normalized based on the activity of the respec-
tive controls in the same dish. The differences of the respec-
tive LUX and CAT activities between duplicate dishes were
< 10% of their mean. Treated/control ratios were tested from
deviation from unity by calculation of confidence limits.

Ribonuclease protection assay

RNA was isolated from (i) normal rat tissues, including fetal,
neonatal, and adult left ventricular myocardium, adult brain
(ii) residual non-infarcted rat left ventricular myocardium out-
side the territory supplied by the ligated coronary artery [13]
and (iii) left ventricular myocardium following aortic band-
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ing by the one-step acid guanidium phenol method [24].
Antisense riboprobes for S100B and glyceraldehyde-3 phos-
phate dehydrogenase (GAPDH) were derived as described
[13]. The antisense riboprobe for SI00A 1 was derived by in
vitro transcription with T7 RNA polymerase of a plasmid
containing 352 bp of SI00A1 conserved coding sequence
generated by RT-PCR using S100A1 primer sequences based
on DNA sequences in the National Center for Biotechnol-
ogy data base. RN Ase protection assays to determine steady-
state levels of rodent S100B, S100A1 and GAPDH mRNAs
were performed as previously described [13].

Western blotting

Recombinant human S100A1 and goat antiserum to the pro-
tein [25], were obtained from Dr. Claus Heinzmann (Zurich,
Switzerland). Rat heart lysates were prepared from frozen
powder and Western blotting was performed as described
previously [14]. Briefly, aliquots of extracts containing 25 pg
of total protein or recombinant SI00A1 (10 ng) were dissoci-
ated and subjected to electrophoresis in 16% sodium dodecyl
sulfate-polyacrylamide slab gels under reducing condi-
tions. The proteins were transferred electrophoretically to
membranes (PVDF; Milipore Corp., Milford, MA, USA) and
the blots were incubated with goat anti-S100A1 antiserum
at a 1:10000 dilution followed by peroxidase-conjugated
rabbit anti-goat Ig antibody (Sigma, St. Louis, MO, USA) at
a 1:1000 dilution. The blots were developed using enhanced
chemiluminescence (Pierce, Rockford, IL, USA) and exposed
to X-ray film.

Statistical analysis

Treated/control ratios were tested for deviation from unity by
calculation of confidence limits. Mean values were compared
by analysis of variance by Student-Newman-Keuls test, with
significance defined as p < 0.05.

Results

S100A41 mRNA and protein is reduced in adult rat
myocardium following coronary artery ligation or
aortic banding

Steady-state levels of SI00A1, S100B, and GAPDH mRNAs
were determined using an RNAse protection assay in fetal,
neonatal, and adult rat heart, adult rat brain, non-infarcted
adult myocardium adjacent to an infarct 35 days post-coro-
nary artery ligation and adult myocardium 28 days post-
aortic banding (Fig. 1A). SI00A1 mRNA was detected in
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Fig. 1. S100B is induced and S100A1 is downregulated in the left
ventricular myocardium following experimental myocardial infarc-
tion or aortic banding. Adult rats were sacrificed at 35 days after coro-
nary artery ligation (CAL) or 28 days after aortic banding (AB). (A)
Steady-state levels of S100B, S100A1 and GAPDH mRNAs were de-
termined by RNAse protection. Protected fragments specific for rat
S100A1 (293 bp), S100B (264 bp) and GAPDH (413 bp) mRNAs are
indicated. The results of a representative experiment include RNA from
fetal, neonatal, and adult heart and adult brain from normal animals,
and heart from ligated, banded or sham-operated experimental ani-
mals as indicated. Rat tRNA was used as a control. (B) The expression
of S100A1 was analyzed by Western blotting in protein extracts from
fetal and neonatal heart, and from adult heart 35 days after sham
operation or coronary artery ligation (CAL).

fetal, neonatal, and adult rat heart, and adult rat brain. Fol-
lowing coronary artery ligation or aortic banding S100A1
mRNA was markedly diminished in adult heart. S100B mRNA
was not detected in fetal, neonatal or adult rat myocardium,
but was highly expressed in adult rat brain. Following coro-
nary artery ligation or aortic banding SI00B mRNA was
expressed in adult myocardium. GAPDH steady state mRNA
levels served as a control for the quality and loading of the
mRNA. SI00A1 protein levels were determined by Western
analysis in fetal, neonatal, and adult rat heart, and non-inf-
arcted adult myocardium adjacent to an infarct 35 days post-
coronary artery ligation (Fig. 1B). SI00A1 protein was
present in neonatal and adult heart but was markedly dimin-
ished in adult peri-infarct myocardium.

S100A41 inhibits transcription from the human S100B
promoter through elements located upstream of the
minimal promoter

The B-agonist ISO did not activate the maximal or minimal
S100B promoters (Figs 2A and 2B). Co-transfection with
S100A1 inhibited transcription from the maximal but not
the minimal S100B promoter, implicating elements located
upstream of the minimal promoter (Figs 2A and 2B). S100A1
inhibited basal expression and decreased the PE, NE, and
PMA-induced activation of the maximal S100B promoter.

S100A1 inhibits the a -adrenergic induction of the fetal
genes B-MHC and skACT but not the induction of the o-
MHC promoter by T3

The B-agonist ISO did not induce the f-MHC or skACT pro-
moters (Figs 3A and 3B). Co-transfection with the SI00A1 ex-
pression plasmid had no effect on basal transcription from
the B-MHC or skACT promoters, but inhibited the approxi-
mately 2—4 fold induction of these promoters by the o -adren-
ergic agonists NE and PHE and the PKC activator PMA (Figs
3A and 3B). Co-transfection with S100A1 did not decrease
the induction of the a-MHC promoter by T3 (Fig. 3C).

Discussion

We have previously inferred an induction of S100B in the
hypertrophic myocardium based on the detection of the pro-
tein or its mRNA in the peri-infarct region of the human heart
and in the rat or mouse heart following experimental myocar-
dial infarction or o -adrenergic infusion, respectively [13,
14]. In the present study, we have extended these results by
demonstrating first, the presence of SI00B mRNA in rat heart
following left ventricular experimental pressure overload due
to aortic banding, and second, the activation of the S100B
promoter by o, -adrenergic agonists or the phorbol ester PMA
(an activator of PKC) in cultured neonatal rat cardiac myo-
cytes. This suggests that the S100B gene is induced in car-
diac myocytes by the o, -adrenergic pathway involving PKC.
The same pathway plays a major role in initiating and sus-
taining the hypertrophic response and, as we have reported
previously, is subject to negative modulation by S100B [13].
Taken together, these results raise the possibility that S100B
is a negative feedback regulator of this pathway during myo-
cardial hypertrophy.

In contrast to S100B, which was induced during hypertro-
phy, we show that the expression of SI00A1, the major S100
protein isoform in normal adult myocardium, was downregu-
lated in left ventricular myocardium following experimen-
tal infarction or pressure overload. Furthermore, in cultured



Fig. 2. S100Al inhibits transcription from the human S100B pro-
moter through elements located upstream of the minimal promoter.
Neonatal rat cardiac myocytes were co-transfected with RSV-CAT and
pGBS —162/+698 (minimal S100B promoter) (A) or pGBS —6698/
+698 (maximal S100B promoter) (B) or co-transfected with the above
and S100A1 as indicated. Myocytes treated with vehicle were co-trans-
fected with the plasmid vector. The transfected or co-transfected
myocytes were treated with NE, PHE, ISO, or PMA and assayed for
luciferase activity which is expressed relative to myocytes transfected
with the plasmid vector and treated with vehicle as described in ‘Mate-
rials and methods’. Bars represent mean + S.E. of normalized luciferase
expression (i.e. LUX/CAT activities); *p < 0.05 vs. vehicle-treated
myocytes assigned a value of 1.

neonatal rat cardiac myocytes, co-transfection with ST00A1
inhibited the activation of the promoters of S100B and the
fetal genes skACT and B-MHC by o -adrenergic agonists or
PMA, but not that of the adult-type isoform a-MHC by T3.
These results suggest that the downregulation of S100A1 is
permissive for the induction of the genetic program that un-
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+S100A1

+S100A1

Fig. 3. S100A1 inhibits the a -adrenergic activation of the B-MHC
and skACT promoters but not the T3 activation of the a-MHC pro-
moter. Neonatal rat cardiac myocytes were transfected with RSV-LUX
and B-MHC-CAT (A), skACT-CAT (B), or a-MHC-CAT (C) or co-
transfected with the above and S100A1 as indicated. The transfected
or co-transfected myocytes were treated with NE, PHE, ISO or PMA
and assayed for CAT activity which is expressed relative to myocytes
transfected with the plasmid vector and treated with vehicle as de-
scribed in ‘Materials and methods’. Bars represent mean + S.E. of nor-
malized CAT expression (i.e. CAT/LUX activities); *p < 0.05 vs.
vehicle-treated myocytes assigned a value of 1.
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derlies the hypertrophic response, including the re-expres-
sion of the fetal genes and the expression of S100B, the in-
trinsic negative modulator of this response. In the normal
adult myocardium, S100A 1 may play a role in silencing these
genes in the context of the maintenance of the genetic pro-
gram that underlies normal myocardial function. A similar
role has recently been proposed for the transcription factor
TEF-1 [26]. It is not known whether S100A1 and TEF-1 act
through related or unrelated signaling pathways. Paradoxi-
cally, SI00A1 mRNA and protein were detected in fetal and
neonatal rat heart and it is not clear why the basal expression
of the protein in these tissues does not silence the expres-
sion of the fetal genes or their induction by a. -adrenergic
agonists in cultured neonatal cardiac myocytes. One possi-
bility is that SI00A1 interacts with specific co-factors in
adult-myocardium in repressing these genes. It appears that
overexpression of the protein, as in the case of co-transfec-
tion experiments, bypasses this requirement and allows
S100A1 to inhibit the o, -adrenergic induction of skACT and
B-MHC in cultured neonatal myocytes.

It is known that different members of the S100 protein fam-
ily can be co-expressed in some cell types and that hetero-
dimers of these proteins may play specialized functional
roles [12, 27]. However, our work represents the first example
of a transition from the expression of one S100 protein isoform
(S100A1) in the normal state to another (S100B) in a disease
state. At some point in this transition, S100A1 and S100B may
be co-expressed in cardiac myocytes raising the possibility
that an S100A 1/S100B heterodimer may also have a special-
ized function. Our results are consistent with previous reports
of reduced levels of SI00A1 in the plasma and myocardium
of patients with congestive heart failure [28, 29].

We propose a model for a temporal sequence of events in
left ventricular myocardium, in which the downregulation of
S100A1 allows the initial induction of hypertrophic genes
subsequent to myocardial injury, followed by the induction
of S100B, the intrinsic negative regulator of the hypertrophic
response. In the return to the normal state, SI00A1 is re-ex-
pressed and participates in silencing the hypertrophic genes
and S100B. The participation of SI00A1 in the trans-repres-
sion of the S100B promoter is an example of a novel mecha-
nistic interaction between two members of the S100 protein
family.
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The carboxy-tail of connexin-43 localizes to the
nucleus and inhibits cell growth
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Abstract

Gap junctions are plasma membrane intercellular communication channels that in addition to ensuring electrical coupling and
coordinated mechanical activity, can act as growth suppressors. To define the role of a non-channel forming domain of connexin-
43 (Cx43), the main constituent of cardiomyocyte gap junctions, on growth regulation, we expressed its C-terminal portion
(CT-Cx43) in cardiomyocytes and HeLa cells. In addition to broad cytoplasmic localization, CT-Cx43 was also localized to
the nucleus of both cell types, detected by immunofluorescence as well as immunoblotting of subcellular fractions. Further-
more, stable expression of CT-Cx43 in HeLa cells induced a significant decrease in proliferation. It is therefore suggested that
plasma membrane localization and formation of channels are not required for growth inhibition by Cx43, and that nuclear
localization of CT-Cx43 may exert effects on gene expression and growth. (Mol Cell Biochem 242: 35-38, 2003)

Key words: structure-function, cell proliferation, gap junctions, nucleus

Introduction

The ability of cardiac myocytes for timely cell division and
regeneration after injury is greatly reduced in the post-na-
tal heart [1]. Understanding and interfering with the mech-
anism(s) limiting cardiomyocyte regeneration may provide
a way to improve the repair response of the myocardium. One
as yet unexplored mechanism for cardiomyocyte growth inhi-
bition may be exerted at the level of intercellular commu-
nication channels, termed gap junctions (GJ) [2]. In addition
to ensuring electrical coupling and coordinated mechanical
activity, GJ are considered to act as growth (tumor) suppres-
sors [3]. Adult cardiomyocytes are extensively connected via
gap junctions at the intercalated disk region [4]. While this
is essential, ensuring the coordinated action of the heart, it
may also contribute to suppression of regeneration.

GJ are composed of connexins (Cx) [5]. The mechanism
of growth inhibition by connexins has not been defined.
Forced expression of connexin genes in tumor cells increases
cell-cell communication, and inhibits cell growth [6]; this ef-
fect appears to be connexin-species specific and does not

always correlate with the level of GJ mediated intercellular
communication (GJIC) [7].

One of our goals is to define the role of the different do-
mains of Cx43 (the main connexin of working cardiomyocytes)
on growth regulation. As a first step, we have transiently ex-
pressed the COOH-terminal portion of Cx43 (CT-Cx43) in
cardiomyocytes and HeLa cells and examined its subcellu-
lar localization in comparison to the NH2-terminal portion
of Cx43 (NT-Cx43) and wild type (WT) Cx43. We have also
used HeLa cells to achieve stable expression of CT-Cx43 and
WT Cx43, and examined effects on cell proliferation. In this
communication we show that CT-Cx43 localizes to the cy-
tosol and nucleus and that it decreases cell proliferation.

Materials and methods
Materials

Rat Cx43 full-length cDNA [8] was used as described pre-
viously [9]. Cell culture media, G418, fetal bovine serum
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(FBS), and bovine pancreatic trypsin were purchased from
Gibco/BRL (Rockville, MD, USA). Polyclonal rabbit anti-
Cx43 antibodies have been described previously [10].Mono-
clonal anti-FLAG antibodies and all other chemicals were
purchased from Sigma (Oakville, ON, Canada).

Plasmids

All the Cx43 constructs were obtained by PCR amplification
of full-length or part of coding region of rat Cx43. For PCR,
the primers were designed to include restriction sites, start
code on sense-primer and stop code on anti-sense primer
respectively. Amplification reactions were carried out in a
Thermal Cycler using parameters as 2 min at 95°C; 30 cy-
cles of I min at 94°C, 1 min at 56°C and 1 min at 72°C; fol-
lowed by 10 min at 72°C. To generate wild type (wt)-Cx43,
the coding region of Cx43 was amplified with sense primer
5'-CCGAATTCAGACATGGGTGACTGGAGT-3' and anti-
sense primer 5'- CGCTCTAGATTAAATCTCCAG-3'. PCR
products were gel purified, digested with EcoRI and Xbal,
and then cloned into pcDNA3.1. For the N-portion (NT) of
CX43, the coding region from amino acids 1-242 (NT242)
were amplified with sense primer 5'-CGCGAATTCAGA-
CATGGGTGAC-3', and anti-sense primer 5'-CGCGGATC-
CTCTTCCCTTCACGCGAT-3'. PCR products were gel
purified, digested with EcoRI and BamHI, and cloned into
pFLAG-CMV2. For construction of C-terminal Cx43 (CT-
Cx43), the coding region from amino acids 243382 (CT243)
were amplified with sense primer 5'-CCGGAATTCAGC-
ATGGATCTCTTCTACGTC-3', and anti-sense primer 5'-
CGCTCTAGATTAAATCTCCAG-3'. PCR products were gel
purified, digested with EcoRI and Xbal, and cloned into
pcDNA3.1. All constructs were fully sequenced in both di-
rections (Cortec DNA service Laboratories Inc., Kingston,
ON, Canada).

Transient transfection and stable expression of Cx43
COnstructs

Cardiac myocytes were cultured on collagen-coated coverslips
or plastic, in 35 mm dishes, while HeLa cells were grown
directly on coverslips or plastic. Transient transfections were
done using the calcium phosphate precipitation method with
modifications, as described previously [10]. At 48 h after
transfection, coverslips were processed for immunofluores-
cence, while cells grown on plastic were used for Western
blotting analysis. For stable transfections, HeLa cells were
first transiently transfected with plasmids expressing cDNAs
for WT-Cx43, and CT-Cx43. At 48 h after transfection, cells
were split at a ratio of 1:10 into fresh medium containing 700
pg/ml G418. Selective medium was replaced every three days

until G418 resistant colonies were detected. Each selected
colony was further expanded and analyzed by Western blot
and Immunofluorence.

Immunofluorence

After transfection, cells on coverslips were rinsed with phos-
phate-buffered saline (PBS) three times, fixed for 15 min in
4% paraformaldehyde in PBS and permeabilized in 0.1%
Triton X-100 in PBS for 15 min. Cells were processed for
detection of Cx43, using enhanced chemiluminescence de-
tection, exactly as described previously [9, 10].

Subcellular fractionation and analysis by Western blotting

The Nuclei-EZ kit (SIGMA) was used to obtain nuclei-en-
riched and cytosolic fractions from cardiomyocyte or HeLa
cell homogenates, according to manufacturer’s instructions.
Fractions (20 pg protein/lane) were analysed by SDS-PAGE,
using 12% polyacrylamide gels, transferred subsequently to
PVDF membranes and probed with anti-Cx43 polyclonal an-
tibodies as described previously [9].

Cell growth

Stable cell lines were grown in 10% FBS in DMEM-hi-glu-
cose medium with G418 until they reached 80% confluence.
They were then lifted by trypsinization and seeded at 20,000/
well in 24-well plates in DMEM supplemented with 1% FBS.
The medium was changed every 48 h. On days 3, 4, 5, 6, 7
from plating, cells were trypsinized and counted using a
hemocytometer.

Results and discussion

Connexin-43 has four transmembrane, three cytosolic and
two extracellular domains [11]. We constructed cDNAs cod-
ing for residues 243—382, containing the third, C-terminal
cytosolic ‘tail’ of Cx43 (CT-Cx43), and residues 1-242 , con-
taining the plasma membrane, channel forming portion of the
molecule (NT-Cx43). NT-Cx43 was ‘tagged’ with FLAG
epitopes, so that it could be detected by anti-FLAG mono-
clonal antibodies. Our rabbit polyclonal antibodies, raised
against a 1 7-residue peptide from the C-tail of Cx43 [10] were
used to detect expression of WT- and CT-Cx43.
Immunofluorescent staining for FLAG (Fig. 1A) con-
firmed expression of the cDNA coding for NT-Cx43 and
showed the expected localization to sites of intercellular
contact between cardiomyocytes; it also showed that our tran-



sient transfection method and ‘tagging’ did not interfere with
correct subcellular targeting. Anti-FLAG staining was com-
pletely absent in cultures that had not been transfected with
a FLAG-tagged constructs (data not shown). Myocyte cul-
tures transfected with cDNA coding for CT-Cx43 displayed
two cellular patterns of anti-Cx43 staining. One pattern, iden-
tical to that of myocytes from non-transfected cultures, con-
sisted of strong punctate staining along sites of intercellular
contact as well as absence of cytosolic staining; it is presumed
to represent untransfected myocytes. The other pattern, en-
countered in approximately 15% of myocytes (consistent
with the expected efficiency of transfection), was character-
ized by strong intracellular staining (Fig. 1B), and is pre-
sumed to reflect expression of CT-Cx43, since it was seen
exclusively in cultures transfected with the corresponding
c¢DNA. Interestingly, an apparent association of CT-Cx43
with myofibrils could be discerned. Unexpectedly, CT-Cx43
was also localized to the nuclei of cardiomyocytes. Myo-
fibrillar and nuclear localization pointed to a potential for the
CT-Cx43 fragment to exert plasma-membrane independent
function, and perhaps to affect gene expression directly.

To examine whether the localization pattern of CT-Cx43
was similar in another cell type, one that expresses undetect-
able levels of endogenous Cx43, we used transient trans-
fections to express the cDNA for CT-Cx43 in Hela cells.
Parallel cultures were transfected with the cDNA for WT-
Cx43, as a positive control for correct targeting of the mol-
ecule. As shown in Fig. 1C, anti-Cx43 antibodies detected

Fig. 1. Expression and localization of Cx43 constructs in cardiomyocytes
and HeLa cells, detected by immunofluorescence. (A and B) Cardiomyo-
cyte cultures transfected with cDNAs expressing NT-Cx43 (FLAG-tagged)
or CT-Cx43, respectively and stained for FLAG (A) or Cx43 (B). (C and
D) HeLa cells transfected with cDNAs expressing WT-Cx43 or CT-Cx43,
respectively, and stained with anti-Cx43 antibodies. A, C and D are of the
same magnification. Bar = 20 uM.
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Cx43 in transfected HeLa cells, and showed plasma mem-
brane localization, at both cell-cell contact as well as cell-
substrate attachment sites (Fig. 1C); non-transfected HelLa
cultures did not stain for Cx43 (data not shown). HeLa cul-
tures, transiently transfected with the cDNA coding for CT-
Cx43 also contained anti-Cx43 immunoreactive cells (Fig.
1D). In contrast to the membrane staining of cells express-
ing WT-Cx43, CT-Cx43 localized predominantly to the nu-
cleus of HeLa cells. It would thus appear that the ability of
CT-Cx43 to enter the nucleus is not cell-type specific, and
can occur independently of whether the cells express or not
endogenous Cx43 channels, in myocytes and HeLa cells,
respectively.

To obtain independent evidence for nuclear localization of
CT-Cx43 we prepared subcellular (cytosolic and nuclear) frac-
tions from transfected myocytes or HeLa cells, and analyzed
them for Cx43 by Western blotting. As shown in Fig. 2, im-
munoreactive band(s) displaying apparent electrophoretic
motility corresponding to approximately 20 kDa, could be de-
tected in both cytosolic and nuclear fractions, from either
myocytes or Hela cells. Cytosolic fractions had more than one
immunoreactive bands, while the nuclear fractions consisted
of a single band of ~ 20 kDa. Non-transfected HeLa cells or
myocytes displayed no immunoreactive bands or only the
~43-45 kDa intact Cx43 bands, respectively (data not
shown).

The apparent size of immunoreactive bands at ~ 20 kDa,
detected only in CT-Cx43-transfected cultures, is higher than

MYOCYTE HELA
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Fig. 2. Western blotting of subcellular fractions from cardiomyocyte or
HeLa cell cultures transfected with cDNA coding for CT-Cx43. Cytosolic
or nuclear fractions (20 pg protein per lane) from cardiomyocytes or HeLa
cells (as indicated) were analyzed in 12% SDS/PAGE gels, transferred to
PVDF membranes and probed with anti-Cx43 polyclonal antibodies. Mi-
gration of electrophoretic motility markers is indicated.
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the predicted molecular weight for CT-Cx43, at~ 15 kDa, sug-
gesting presence of post-translational modifications.
Evidence therefore from both approaches, immuno-
localization and subcellular fractionation indicates that, in
addition to the cytosol, CT-Cx43 can localize to the nucleus.
Since no conventional nuclear localization sequence (NLS)
is present in CT-Cx43, one can speculate that it may enter
the nucleus by interacting, directly or indirectly, with other
protein(s) possessing NLS signals. CT-Cx43 is known to
interact with proteins such as src [13], epsilon PKC [5] and
f3-catenin [13], all of which can translocate to the nucleus.
To determine whether CT-Cx43 can affect cell prolifera-
tion, we obtained HeLa cell lines stably overexpressing CT-
Cx43, or WT-Cx43, for comparative purposes. These cell
lines were maintained in culture for up to 7 days, in the pres-
ence of low (1%) FBS. Figure 3 shows representative data,
cell number counts at 3—7 days of culture, from one set of
stable cell lines. All cell lines expressing the same construct
presented similar growth characteristics. While expression of
WT-Cx43 caused only a small decrease in cell number (com-
pared to untransfected HeLa cells), becoming significant only
at 7 days (p < 0.05), expression of CT-Cx43 resulted in sig-
nificant inhibition of growth, compared to either control HeLa
cells or WT-Cx43 expressing cells (p < 0.01), clearly detect-
able at 4-7 days (Fig. 3). Daily morphological examination
of the various cultures did not provide evidence for presence
of above background cell death/ cell detachment or nuclear
compaction, suggesting that the observed differences in cell
numbers were not due to effects on cell survival. It is thus
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Fig. 3. Effect of WT-Cx43 or Cx43-CT on HeLa cell proliferation. HeLa
cells stably expressing WT- or CT-Cx43 (as indicated) were plated at 20,000
cell per well (24-well plates) and maintained in the presence of 1% serum.
Cell numbers were determined at 3—7 days from plating and shown as £ S.D.
(n = 4). Cell numbers at different time points were compared between the
different cell lines using one way ANOVA statistical analysis, where p <
0.05 was considered significant.

concluded that the ‘free’ C-tail of Cx43 can have significant
biological effects on cells such as inhibition of proliferation,
and that these effects do not require plasma membrane-de-
pendent, channel-forming functions.

The mechanism of growth inhibition by CT-Cx43 remains
to be established. Since CT-Cx43 was apparently more ef-
fective as a growth suppressor compared to WT-Cx43, it is
possible that its properties are dependent on its localization
away from the plasma membrane. Localization data pointed
to a possible link between nuclear localization and growth
inhibition by CT-Cx43. Another important question that re-
mains to be addressed is whether ‘free’ endogenous CT-Cx43
can be present in cells, under physiological or pathophysi-
ological conditions, and if so, whether it exerts effects on cell
proliferation or other functions. This may be of significance
in the presence of increased protein degradation, as would
be encountered during ischemia.
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Abstract

Smooth muscle cells (SMC) and endothelial cells (EC) play a pivotal role in arteriogenesis and atherosclerosis. We evaluated
the role of EC on the growth of SMC and neonatal cardiomyocytes (NEO) by using serum-free EC-supernatant (AoCM). Five
percent fetal calf serum was used in order to mimic growth effects of blood. EC and SMC purities were 99% as determined by
absence or presence of markers such as CD31, desmin, a-smooth muscle actin and tropomyosin using immunostaining and
FACS analysis. AoCM markedly influenced the morphology of NEO as determined by o-actinin staining but showed only
little effect on the phenotype of SMC. Protein synthesis after 2 days increased 2.5-fold in SMC and 3.7-fold in NEO as deter-
mined by tritium incorporation. The values for serum (2.8 and 2.3-fold, respectively) were comparable. The induction of DNA-
synthesis by serum in NEO was twice that of AoCM (3.9-fold). However, proliferative effects of serum and AoCM on SMC
differed markedly: Serum induced a 66-fold increase in DNA-synthesis resulting in a 54% higher cell number. DNA-synthesis
after AoCM treatment lead to a nonsignificant small increase and no proliferation was detected. Platelet derived growth factor
(PDGF-AB), present in blood, induced a 47-fold increase in DNA-synthesis and a 38% increase in cell number. Our data sug-
gest that EC in the absence of physical forces exert strong morphogenic effects on cardiomyocytes but they lack specific ef-
fects on smooth muscle cells. In vessels EC might function as a border to isolate SMC from key regulators in blood such as
PDGFs. (Mol Cell Biochem 242: 39—45, 2003)
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Introduction

It is well-known that smooth muscle cells (SMC) and en-
dothelial cells (EC) play important roles in atherosclerosis
and arteriogenesis. Atherosclerosis is the primary cause of
heart disease and is the underlying cause of about 50% of all
deaths in westernized countries. Interestingly, while athero-
sclerosis finally leads to the occlusion of the artery there are
also reports on patients with symptomatic ischemic heart

disease with occlusions of all three major coronary arteries
or even the left main coronary artery but did not suffer from
infarction. These patients profited from arteriogenetic pro-
cesses where growth of preexisting arterioles leads to the
development of an extensive collateral circulation [1]. Ob-
viously smooth muscle cells and endothelial cells play in both
processes, arteriogenesis and atherosclerosis, a pivotal role
despite possible convergent and divergent mechanisms of
arteriogenesis and atherosclerosis. Endothelial cells function
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as an active growth regulatory element as well as a potential
selective barrier between blood and muscle cells. Further-
more, EC are well-known potent producers of a variety of
growth factors/cytokines [2]. We have recently demonstrated
that serum-free culture medium conditioned by endothelial
cells of high cell purity (99%) [3] was highly potent in the
induction of remodeling processes in cultured adult cardiac
myocytes resulting in marked increases in protein synthesis,
concomitant enhanced proteolysis, increases in surface area,
de novo synthesis of sarcomeres and degradation of preex-
isting ones. Furthermore, EC induced a reexpression of the
fetal a-smooth muscle actin in cardiomyocytes reminiscent
of the effects of in vivo pressure overload [2]. On this basis
we proposed that endothelial cells stimulate proliferation and
growth of cultured adult aortic smooth muscle by secretion
of trophic factors. Therefore, the effect of conditioned me-
dium on the growth of SMC was investigated and compared
with the effect of 5% fetal calf serum (a very strong cell cul-
ture stimulant for muscle cells) and platelet derived growth
factor, a potent well-known growth factor for smooth mus-
cle cells secreted by EC. Cultured neonatal cardiomyocytes
which retain potency for DNA-synthesis in contrast to ter-
minally differentiated adult cardiomyocytes were used to show
the potency of conditioned medium and for better evaluation
of its activity on smooth muscle cells.

Materials and methods
Materials

Basic medium consists of medium 199 with Earle’s bal-
anced salts (medium 199, Life Technologies) including
25 mM HEPES, 25 mM NaHCO,, 100 IU/ml penicillin (Life
Technologies), 100 mg/ml streptomycin (Life Technologies),
0.5 UG/ml amphotericin B (Life Technologies), supplemented
with 2 mM L-carnitine, 5 mM creatine, 5 mM taurine (all
Sigma). Fetal calf serum (FCS), newborn calf serum (NCS)
were obtained from Sigma, HBSS- (Hanks balanced salt solu-
tion, Ca**-free, Mg**-free) was from C.C.Pro (Neustadt, Ger-
many) and trypsin from Life Technologies. All antibodies used
for FACS (fluorescence activated cell sorter) and immuno-
staining (confocal microscopy) were obtained and diluted for
studies as previously described in detail [3]. Pictures with a
phase-contrast microscope (Leica, Germany) were taken with
a digital camera (Leica) using its supplementary software.

Isolation and culture of porcine aortic smooth muscle cells

Porcine aorta were obtained from the local slaughterhouse.
A part of the descending aorta close to the arch was removed,
cut into one half and washed in HBSS". After incubation in
70% ethanol for 30 sec in order to get rid off endothelial cells

the aorta was washed in HBSS- and the intima was removed.
One gram media was after predigestion for 1 h in HBSS™ con-
taining 0.05% collagenase plus 0.025% elastase (CellSystems,
St. Katharinen, Germany) digested in a new aliquot of the
same solution for further 3 h. The digest was filtered through a
mesh to remove debris and centrifuged for 10 min at 1200 rpm.
The cell pellet was suspended in medium 199 containing 20%
FCS, plated on a 148 cm? dish (Sigma) and incubated in 5%
C0O,-95% O, at 37°C for approximately 2 weeks until con-
fluency. Four medium changes were performed. Cells of
fourth to sixth passage (split ratio 1:3) were used for the as-
says. For growth assay determinations smooth muscle cells
were seeded at a density of 6.5 x 10* cells/cm?. Twelve-well
dishes (Falcon) were used for protein synthesis, DNA-syn-
thesis determination and phase-contrast microscopy. Thirty-
five millimeter dishes (Falcon) were used for FACS analysis
and chamber slides (Nunc) for fluorescence microscopy.

Isolation and culture of rat neonatal cardiac myocytes

Ventricular myocytes were isolated from 1-2 day old Wistar
rats. After removing atria, ventricles from 20 hearts were
dissected and dissociated in HBSS- containing 0.018% col-
lagenase (the same collagenase as for smooth muscle cell
isolation) with shaking at 37°C for 30-45 min. Dissociated
myocytes of digestion cycle 2—4 were collected in basic me-
dium containing 1% NCS. Cells were preplated on an un-
coated 148 cm? dish (Falcon) to remove non-myocytes and
incubated in 5% CO,-95% O, at 37°C for 1.5 h. Non-attached
neonatal myocytes were removed from the dish and centri-
fuged at 1200 rpm for 10 min. Cell pellet was suspended in
1% FCS and cells were plated at a density of 6.5 x 10* cells/
cm? on fibronectin (10 pg/ml; PromoCell, Heidelberg, Ger-
many) coated culture dishes for 1 day. Before stimulation
cells were washed twice with basic medium. Twelve-well
dishes (Falcon) were used for protein synthesis, DNA-syn-
thesis determination and light microscopy. Chamber slides
(Nunc) were used for fluorescence microscopy.

Preparation of conditioned medium (AoCM)

Porcine aortic endothelial cells were isolated and cultured as
described previously [3]. Cultures of second to fourth pas-
sage were grown to confluence in a multitray cell factory
(Nunc), washed three times with serum-free medium 199
with Earle’s balanced salts and then cultured for 2 days in
the same medium to produce conditioned medium (AoCM).
Prior to use ingredients were added as mentioned before to
produce the same basal composition as basic medium lead-
ing to a final proportion of AoCM of 4:1 (vol/vol) because
this dilution gave highest activity. AoCM was not supple-
mented with growth promoting agents.



Measurement of DNA synthesis, protein synthesis, DNA
content and cell number

To investigate stimulatory effects on protein synthesis and
DNA synthesis cells were stimulated with conditioned me-
dium (AoCM), 5% fetal calf serum (5%) or 10 ng/ml plate-
let-derived growth factor AB (PDGF-AB). Medium change
was performed daily. Cells were radiolabelled during the last
12 h of the culture period with 2.5 pCi/ml of [*H]-phenyl-
alanine or [*H]-thymidine (Amersham). As baseline control
served untreated cells. At the end of cultivation cells were
washed 3 times with HBSS, fixed for 1 h in 10% trichlor-
acetic acid (TCA), washed twice with 10% TCA, 3 times with
95% ethanol, air-dried and extracted in 0.3 M NaOH. Ali-
quots were used for counting of tritium incorporation. For
DNA-synthesis we determined total [*H]-thymidine incorpo-
ration per well. Cell numbers were determined with a haemo-
cytometer for smooth muscle cells after trypsinization and
trypan-blue staining. DNA content was determined as pre-
viously described [2]. Non-replicative DNA is considered to
be a reliable measure for the relative cell number [2]. For
measurement of protein synthesis smooth muscle cells (SMC)
and neonatal cardiomyocyte cultures (NEO) were constantly
treated with 10 uM 1-(B-D-arabinofuranosyl)cytosine to pre-
vent SMC proliferation and proliferation of non-myocytes in
NEO cultures. For determination of protein synthesis we cal-
culated the ratio of [’H]-phenylalanine incorporation-to-DNA.

Statistics

Statistical comparisons were performed with ANOVA and
Bonferroni tests. P values < 0.05 were taken as statistical
significant.

Results

Isolation and characterization of porcine aortic smooth
muscle cells (AoSMC)

Treatment of the aorta with 70% ethanol and selective dis-
section of the media enabled us to isolate defined regions of
AoSMC and to minimize contaminations with other cell lay-
ers and cell types. Primary isolates from 1 g of tissue attached
within 1-2 days, start to flatten within 5 days similar to hu-
man AoSMC [4] and became confluent within 2 weeks cor-
responding to approximately 15 x 10° primary cells. Since
AoCM in contrast to many other cell types show overgrowth,
cultures which almost completely cover the culture dish were
regarded as confluent as depicted in Fig. 1A. Cultures were
then split at a ratio of 1:3. Passaged cells become confluent
within 3—4 days which corresponds to a general doubling rate
of approximately 3648 h. Figure 1 A shows a phase-contrast
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micrograph of the typical confluent phenotype of AoSMC in
20% FCS just before passaging. The phenotype, growth be-
haviour and speed can be maintained at least until passage
6. Cells show the typical elongated shape. Multilayers but
also monolayers are visible (Fig. 1A). Note the low number
of light cell spots indicating only a few dying or dead cells.
Increasing the number of passages higher than 10 lead to
cultures of minor quality visible in slower growth rate, clus-
tering during trypsinization, increased cell death, some for-
mation of growing islands without covering the culture dish
(not shown). For that reason we terminated cultures at pas-
sage six or earlier.

Figures 1B—1D show intense immunostainings of cultured
AoSMC (70% confluence) for the muscle specific marker
desmin (B), muscle-specific tropomyosin (C) and a-smooth
muscle actin (D). However, data obtained with a-smooth
muscle actin as a typical muscle marker has to be interpreted
with some care and will be reasoned in the Discussion section.
The use of antibodies and the performance of immunostaining
and FACS analysis were exactly the same as previously
described in detail [3]. Figures 1B—1D show that almost all
cells are positive (green colour) for the markers mentioned
above. Blue colour indicates nuclei. In addition, Figs 1B
and 1D show AoSMC areas of monolayers and multilayers.
Figure 1E depicts phalloidin staining of actin and Fig. 1F
staining for CD31 (PECAM-1). Since the instrumental set-
tings of the confocal microscope are the same in the figures
the complete absence of CD31 positive cells in AoSMC cul-
tures is clearly demonstrated.

In order to determine the purity of AoSMC flow cytometric
(Fluorescence-activated cell sorter; FACS) analysis was per-
formed by loading the cells with anti-desmin (Fig. 2A), anti-
tropomyosin (Fig. 2B) and anti-a-smooth muscle actin
(Fig. 2C) antibodies. For exclusion of non-specific signals,
AoSMC were also loaded with isotype matching antibodies.
In comparison to isotype loaded cells, there was a distinct
rightward shift in the FACS profile for all three muscle mark-
ers (Figs 2A-2C) revealing 99% positive staining of AoSMC.
In contrast, this shift was absent in the presence of anti-CD31
indicating the absence of endothelial cells (Fig. 2D).

Fluorescence and FACS data obtained with endothelial
cells are not shown here because they have been extensively
presented previously [3].

Effect of AoCM and FCS on the phenotype of aortic
smooth muscle cells (Ao0SMC) and neonatal cardiac
myocytes (NEO)

We examined the effect of AoCM and 5% fetal calf serum
on the phenotype of smooth muscle cells and neonatal car-
diomyocytes. Before stimulation cultured smooth muscle
cells were kept for 2—3 days in pure basic medium to induce



Fig. /. Phase contrast micrograph (10x lens) of smooth muscle cells at con-
fluence (A). SMC (all green) were immunostained for desmin (B), tropo-
myosin (C), a-smooth muscle actin (D), actin (E, red)) and CD-31 (F).

quiescence. Quiescent AoSMC were then treated with vari-
ous agents for 3 days (Fig. 3). Control cells kept in serum-
free basic medium did not change significantly but showed
a slightly spread phenotype with the tendency to cluster in cell
groups with typically interspersed cell-free areas (Fig. 3A).
AoCM- treated cells showed a similar phenotype but cell
areas appeared to be slightly more densely packed (Fig. 3B).
In contrast proliferating AoSMC in 5% FCS showed a dimi-
nution of interspersed areas and cells started partly to over-
growth (Fig. 3C) by building extensions. They will finally
reach a confluent phenotype similar to 20% FCS treated cells
after 1 week as seen in Fig. 1A. The slower growth speed of
cells in 5% is due to a lower serum concentration and the
period of quiescence which is absent during the passages
of AoSMC in 20% serum. PDGF-AB shows a comparable
growth but AoSMC appeared to be thinner with more pro-
nounced long and thin extensions (Fig. 3D).

Figure 4 shows NEO 2 days after treatment with basic me-
dium (A) or with AoCM (B). Fluorescence labeling (green)
of sarcomeric a-actinin clearly indicates cross-striated pat-
tern typical for cardiomyocytes. Pure phalloidin (actin: red)
staining indicates also the presence of some fibroblasts (Figs
4A and 4B). Purity of neonatal cardiomyocytes is usually
about 95%. After AoCM stimulation of cardiomyocytes there
are clearly visible increases in surface area, length, diameter
and large nuclei. A more intense staining of a-actinin indi-
cates synthesis of new filaments in contrast to cultures kept
in basic medium. In the control a visible increase is obvious
in the number of dying or dead cells (light green colour in
round shaped cells, right area of Fig. 4A) which accounts for
approximately 20-30% cell loss until 48 h with the number
of dead cells increasing markedly at later time points. In
AoCM-stimulated cultures cardiomyocytes start to form a
confluent monolayer and develop contractile activities. The
number of dying cells is approximately 10% and does not
increase markedly within a week. Five percent FCS-stimu-
lation shows similar but less pronounced effects on cardio-
myocytes (not shown) as described previously [2].

Effect of AoCM and FCS on DNA- and protein-synthesis of
neonatal cardiac myocyvtes and on proliferation of aortic
smooth muscle cells

We examined the effect of AoCM, 5% fetal calf serum, and
PDGF-AB on protein synthesis and DNA synthesis of AoSMC
by determination of total [*H]-phenylalanine and [*H]-thy-
midine incorporation after 2 days. Cell numbers were counted
after trypsinization. The same parameters were determined
in neonatal cardiac myocytes. However, cell numbers were
not counted since cultured NEO are generally non-prolif-
erative under the conditions presented here. Values of un-

Fig. 4. Photomicrographs of w-actinin (green) and actin (red) immuno-
stained neonatal cardiomyocytes. Untreated control cells (A) or cells stimu-
lated with conditioned medium (B) after 2 days. Note large nuclei and broad
cross-striated distribution of filaments on large surface arcas (B) which are
little developed in control cells (A).



Fig. 2. Flow cytometric analysis of AoSMC loaded with desmin, tropomy-
osin, a-smooth muscle actin and CD-31. Fluorescence was compared with
isotype labeled cells as described in the ‘Materials and methods’ section.
More than 99% SMC were positively labeled and show a rightward shift
for desmin (A), tropomyosin (B) and a-smooth muscle actin (C). AoSMC
were negative for CD-31 (D).

stimulated cells served as control for both cell types and were
set 100%.

In neonatal cardiomyocytes the effect of AoCM on protein-
synthesis was stronger than that of FCS while FCS acted more
potent on DNA-synthesis. AoCM caused significant in-
creases of 3.7-fold in protein synthesis (Fig. 5SA) and 3.9-

Fig. 3. Phase contrast micrographs of aortic smooth muscle cells (20x lens).
Control cells kept in basic medium (A). Cells were stimulated with condi-
tioned medium (B), 5% fetal calf serum (C) or 10 ng/ml platelet derived
growth factor-AB (D) for 3 days.
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fold in DNA-synthesis (Fig. 5B) in NEO. FCS induced in-
creases of 2.3-fold in protein synthesis and 7.3-fold in DNA-
synthesis (Figs 5A and 5B). In smooth muscle cells activities
of AoCM and serum were contrasting. The effect of AoCM
and FCS on protein-synthesis of AoCM (Fig. 5C) were com-
parable to 2.5- and 2.8-fold, respectively. However, FCS lead
(66- vs. 6.6-fold) significantly to a 10 times stronger stimu-
lation than AoCM (Fig. 5D) treatment. The proliferative ef-
fect of FCS is seen in increases in the total cell number of
54% in comparison to the cell number at the time of stimula-
tion (100%) (Fig. 5E). Ten percent of cells were lost in the
control group and almost no change in cell number is seen
in AoCM treated cultures. PDGF-AB also significantly in-
duced a 47-fold increase in DNA synthesis resulting in a 38%
increase in cell number (Figs 5C and 5E).

Discussion

We have previously demonstrated that serum-free condi-
tioned medium produced by endothelial cells is able to induce
remarkable effects on the morphology and dedifferentiation
of cultured primary adult rat cardiomyocytes resulting in an
extensive remodeling of myocyte structure [2]. The species
independent activity of endothelial conditioned medium was
stronger and in its morphological effects different from that
of serum. Therefore, our results fitted to an accumulating
body of experimental data supporting the presence of a par-
acrine pathway for the modulation of myocardial function by
endothelial cells [5]. We now tested whether endothelial cells
had similar effects on smooth muscle cells derived from the
aorta. We expected that aortic endothelial cells as a potent
source of cardiovascular growth factors/cytokines will be
effective in inducing proliferative and growth responses of
smooth muscle cells.

Immunofluorescence and FACS analysis showed a 99%
cell purity of AoSMC. In addition to a-smooth muscle actin
we used desmin and muscle-specific tropomyosin antibod-
ies for determination of cell purity because we have observed
that a-smooth muscle actin is not necessarily a marker for
smooth muscle cells. We have previously described that mi-
crovascular endothelial cells express a.-smooth muscle actin
in vitro and in vivo in pigs [3] and in human myocardium [6].
Its expression has also been reported [7] in other cell types.
Thus, o.-smooth muscle actin expression alone does not pro-
vide definitive evidence for a-smooth muscle cell lineage [8].
The stringent isolation procedure from the media lead to
homogeneous cell cultures with constant growth rates and
similar morphological appearance. Cultures until passage 6
guaranteed stable results. This is in contrast to our experience
with smaller animals. For three reasons we preferred porcine
AoSMC to small standard laboratory animals such as rat
or mouse. First, human coronary morphology as well as
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Fig. 5. The effect of conditioned medium (AoCM). Five percent fetal calf serum (5%) and platelet derived growth factor-AB (PDGF-AB) on protein- and
DNA-synthesis of smooth muscle cells (C, D) and neonatal cardiomyocytes (A, B) after 2 days. Protein synthesis (A, C). DNA-synthesis (B, D). Rate of
proliferation only shown for SMC after 3 days (E). Data (A—E) are the average of 4 independent experiments performed in duplicate.

hemodynamic parameters are similar to that of pigs [3, 9, 10].
For example heart beating frequencies of pigs with 60-90
beats per min (bpm) is close to humans while beating frequen-
cies of rats and mice are between 300-600 and 300-800 bpm,
respectively. Therefore functional and morphological para-
meters are different between large and small animals. Second,
in our hands cell cultures from mice or rats gave variabilities
in their results. Thus, constant growth rates and compara-
ble morphology between subcultures are difficult to obtain.
Third, since we are presently investigating signal transduc-
tion pathways by performing proteomic approaches it is nec-
essary to obtain large-scale cultures of AoSMC. High passage
numbers and doubling rates of AoCM from small animals
might bring the Hayflick-limit (the limited capacity of cells
to divide; extensively reviewed in [11]) into play. This might

result in increased numbers of senescent cells and pronounced
inconsistencies in the results. The most appropriate system
would be the culture of human aortic smooth muscle cells.
However, these frequently do not provide an appropriate in
vitro model to investigate biologically relevant functions
because cells are either only available from diseased hearts
in patients treated with various drugs before transplantation
or from commercial sources which do not correspond to the
quality criteria described here.

Our results showed that the effects of AoCM and serum
on smooth muscle cells were different. While both media
induced significant and comparable increases in protein syn-
thesis, in comparison to AoCM DNA-synthesis was 10-fold
higher after serum stimulation. AoCM did not result in an
increased cell number in contrast to a 54% increase in cell



number after serum stimulation. Furthermore, AoCM did not
induce observable morphological changes in smooth muscle
cells when compared to untreated controls. This is in contrast
to data obtained with AoCM-stimulated cardiomyocytes where
a dramatic remodelling was quite obvious. Therefore under
the culture conditions presented here it appears unlikely that
endothelial cells are active in a way that they stimulate smooth
muscle cells as they influence cardiomyocytes. Reasons for
the differences in the activity of endothelial cells on AoSMC
and NEO may lie in differential responsiveness of these cell
types but also in the potential secretion of smooth muscle cell
specific inhibitors by endothelial cells. Other parameters such
as physical forces in the activation of EC (which are absent
in our culture system) have also taken into consideration.

Platelet derived growth factor-AB (PDGF) one of the
most potent growth factors [12] for AoSMC showed an 8-
fold stronger effect on DNA-synthesis than AoCM and smooth
muscle cell number increased 38%. PDGF occurs in blood
in potent mitogenic concentrations [13] and is produced and
secreted by blood derived cells such as platelets and mono-
cytes [12]. Furthermore, it is a well-known fact that blood
(cells) contain large amounts of various growth factors such
as transforming growth factor-f and insulin-like growth fac-
tors which show potent activities on AoSMC. Therefore,
serum is the strongest growth promoting medium in vitro for
smooth muscle cells presently known.

In order to demonstrate that the absence of proliferative
and morphogenic activity of AoCM on smooth muscle cell
is not due to a lack of agonists we investigated the effect of
AoCM on neonatal cardiomyocytes. NEO retain the capac-
ity of DNA-synthesis in contrast to terminally differentiated
adult cardiac myocytes. It has to be noted that rat neonatal
cardiomyocytes are not in our irn vitro system proliferating
to a measurable degree. However, a capacity for DNA-syn-
thesis can be seen. They have usually one nucleus but many
of them show two nuclei per cell after 1 week of serum treat-
ment (not shown). This is reflected in a significant 7.3-fold
increase of DNA-synthesis after serum stimulation. AoCM
were less effective on DNA-synthesis but surprisingly more
potent on protein synthesis. The reason lies probably in differ-
ent growth factor compositions of these growth promoting
media. The profound influence of AoCM on NEO is visible
in the change of the morphological appearance. Large nuclei
indicate growth activities resulting in myofibrillogenesis
visible in a-actinin staining and enlarged surface areas.
These processes are hardly visible in the control group. Fur-
thermore, the establishment of cell-cell contact with con-
comitant contractile activity indicates the development of
a ‘tissue-like’ sheet and show the great potential of endothe-
lial cells to participate in regenerative processes of the myo-
cardium.

Our experimental data provide evidence for the existence
of paracrine pathways between endothelial cells and cardio-
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myocytes characterized by the bioactivities of trophic factors
in conditioned medium. The lack of significant effects on
smooth muscle cells by endothelial cells leads to the follow-
ing conclusions: First, key regulators such as PDGF may
originate from blood. Second, disruption of endothelial cells
as a selective borderline could lead to the availability of
growth factors/cytokines or mitogens produced by blood cells
or the loss of endothelial-derived AoSMC inhibitors. Third,
endothelial cells might be activated by other mechanisms
such as physical forces in order to transmit endothelial-de-
rived mitogenic signals for smooth muscle cells.
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Differential cytokine expression in myocytes and
non-myocytes after myocardial infarction in rats
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Abstract

The proinflammatory cytokines interleukin (IL)-1f and IL-6 are increased after acute myocardial infarction (MI). Moreover,
serum IL-6 level is elevated after MI, but has also been associated with heart failure. In the present study, heart function was
monitored in a rat model of chronic MI. Cytokine expression in the infarcted and non-infarcted myocardium as well as in hearts
of sham-operated controls was measured by the ribonuclease-protection assay. To identify the cells contributing to the increased
cytokine expression, we further analyzed myocytes and non-myocytes isolated in the acute phase as well as during congestive
heart failure (CHF) after MI. There was a strong induction in cytokine expression in the myocytes of the infarct area 6 h after
ML. In the non-infarcted myocardium, cytokine expression increased only slightly in the non-myocytes after 6 h. This was not
different from sham-operated controls and may, therefore, be induced by stress and catecholamines. In CHF, however, cyto-
kine expression level in myocytes was normal. It increased slightly but significantly in the non-myocytes 4 and 8 weeks after
MI. In conclusion, we suggest that pro-inflammatory cytokines, produced by the ischemic myocytes may be involved in the
initiation of wound healing of the necrotic area, whereas the effect of pro-inflammatory cytokines in CHF, if any, seems not to

be crucial. (Mol Cell Biochem 242: 47-55, 2003)

Key words: myocardial infarction, chronic heart failure, cytokine expression

Introduction

Substantial cardiac remodeling is initiated in response to
large myocardial infarction (MI). These changes include re-
placement of the necrotic area by scar as well as compen-
satory hypertrophy and adverse fibrosis of the surviving
myocardium [1]. Although believed to serve initially as a
compensatory mechanism to maintain cardiac function, this
remodeling is also supposed to contribute to the develop-
ment of congestive heart failure (CHF). This is associated
with a local and systemic elevation of both norepinephrine
(NE) and pro-inflammatory cytokines, such as interleukin (IL)-
1B, IL-6, and tumor necrosis factor (TNF)-a. [2-6]. Therefore,
a growing number of studies investigated the cardiovascu-
lar actions of cytokines. It is known that IL-6 plasma lev-
els are elevated in acute MI [7]. Recently, we have shown
that pro-inflammatory cytokine expression is strongly in-
duced in the acute state of myocardial infarctions in rats [8].

Similar results were obtained in the reperfused myocardium
after short periods of coronary artery occlusion in dogs [9,
10]. In addition, Ono et al. [11] and Prabhu et al. [12]
showed elevated myocardial gene expression of IL-18, IL-
6 and TNF-o up to 20 weeks after coronary artery ligation
when cellular inflammatory infiltration had abated. Al-
though cytokines like IL-1B or TNFa have negative ino-
tropic effects [13—15], transgenic mice overexpressing IL-6
and the soluble IL-6 receptor developed cardiac hypertro-
phy [16].

In the present study, heart function was monitored in a rat
model of chronic MI. In addition, cytokine expression in the
infarcted and non-infarcted myocardium as well as in hearts
of sham-operated controls was measured by ribonuclease-
protection assay. To identify the cells contributing to in-
creased cytokine expression, we further analyzed myocytes
and non-myocytes isolated in the acute phase as well as dur-
ing congestive heart failure after MI.
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Materials and methods

Animal model

Myocardial infarctions were induced in female Sprague-
Dawley rats (240-260 g) by ligation of the left anterior de-
scending coronary artery (LAD) under ether anesthesia
essentially as previously described [17, 18]. In brief, the
fourth intercostal space was opened, the heart was exterior-
ized and the pericardium was incised. Thereafter, the hearts
were held with forceps and a needle was passed around the
LAD near its origin between the left auricle and the pulmo-
nary outflow tract. Next, the ligation (6/0 prolene, Johnson &
Johnson) was tightened, the thorax was closed, and the air
removed by gently compressing the thorax. Intubation was not
necessary since the entire procedure took no longer than 60
sec. In case spontaneously breathing had stopped, the rats were
artificially ventilated trough the nose with room air for a few
seconds. The rats were allowed to recover and to move freely
in their cages with access to tap water and standard pellet diet
(Altromin) ad libitum. Sham-operated animals underwent the
same procedure except that no ligation was performed.
Heart and circulatory function was measured with ultra-
miniature catheter pressure transducers (model SPR-249 and
model SPR-291 for the left and right heart, respectively;
Millar Instruments) in closed-chest spontaneously breathing
rats anesthetized with thiopental sodium (Trapanal® 60 mg/
kg i.p., Byk Gulden) as previously described [17, 18]. Heart
rate (HR), right (RV) and left ventricular (LV) pressure and
the maximal rate in rise of ventricular pressure (LV and RV
dp/dt_, ) were recorded continuously for 15 min on a Brush
2600 recorder (Gould Instruments Systems). At the end of
hemodynamic characterization, a thermodilution microprobe
(1,5 French, Columbus Instruments) was placed in the as-
cending aorta and cardiac output was determined by the ther-
modilution method by a computer (Cardiomax IIR, Columbus
Instruments). Total peripheral resistance (TPR) was calcu-
lated by dividing mean arterial pressure by cardiac output,
normalized to body weight. After the hemodynamic meas-
urements had been obtained, the hearts were rapidly excised.
The infarct area was cut from the non-infarcted LV and RV.
The hearts of sham-operated animals were also cut into three
parts: the RV, the LV and the anterior region of the LV free
wall. The latter corresponded to the infarcted area in MI ani-
mals and served as control. The tissue pieces were snap fro-
zen in liquid nitrogen for RNA isolation. All experiments
were approved by the appropriate Federal State Agency.

Cell isolation

Cardiac myocytes and non-myocytes were isolated as previ-
ously described with minor modifications [19]. Four rats per

isolation procedure were anaesthetized by an i.p. injection
of 100 mg/kg thiopental sodium and 6.000 IU/kg heparin
(Liquemin®, Hoffmann-La Roche) at different times after
induction of MI or sham operation. Rats without any sur-
gery served as additional controls. The hearts were excised,
mounted on a modified Langendorff perfusion system and
rinsed with Joklik’s minimal essential medium (JMEM, F.
Messi, Cell Culture Technologies) at 37°C continuously gassed
with 95% 0,/5% CO.,. Perfusion was continued by recirculat-
ing JMEM, containing 29 U/ml collagenase (Worthington), for
35 min. Thereafter, the hearts were removed, the ventricles
dissected, and the infarct area cut from the non-infarcted LV.
Due to the small tissue samples the sections of two hearts
were pooled. The samples were then cut with tissue scissors
in about 1 x 1 mm pieces and incubated for another 15 min
in 20 ml collagenase buffer (KB buffer: 70 mmol/L KCI; 30
mmol/L K,PO,; 22 mmol/L glucose; 5 mmol/L MgSO,; 0.5
mmol/L EGTA; 20 mmol/L taurine; 5 mmol/L creatine; 10
mmol/L succinic acid; 2 mmol/L pyruvic acid; S mmol/L ATP;
2 mmol/L butyric acid; pH 7.4 and 115 U/ml collagenase. The
cell suspension was filtered through a 250 um nylon mesh
and spun down at 25 x g for 3 min. The supernatant was cen-
trifuged at 250 x g for 10 min. Both cell pellets were used
for RNA preparation without further manipulations.

RNase protection assay (RPA)

The rat cytokine template set (rCK1) was obtained from
PharMingen and labeled with [a-*?P]-UTP (3000 Ci/mmol,
Amersham) by means of RiboQuant® In Vitro Transcription
Kit (PharMingen) as described by the manufacturer. Total
RNA was isolated using the Trizol®-Reagent (Gibco BRL) ac-
cording to the protocol supplied by the manufacturer. 7.5 pg
oftotal RNA were used in the RNase protection assay (Ribo-
Quant® RPA Kit, PharMingen) as earlier described [18]. Pro-
tected probes were quantified using the Molecular Imager
(BioRad). The signals of specific mRNAs were normalized
to those of L32 mRNA. The rCK1 template sets contained
the following cDNA probes (probe length in bp/protected):
IL-1a. (432/403), IL-1pB (390/361), TNF- (351/322), IL-3
(315/286), 114 (285/256), IL-5 (255/226), IL-6 (231/202), IL-
10 (210/181), TNF-a (189/160), IL-2 (171/142), Interferon vy
(156/127), L32 (141/112) and GAPDH (126/97).

Statistical analysis

The data are expressed as mean = S.E.M. Multiple range test
and Kruskall-Wallis test on ranks was used for multigroup
comparison (STATGRAPHICS Plus 4.1, Statistical Graph-
ics Corp.) utilizing multiple comparison procedure accord-
ing to Tukey’s HSD method. The Mann-Whitney U-test was



used for two-group comparison. A value of p < 0.05 was con-
sidered significant.

Results

Hemodynamic measurements

Large myocardial infarctions were confirmed in all experi-
mental animals by inspection of the LV myocardium and by
ECG. As in our previous studies, all animals had severe de-
pression of LV function. This was characterized by a LV de-
veloped pressure below 110 mmHg and a marked increase
in LV end-diastolic pressure (LVEDP, Fig. 1). Also, cardiac
output was reduced, while total peripheral resistance was only
slightly reduced. Between 3 and 9 days after MI, circulatory
function had recovered partially as indicated by an increase
in cardiac output, but myocardial contractile dysfunction was
still evident, since LV developed pressure was reduced and
LVEDP was increased. Thereafter, cardiac output declined,
while LVEDP further increased. In parallel, RVSP progres-
sively increased (Fig. 1). The hemodynamic measurements
further showed a strong reduction in the rate of rise and fall in
LV pressure (LV dP/d¢_ _and LV dP/dt__ , respectively) as well
as in LV stroke work (not shown). RV function, on the other
hand, showed a progressive increase in RV dP/dz__, RV dP/
dz_._and RV stroke work and from day 9 onwards (not shown).

Cardiac cytokine expression after myocardial infarction

In the RNA samples, extracted from tissue pieces in the first
12 h after MI or sham operation, cardiac cytokine expression
was increased (Fig. 2). This induction was more pronounced
in the infarct area compared to the non-infarcted myocar-
dium, but also occurred after sham operation. Moreover, the
cytokine expression decreased in the non-infarcted myocar-
dium after 12 h compared to 6 h after M1, while it was even
more increased in the infarct area 12 h post-MI. On day 3 after
ML, there were no differences in cytokine expression between
MI-animals and sham-operated controls (not shown). Also
at later times after M1, i.e. after 4 and 8 weeks, cytokine ex-
pression was at control level (Fig. 2). These results were
obtained in samples of the infarct area as well as in the non-
infarcted myocardium of animals with reduced heart function
and signs of congestive heart failure, but also in animals with
MI that had normal heart function (details not shown).

Cytokine expression in isolated cells after myocardial
infarction

The expression of the pro-inflammatory cytokines IL-1, IL-
6 and TNFa was induced in the myocyte as well as in the non-
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Fig. 1. Time course of parameters of cardiac function after MIL. Left ven-
tricular (LV) developed pressure; LV end-diastolic pressure (LVEDP);
cardiac output (CO) index; total peripheral resistance index (TPR) and right
ventricular systolic pressure (RVSP). Since there were no significant dif-
ferences between sham-operated controls at different times after surgery,
the data of all sham-operated controls (open bars) were combined (n = 43).
Data are shown as mean + S.E.M.; n = 6-12 for each MI-group; 'p < 0.05
vs. sham-operated controls.

myocyte fraction isolated 6 h after MI (Fig. 3). Compared to
untreated animals, also sham operation caused a significant
increase in cytokine expression especially in the RV 6 h af-
ter surgery. Moreover, the expression level of all investigated
cytokines was more pronounced in the RV myocytes com-
pared to the LV myocytes in animals without surgery as well
as 6 h after sham operation (Fig. 4, left; data are shown as x-
fold differences from LV myocytes of untreated animals). In
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Fig. 2. Representative autoradiographs from RNase protection assays of cytokines in the infarct area (M1, left panel) and in the non-infarcted LV (LV, right
panel) at different times after induction of MI (MI) or sham operation (sham) as indicated. Each lane was loaded with 7.5 pg (A) or 5 pg (B) total RNA.

the non-myocytes, however, there were no differences in
cytokine expression levels between LV and RV. Therefore,
the data of LV and RV non-myocytes were combined in the
control groups (Fig. 5, left; data are shown as x-fold differ-
ences from LV and RV non-myocytes of untreated animals).

Cytokine expression in isolated myocytes after myocardial
infarction

Significant differences were detected for IL-1, IL-6 and
TNFo mRNA expression in the myocyte cell fraction isolated
from the infarct area 6 and 12 h after MI. Also in the myo-
cytes of the non-infarcted myocardium, cytokine expression
increased compared to untreated animals but to a much lower
magnitude when compared to the infarct area. Moreover, the
only just significant difference in cytokine mRNA expression
from the respective and time corresponding sham-operated

control was observed for IL-6 after 6 h (Fig. 4, about 6-fold
when compared to the time corresponding controls).

Cytokine mRNA expression in isolated non-myocytes after
myocardial infarction

The mRNA expression level of IL-1 and IL-6 increased in
the non-myocyte cell fraction isolated from the infarcted as
well as from the non-infarcted myocardium to a comparable
degree (Fig. 5). However, these expression levels were not
significantly different from time corresponding controls,
since an increase of the same magnitude was also observed
for cells isolated 6 h after sham operation. 12 h after M1, the
expression level of all cytokines was lower than that after 6
h of sham operation. Moreover, it reached control level of un-
treated animals or 4 weeks after sham operation. Neverthe-
less, IL-1 and IL-6 mRNA expression levels were slightly but



A) myocytes

B) non-myocytes

Fig. 3. Representative autoradiographs from RNase protection assays of
cytokines in the myocyte (A) and non-myocyte (B) cell fraction isolated at
different times after induction of MI (MI) or sham operation (CTRL) as
indicated. 0 indicates rats without any surgery. Each lane was loaded with
7.5 pg total RNA.

significantly higher in the non-myocytes from the infarct area
when compared to the non-infarcted LV 12 h after ML

At later times after M1, i.e. 8 weeks after M1, the cytokine
expression again increased slightly, but significantly in the
non-myocytes isolated from the infarct scar (Fig. 5, right).
In addition, IL-6 mRNA expression increased in the RV non-
myocytes 8 weeks after MI, while the changes in the non-
myocytes of the non-infarcted LV were not significant.

Discussion

Functional alterations

The experimental animals in this study were characterized by
large myocardial infarctions which invariably extended over
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x-fold changes from LV myocytes of untreated controls

sham MI

Fig. 4. Relative IL-10., IL-1, IL-6 and TNFo mRNA expression in the
myocyte cell fraction isolated from the infarct area (MI) and the non-inf-
arcted LV (LV) or RV (RV) at different times after surgery. As indicated
on the bottom line, the left hand panel shows the data of control rats with-
out any surgery (CTRL) and rats 6 h and 4 weeks after sham operation. The
right hand panel shows the data for myocytes isolated at different times after
MI as indicated. Data are expressed as x-fold changes from LV myocytes
of untreated controls after normalization to L32 mRNA. Values are mean
+ S.EM.; n =4 for each group; 'p < 0.05 vs. respective time correspond-
ing sham-operated controls.

almost the entire free wall. The severity of MI was evaluated
on the basis of the hemodynamic alterations as in previous
studies [17, 18, 20]. All experimental animals had severe LV
dysfunction (Fig. 1). Heart function was globally reduced in
the acute state after MI, but recovered partially from day 3
onwards as indicated by nearly normal cardiac output. From
day 12 onwards, however, LVEDP further increased and, in
parallel, also RVSP progressively increased (Fig. 1). Moreo-
ver, this was accompanied by a progressive decrease in car-
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x-fold changes from LV and RV non-myocytes of untreated controls

sham Ml

Fig. 5. Relative IL-1a, IL-1, IL-6 and TNFo. mRNA expression in the non-
myocyte cell fraction isolated from the infarct area (MI) and the non-inf-
arcted LV (LV) or RV (RV) at different times after surgery. As indicated
on the bottom line, the left hand panel shows the data of control rats with-
out any surgery (CTRL) and rats 6 h and 4 weeks after sham operation. The
right hand panel shows the data for non-myocytes isolated at different times
after MI as indicated. Data are expressed as x-fold changes from mean value
of LV and RV non-myocytes of untreated controls after normalization to
L32 mRNA, since these data were not significantly different. Values are
mean = S.E.M.; n =4 for each group; 'p < 0.05 vs. time corresponding
sham-operated controls; *p <0.05 for non-myocytes from the infarcted area
vs. time-corresponding non-infarcted LV non-myocytes after MI.

diac output, indicating the development of congestive heart
failure.

Cardiac cytokine expression after myocardial infarction

The mRNA expression of the pro-inflammatory cytokines IL-
1B and IL-6 was strongly induced in the first 12 h after MI

(Fig. 2). Also in sham-operated rats, cytokine expression sig-
nificantly increased. Moreover, we also observed an increase
in serum IL-6 levels in the first 12 h after MI or sham opera-
tion in our previous study [8]. This is in good accordance with
the well-established fact that cytokines are induced after any
stress or surgery. This increase in sham-operated rats was
more pronounced in the LV free wall compared to the septum
presumably due to touching the myocardium with the for-
ceps. In this region also micro-infarctions may have occurred,
since also in sham-operated rats the needle was passed through
the myocardium. Interestingly, also enhanced remodeling of
the extracellular matrix occurred in the LV free wall of sham-
operated animals as described in our previous study [18].
Thus, we compared the samples of the MI-animals for up
to 1 day after surgery to their respective control areas (MI-
control, LV and RV, respectively) in time corresponding
sham-operated controls. However, we did not observe any
differences with respect to cytokine expression between con-
trol rats without any surgery and sham-operated animals in
which the surgery was done 3 or more days ago (not shown).
Therefore, the mean value in cytokine expression of all long
term sham-operated rats (n = 29) best represents the normal
level to us.

Compared to their respective controls, a strong increase oc-
curred in IL-1f and IL-6 mRNA expression 6 and 12 h after
MI as discussed in detail in our previous study [8]. This in-
crease was more pronounced in the infarct area when com-
pared to the non-infarcted LV and RV. Moreover, it reached
maximum in the infarct area after 12 h, while the maximum
cytokine expression in the non-infarcted myocardium oc-
curred already after 6 h. From day 3 onwards, however, there
were no more significant differences from sham-operated
controls (Fig. 2; right hand panel). Also, mRNA expression
of IL-1a was detectable in the myocardium after M1, but not
after sham operation. Therefore, quantitative analysis was not
done. In addition, TNFa was slightly increased with a maxi-
mum on day 1 after MI. This was surprising, especially since
also at early times after MI no increase occurred. So, we sug-
gest that preformed TNFa might be liberated from resident
cardiac mast cells. For the other investigated cytokines, no
mRNA transcripts were detected by RPA method.

Cytokine expression in isolated myocytes after myocardial
infarction

Cytokines are expressed in the myocytes of normal myocar-
dium of untreated rats at very low levels (Fig. 3A). However,
after normalization to either L32 or GAPDH, cytokine ex-
pression level is higher in RV myocytes than in LV myocytes.
We suggest that this is due to the isolation method, since the
thinner RV is more stressed than the LV during the 35 min
perfusion period. As for tissue samples, cytokine expression



increased also in the myocytes of sham-operated controls 6
h after surgery. This increase was more pronounced in the RV
myocytes compared to the LV myocytes. However, when
compared to the higher level in RV myocytes of untreated
controls, this increase was of the same magnitude as for the
LV myocytes. Therefore, we suppose that these differences
are mostly due to the cell isolation procedure. However, we
can not completely rule out the possibility that the pneumot-
horax during surgery induces cytokine expression in the RV.
Nevertheless, the increase in cytokine expression after sur-
gery is much less pronounced in RV tissue samples of sham-
operated controls (not shown). Therefore, the RV myocytes
might also be more sensitive to the additional isolation stress
due to surgery.

Myocardial infarction caused a strong induction of cardiac
cytokine expression in the myocyte cell fraction isolated af-
ter 6 h. As for the tissue samples, this increase was much more
pronounced in the infarct area compared to the non-infarcted
myocardium. Moreover, when compared to respective and
time corresponding controls, this increase was significant
only in the infarct area. This is in good agreement with a
previous study by Gwechenberger et al. [21] who demon-
strated increased IL-6 expression in the myocytes of reperfused
infarctions of dogs. Intense signals for IL-6 were obtained by
immunohistochemical analysis only in the infarct area 6 and
12 h after MI (not shown). This is in accordance with our re-
cent report of increased phosphorylation of the IL-6 down-
stream signal pathway, the signal transducer and activator of
transcription (STAT) 3, in the same timely ordered fashion
as for IL-6 protein [8]. The early expression of pro-inflam-
matory cytokines by ischemic myocytes may be an impor-
tant signal in initiating wound healing as we have recently
suggested [8]. The precise role, however, is still a matter of
debate and needs to be elucidated in further studies.

For tissue samples, this increase in cytokine expression
after M1 is similar to that induced by norepinephrine [22, 23].
Therefore, norepinephrine, which is strongly increased sys-
temically and locally after MI [2], might contribute to the IL-
6 expression besides other factors like hypoxia, complement
derived factors (C5a) or TNF-qa.. The further increase in the
infarct area is likely due to invading leukocytes since the resi-
dent myocardial cells in the necrotic area have died. This is
further supported by the lack in high level cytokine expres-
sion in the myocytes from the infarct area 12 h after MI.
Moreover, this provides evidence that the results obtained for
myocytes of the infarct area indeed represent myocytes. This
is important, since the cell fractions were not cultured after
isolation and, therefore, contamination with leucocytes ad-
herent to myocytes or endothelial cells can not completely
ruled out. The evident increase in cytokine expression in the
myocytes of the infarct area 12 h after MI might be due to
surviving myocytes of the adjacent border zone which was
included in the infarct area during isolation. For the same rea-
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son, myocyte data are presented for the scar 4 and 8 weeks
after MI which normally does not contain any myocytes.
Therefore, these data represent myocytes from the adjacent
border zone.

The lack in significantly increased expression of pro-in-
flammatory cytokines in the myocytes of the non-infarcted
myocardium is likely due to the cytokine induction during
the isolation of the pre-stressed cells. This view is supported
by the less pronounced cytokine induction in the tissue sam-
ples of sham-operated rats 6 h after surgery. However, one
might also speculate that cells other than myocytes, i.e. fi-
broblasts, leucocytes, resident mast cells or endothelial cells,
account for the increased cytokine expression in tissue sam-
ples of the non-infarcted myocardium.

Cytokine mRNA expression in isolated non-myocytes after
myocardial infarction

The pro-inflammatory cytokines are expressed at relatively
low levels also in the non-myocyte cell fraction of control
rats without any surgery. A comparison to myocytes, however,
is difficult, since the content of .32 as well as of GAPDH
varies as indicated by the relation L32/GAPDH. In contrast
to the myocytes, we did not observe differences between non-
myocytes isolated from the LV and RV. The expression of
cytokines increased 6 h after both MI or sham operation
(Fig. 3B). However, this was not significantly different after
MI compared to sham operation (Fig. 5). This might also be
due to the isolation procedure as discussed for myocytes. The
induction in [L-1p and IL-6, on the other hand, was more pro-
nounced in the non-myocytes of the infarct area when com-
pared to the non-myocytes of the non-infarcted LV 6 and
12 h after MI. Nevertheless, the magnitude of this increase
in the infarct area was much less pronounced in the non-myo-
cytes relative to the myocyte fraction, each compared to non-
treated controls. We, therefore, suggest that the observed
increase in cytokine expression in the tissue samples 6 h af-
ter Ml is by far mainly due to the increase in myocytes. The
increase in cytokine expression in the non-infarcted myocar-
dium in the acute state after MI might reflect a response to
stress.

At later times after M1, i.e. after 4 and 8 weeks, the situa-
tion is different. There was a slight but significant increase
in cytokine expression in the non-myocyte fraction of the in-
farct scar as well as in the IL-6 mRNA expression in the RV
non-myocytes (Fig. 5). Similar results were recently reported
for the non-infarcted LV, although the same problem of in-
creased cytokine expression in sham-operated controls was
reported [24]. The increased cytokine expression weeks post-
MI, however, is at variance to our results in the tissue sam-
ples where significant changes were not detectable. For the
RV, this might be explained by the fact that this slight increase



54

is not measurable in the mixture of cells in tissue samples.
Nevertheless, we can not rule out the possibility that the
measured increase is due to the isolation procedure. There-
fore, we would like to conclude that slight increases in cyto-
kine expression long times after MI, as recently shown by
Ono et al. [11], are presumably due to an increase in non-
myocytes but not in myocytes.

There is evidence for a direct influence of pro-inflamma-
tory cytokines on contractile heart function {13—15]. IL-6, on
the other hand, might contribute to hypertrophy in a paracrine
manner in the chronic state after MI. Hypertrophic effects of
the cytokines of the IL-6 family have been demonstrated in
a transgenic mouse model in a previous study [16]. However,
an important role in developing compensatory hypertrophy
is less likely, since there is a gap between the early elevated
IL-6 and the late onset of hypertrophy in the RV. Therefore,
we rather suggest a role of pro-inflammatory cytokines, if
any, in remodeling and fibrosis [25-29]. Serum IL-6 levels,
on the other hand, are elevated in patients with CHF [30]. Due
to the lack in clearly elevated cytokine expression in the myo-
cardium in the chronic state after MI, we suggest that elevated
serum IL-6 level reflects an increased sympathetic drive and
is rather of prognostic value.
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resistance in SHHF rats is mediated by endothelin

M. Judith Radin,! Bethany J. Holycross,? Toni M. Hoepf* and
Sylvia A. McCune**

'Department of Veterinary Biosciences, *The Dorothy M. Davis Heart and Lung Research Institute, *Department of Food
Science and Technology, The Ohio State University, Columbus, OH, USA

Abstract

A link between leptin resistance, obesity, and salt sensitivity has been suggested. SHHF/Mcc-fa® rats (SHHF) were used to
study the effect of gene dosage of a null mutation of the leptin receptor (cp) on salt sensitivity and response to a combined
endothelin A and B receptor antagonist (bosentan). Obese (cp/cp), heterozygous (+/cp), and homozygous lean (+/+) male SHHF
were fed a low salt diet (0.3% NaCl) for 7 days, followed by a high salt diet (8.0% NaCl) for 7 days. There were no significant
differences in systolic blood pressure between genotypes on low salt. In response to high salt, cp/cp had significantly greater
systolic pressure than +/cp and +/+. On high salt diet, cp/cp showed a significant increase in 24 h urinary endothelin excretion
and increased renal expression of preproendothelin mRNA. There was no effect of high salt diet on renal excretion of nitric
oxide (NOx) or on gene expression of endothelial, neuronal, or cytokine-induced nitric oxide synthase isoforms (eNOS, nNOS,
iNOS, respectively). Treatment with bosentan prevented the high salt-induced increment in systolic blood pressure in cp/cp.
This was associated with a doubling of renal NOx excretion, but without changes in eNOS, nNOS, or iNOS expression.
Endothelin receptor antagonism did not normalize systolic pressure in any of the genotypes. Our studies indicate that obesity
secondary to leptin resistance (cp/cp) results in increased salt sensitivity that is mediated by endothelin in the SHHF rat. (Mol
Cell Biochem 242: 57—63, 2003)

Key words: hypertension, leptin, endothelin, salt sensitivity, SHHF rat, obesity, nitric oxide

Introduction

Obese patients with type-2 diabetes frequently have increased
serum levels of leptin and are resistant to the normal actions
of leptin. Studies have associated chronic leptin resistance
and hyperleptinemia with the development of hypertension
[1, 2], a leading cause of morbidity and mortality in obese
patients. The mechanism by which leptin resistance promotes
the development of hypertension remains unclear. An exag-
gerated blood pressure response to salt intake (increased salt
sensitivity) is observed in obese humans with type 2 diabe-
tes and likely plays an important role in the development of
hypertension, as well as renal and cardiovascular disease in
these individuals [3—5]. Obese rodent models also have im-
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paired pressure-natriuresis and increased salt sensitivity [6—
8]. Leptin has been shown to have a direct effect on the
kidney to increase salt excretion in lean rats [9], and this
natriuretic response is absent in obese, hyperleptinemic rat
models [3, 10].

The SHHF-Mcc-fa® rat (SHHF) is a genetic model that has
been selectively bred for spontaneous hypertension and heart
failure [11]. The fa® designation refers to the fact some of
the colony carry the corpulent gene (cp), an allele of the
Zucker fa gene. The SHHF originated from breeding between
the Koletsky rat strain, the source of the cp gene, and an in-
bred spontaneously hypertensive rat (SHR), derived from the
Okamoto SHR strain. The cp gene is the result of a nonsense
point mutation in the leptin receptor at amino acid +763,
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which results in a stop codon in the extracellular domain of
the leptin receptor and failure to produce a functional leptin
receptor [12]. Homozygosity for the cp gene results in marked
hyperleptinemia, type 2 diabetes, obesity, and increased re-
nal endothelin excretion, as well as earlier onset of conges-
tive heart failure compared to homozygous lean (+/+) SHHF
[13, 14]. SHHF that are heterozygous for the cp gene have
mild hyperleptinemia and insulin resistance, resulting in a
lifespan that is intermediate between cp/cp and +/+ [13]. Stud-
ies determining whether there is a salt-sensitive component
to the hypertension observed in SHHF rats and the possible
role of leptin resistance in mediating salt sensitivity have not
been previously done. In this study, we examined the effect
of dosage of the cp gene on salt sensitivity and the role of
endothelin and nitric oxide (NO) in mediating salt sensitive
hypertension in the SHHF rat model.

Materials and methods

Animal model

Male SHHEF rats (5 months of age) were obtained from the
colony at The Ohio State University. Zygosity for the cp gene
in phenotypically lean rats was determined, as previously de-
scribed [12, 15]. In brief, genomic DNA was isolated from
skin samples taken prior to the start of the study. Using prim-
ers (5'-ATGAATGCTGTGCAGTC-3' sense; 5-AAGGTTCTT-
CCATTCAAT-3' antisense; Integrated DNA Technologies,
Inc.), the region of the leptin receptor spanning the mutation
site was amplified. This was followed by restriction enzyme
digestion using Tru91 and electrophoresis on 5% agarose gel.
The mutant cp gene is cut, resulting in 2 bands at 82 and 39
bp. Therefore, +/+ have one band at 121 bp, which is distin-
guished from +/cp that have 3 bands at 121, 82, and 39 bp.

Study design

Obese (cp/cp), heterozygous (+/cp), and homozygous lean
(+/+) SHHF (n = 10/genotype) were placed in metabolic
cages and fed a low (0.3%) salt diet for 7 days (Harlan
Tecklad diet LM-485, Madison, WI, USA). Food intake,
water intake and urine output were measured. After 7 days,
systolic blood pressure was measured by the tail cuff method
(Visitech Systems, Apex, NC, USA). Tail vein serum was
collected for measurement of leptin and aldosterone concen-
tration. Urine samples on day 7 were frozen at —70°C until
assayed. Rats were then placed on a high (8.0%) salt diet
(Harlan Tecklad diet TD92012, Madison, WI, USA) for an
additional 7 days, and blood pressure and metabolic cage
studies repeated. A random subset of rats was euthanized on
each salt diet, and the kidneys were excised and snap frozen

for later determination of gene expression of preproendo-
thelin, endothelial nitric oxide synthase (eNOS), neuronal
NOS (nNOS), and cytokine-induced NOS (iNOS).

An additional group of rats (+/+n=9,+/cpn=09, cp/cpn
= 10) were given the high salt diet for 7 days and were treated
with a combined ET,/ET, receptor blocker in food (bosentan,
100 mg/kg/day; kindly supplied by Dr. Martine Clozel,
Actelion, Ltd., Switzerland). Rats were kept in metabolic
cages and studies performed as described above.

Biochemical analyses

Commercially available radioimmunoassays were used to
determine serum aldosterone (DPC Coat-a-Count, Los An-
geles, CA, USA) and serum leptin (Rat leptin RIA, Linco,
St. Charles, MO, USA) concentrations. Urinary sodium con-
centration was determined by flame photometer. Urinary en-
dothelin concentrations were determined using a commercially
available radioimmunoassay kit (Amersham, Arlington
Heights, IL, USA). Urine samples were extracted according
to manufacturer’s protocol prior to assay and then corrected
for extraction efficiency. Twenty-four hour urinary excretions
of sodium and endothelin were then calculated.

Urinary nitric oxide was determined as total nitrite (NOX)
following conversion of nitrate to nitrite. Proteins were pre-
cipitated by adding 50 pl of 30% ZnSO,/ml of urine and
pelleted by centrifuging for 10 min at 10,000 rpm. The su-
pernatant was filtered through a Whatman 4 mm syringe tip
filter (1.0 um pore size) and then diluted with sterile water.
In triplicate, 50 pl of a 1:30 dilution of sample was incubated
with 10 pl each of 1.0 U/ml nitrate reductase (Sigma, St.
Louis, MO, USA), 0.86 mM NADPH, and 0.11 mM FAD,
as well as 20 pl of 0.31 M potassium phosphate buffer (pH
7.5) for 1 hour at room temperature in a 96 well plate. Griess
reagent (200 pl of a 1:1 mixture of 1% sulfanilamide in 5%
H,PO, and 0.1% N-(1-naphthyl)ethylenediamine (NEDA) in
water) was added to each well and incubated at room tem-
perature for 10 min. Absorbance at 570 nm was recorded
using a Dynatech MR 700 plate reader. Concentration of NOx
in the media was calculated from a standard curve constructed
of 0—50 uM sodium nitrate that was also subjected to nitrate
reductase for 1 h. Urinary excretion of NOx was calculated
as pmoles/24 h.

Gene expression

Messenger RNA expression of preproendothelin, eNOS,
nNOS, and iNOS was quantified in the kidney in rats given
low and high salt diets and in rats subjected to high salt
diet plus bosentan treatment. RNA was isolated using the
TotallyRNA Kit (Ambion, Austin, TX, USA).



For preproendothelin, 250 ng of total RNA was used in the
TITANIUMOne-Step RT-PCR kit (Clontech, Palo Alto, CA,
USA). A 368 bp fragment of rat preproendothelin was am-
plified under the following conditions: 54°C 1 h, 94°C for 5
min then 30 cycles of 94°C for 45 sec, 58°C for 45 sec, and
72°C for 2 min using sense (5'-TCTCTGCTGTTTGTGGCT-
TTC-3") and antisense (5'-TCGGAGTTCTTTGTCTGT-
TTG-3') primers [16]. Each sample also contained 4 pl of a
7:3 competimer: primer mix from the ClassicQuantumRNA
18s Internal Standard kit (Ambion, Austin, TX, USA) which
amplifies a 489 bp fragment of rat 18s RNA. Band intensity
of the ET-1 was divided by band intensity of18s and reported
as ET-1/18s ratios.

A similar protocol was used to quantify eNOS, nNOS, and
iNOS expression. Total RNA (1 pg) was reverse transcribed
for 1 h at42°C using the Advantage RT for PCR kit (Clontech,
Palo Alto, CA, USA). The reaction was terminated by heat-
ing for 5 min at 95°C. The 20 pl of RT product was diluted
to 100 pl, then 15 pl was used in the Advantage PCR kit
(Clontech, Palo Alto, CA, USA), utilizing 1 pl each of 45 uyM
eNOS sense (5'-CTGCTGCCCGAGATATCTTC-3') and
antisense (5'-CAGGTACTGCAGTCCCTCCT-3’) primers
[17]. eNOS product (228 bp) was generated by heating to
94°C for 45 sec, 58°C for 45 sec then 72°C for 2 min for 32
cycles. Each tube also contained 4 pl of a 9:1 18s universal
competimer:primer mix (Ambion, Austin, TX, USA), which
generated a 315 bp product. Densitometric analysis was per-
formed after subjecting the PCR product to electrophoresis
on a 2.2% agarose gel and eNOS:18s ratio was calculated for
each sample. For nNOS, primers were 5'-GGCACTGGC-
ATCGCACCCTT-3' (sense) and 5'-CTTTGGCCTGTCC-
GGTTCCC-3' (antisense) which generated a 213 bp PCR
product [17]. For iNOS, 35 cycles were performed using
primers 5'-TACATGGGCACCGAGATTGG-3' (sense) and
5'-TAGAGGCGTAGCTGAACAAGG-3' (antisense) which
generated a 580 bp product [18].

Statistical analysis

Analysis of variance (ANOVA) with Tukey’s post hoc test
when p < 0.05 was used to compare genotypes on each diet
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and with bosentan treatment. Paired -tests were used to com-
pare within a genotype between low and high salt diets.

Results

Obese (cp/cp) SHHF rats weighed more and had significantly
greater serum leptin concentrations than wildtype (+/+) on
both low and high salt diets (Table 1). +/cp rats had similar
body weights to +/+. Serum leptin concentrations were sig-
nificantly greater in +/cp than +/+ on high salt diet and tended
to be higher on the low salt diet, compatible with mild leptin
resistance. There was no difference in food intake between
genotypes or diets (data not shown).

There was no difference in systolic blood pressure between
genotypes on the low salt diet (Fig. 1). Systolic blood pres-
sure significantly increased by approximately 20 mmHg in
the cp/cp in response to the high salt diet (Fig. 1), compat-
ible with salt sensitivity in this genotype. Systolic blood pres-
sure remained unchanged in response to high salt in the +/+
and +/cp rats, compatible with salt insensitivity (Fig. 1).

All 3 genotypes showed suppression of aldosterone in re-
sponse to the high salt diet; however, serum aldosterone con-
centrations in cp/cp were about twice that observed in +/+
or +/cp on both diets (Table 1). Urinary endothelin excretion
was similar between genotypes on the low salt diet (Table 1).
The cp/cp showed a significantly greater increase in urinary
endothelin excretion in response to high salt compared to
either +/+ or +/cp. This was associated with a significant
increase in renal preproendothelin gene expression in the cp/
cp, which remained unchanged in the +/+ and +/cp groups
(Fig. 2). These data suggest that increased salt intake may
drive endothelin production in the leptin resistant cp/cp and
may contribute to the increase in systolic pressure observed
in this group. There was no difference in 24 h urinary excre-
tion of NOx between genotypes on either diet (Table 1). No
differences were observed between genotypes for expression
of eNOS , nNOS, or iNOS mRNA (Fig. 2).

Treatment with bosentan eliminated the rise in systolic
pressure observed in cp/cp in response to the high salt diet
(Fig. 3). Blood pressure was not normalized by bosentan

Table 1. Effect of low and high salt diet on body weight and hormonal status in homozygous lean (+/+), heterozygous (+/cp) and obese (cp/cp) SHHF rats

Low salt diet High salt diet

+/+ (n=10) +/cp (n = 10) cp/cp (n=10) +/+(Mn=9) +/cp (n=9) cp/cp (n = 10)
Body weight (g) 379+ 6 371 £ 4 534 £ 8* 3716 3715 542 + 8%
Fed serum leptin (ng/ml) 3.9+0.6 49£038 479 £2.3% 2.1+0.3" 42 +0.8* 38.9 £ 1.5*%
Serum aldosterone (pg/ml) 107.0 £ 17.0 109.8 £13.9 209.4 £ 14.3* 42.1 £ 11.17 31.9 £6.51 81.1 £ 8.1*t
Urinary endothelin excretion (fmol/24 h) 249 + 34 196 £ 19 311+ 78 728 + 457 703 £ 397 1044 + 49*1
Urinary NOx excretion (imoles/24 h) 7.34 £1.01 4.57+043 6.59 £ 1.06 7.82+£0.99 7.48 £1.041 7.86 = 0.98

*Significantly different from +/+ within a diet. 'Significantly different between low and high salt diet for a genotype.
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Fig. 1. Systolic blood pressure significantly increased in obese (cp/cp)
SHHEF rats in response to the high salt diet. No change in systolic blood
pressure occurred with the high salt diet in either homozygous (+/+) or
heterozygous (+/cp) SHHF. *p < 0.05 compared to +/+ and +/cp rats, n =
10/genotype.
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treatment in any of the genotypes and the systolic pressure
remained hypertensive, similar to that observed in +/+ on ei-
ther low or high salt diet. This suggests that combined ET,/
ET, inhibition is able to eliminate the salt sensitive compo-
nent of the hypertension in the cp/cp SHHF rats, but does not
affect the basal hypertension in this rat strain. Expression of
preproendothelin mRNA on the high salt diet was unchanged
by treatment with bosentan in the 3 genotypes and remained
significantly greater in the cp/cp compared to the other groups
(Fig. 2).

Urinary NOx excretion was doubled in cp/cp in response
to bosentan treatment, while remaining unchanged in the +/
+ and +/cp groups (Fig. 4). There was no change in eNOS,
nNOS, or iNOS expression in any of the genotypes in re-
sponse to high salt or high salt plus bosentan (Fig. 2).

Discussion

Obesity has been linked to the development of salt-sensitive
hypertension in both humans and rodent models [3—7]. The

B

Renal eNOS gene expression

1.0 1

0.8

0.6

04

Ratio of eNOS to 18S

0.2 4

0.0

low high  high+bos

O

Renal iNOS gene expression

0.5
04
0.3
0.2

0.1 1

Ratio of iNOS to 18S

0.0
low high  high+bos

Dietary Sodium Content

Fig. 2. (A) The high salt diet resulted in a significant increase in renal expression of preproendothelin gene expression in obese (cp/cp), but did not affect
gene expression in either homozygous (+/+) or heterozygous (+/cp) SHHF (n = 5/genotype). Treatment with bosentan did not change the effect of a high salt
diet on preproendothelin gene expression in any of the genotypes (high + bos, n = 5/genotype). Expression of preproendothelin mRNA remained signifi-
cantly increased in the cp/cp rats receiving bosentan. *p < 0.05 compared to +/+ and +/cp rats. Neither diet nor bosentan treatment with high salt diet (high
+ bos) affected renal gene expression of (B) eNOS, (C) nNOS, or (D) iNOS in any of the genotypes (n = 4-5/genotype).
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Fig. 3. Treatment with bosentan eliminated the increase in systolic blood
pressure observed in obese (cp/cp) SHHF rats (n = 10) in response to the
high salt diet, but did not affect systolic pressure in the homozygous (+/+,
n=9) or heterozygous (+/cp, n = 9) SHHF. All 3 genotypes remained hy-
pertensive, despite bosentan treatment.

mechanism underlying salt sensitive hypertension may be
multifactorial and roles have been suggested for endothelin
and NO [6, 19-25]. Recently, studies have linked elevated
levels of leptin to the development of hypertension [1-3, 26].
Leptin is a hormone produced by adipocytes and has a pri-
mary role in regulation of food intake and energy metabolism
[27, 28]. However, as individuals gain weight, circulating
leptin levels often increase, accompanied by a decrease in re-
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Fig. 4. Twenty-four hour urinary NOx excretion was significantly increased
in obese (cp/cp, n = 10) SHHF in response to bosentan treatment and high
salt diet. Bosentan treatment did not affect urinary NOx excretion in re-
sponse to high salt diet in either homozygous (+/+, n = 9) or heterozygous
(+/cp, n = 9) SHHF. *p < 0.05 compared to +/+ and +/cp rats and to cp/cp
on high salt diet alone (control).
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sponsiveness to the normal actions of leptin [3]. Leptin has
been shown to have a direct effect on the kidney to increase
salt excretion in lean rats [9], and this natriuretic response is
absent in obese, hyperleptinemic rat models [3, 10]. Leptin
resistant, obese (cp/cp) SHHF show pronounced salt sensi-
tivity when compared to leptin sensitive, +/+ and partially
leptin resistant +/cp SHHF. Obese Zucker rats, which are also
hyperleptinemic and diabetic due to a mutation in the leptin
receptor gene, show similar impaired pressure natriuresis, as
well as modest increases in blood pressure in response to high
salt diets [6, 7].

The elevation in blood pressure observed in cp/cp in re-
sponse to the high salt diet is associated with a significant rise
in urinary excretion of endothelin as well as increased renal
expression of preproendothelin mRNA. Ability of bosentan
to eliminate the salt-sensitive component of the hypertension
in the cp/cp SHHF suggests that endothelin mediates salt-
sensitivity in the SHHF rat model. Other studies have pro-
vided evidence that endothelin may mediate salt sensitive
hypertension in other rodent models, including the Dahl,
stroke-prone SHR (SHR-SP) and deoxycorticosterone ac-
etate-salt (DOCA-salt) [19-21, 29]. Salt sensitive hyperten-
sion in these models is also responsive to endothelin receptor
antagonism.

High concentrations of endothelin promote renal sodium
retention, which is normally opposed by counter-regulatory
generation of NO [30, 31], a function that appears to be lack-
ing in the leptin resistant cp/cp. While obese SHHF increased
renal endothelin production, they failed to show a compen-
satory increase in either NOx production or expression of
eNOS, nNOS, or iNOS mRNA in response to increased salt
intake. Impaired NO metabolism has also been observed in
other rodent models of salt sensitive hypertension [6, 22—24].
Treatment with bosentan and elimination of the salt sensitive
hypertensive component in the cp/cp SHHF was associated
with a marked increase in renal NOx excretion. The increase
in urinary NOx excretion in response to bosentan was not ex-
plained by enhanced gene expression of any of the NOS iso-
forms. Alternative mechanisms that may result in increased
NOx generation may include increases in NOS activity or al-
tered post-translational stability.

While it was anticipated that the mildly leptin resistant +/
cp rats might display some components of salt sensitivity, this
was not observed in this study. The +/cp responded to in-
creased salt intake in a similar manner to the +/+. This may
be because the degree of leptin resistance that naturally oc-
curs in the +/cp fails to have a significant effect on renal
handling of sodium or does not result in sufficient stimula-
tion of the endothelin system. While heterozygous (+/cp)
SHHF have mild hyperleptinemia and insulin resistance, they
do not show the pronounced hyperinsulinemia and metabolic
alterations observed in the homozygous obese (cp/cp) SHHF.
It is possible the salt-induced endothelin and pressor response
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observed in the cp/cp was due to the secondary, pronounced
insulin resistance that occurs in the cp/cp rats [32].

Interestingly, bosentan treatment did not normalize blood
pressure in any of the SHHF genotypes. It only eliminated the
salt sensitive component in the cp/cp group. Like SHR, lean
male SHHF do not show lowering of blood pressure in re-
sponse to endothelin receptor antagonism [29, 33]. This is not
unexpected as SHHF are derived, in part, from the SHR strain.
The non-salt sensitive component of the hypertension in the
SHHF strain appears mediated by other mechanisms [14, 34].

In conclusion, obesity and leptin resistance in the SHHF
rat (cp/cp) is associated with increased salt sensitivity that
appears mediated by increased renal production of endothelin.
Blockade of the renal endothelin system allowed increased
generation of NO, which may have played a role in the anti-
hypertensive effects of bosentan.
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Cloning and bacterial expression of postnatal
mouse heart FGF-16
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Abstract

Fibroblast growth factor-16 (FGF-16) has been reported as the sixteenth member of the heparin sulphate proteoglycan binding
growth factor family, which includes acidic and basic FGFs (FGF-1 and FGF-2), based on sequence similarity. The sequences
of human (h) and rat (r) FGF-16 complimentary DNA (cDNA) sequences are known. Rat FGF-16 is expressed in brown adi-
pose tissue during embryonic development but also shows some specificity for the postnatal heart. In spite of the importance
of other FGF family members in cardiac physiology, there is scant information about FGF-16 function. As a first step towards
exploiting mouse genetics in this regard, we have used reverse transcriptase-polymerase chain reaction and primers based on
the rFGF-16 sequence to clone the adult mouse (m) FGF-16 cDNA. An mFGF-16 cDNA of 624 base pairs was generated.
Based on sequence analysis, mFGF-16 and hFGF-16 share at least 95.2 and 99% nucleotide and amino acid similarity, respec-
tively. In terms of other family members, FGF-16 is most closely related to FGF-9. When used as a radiolabeled probe, the
mFGF-16 cDNA detected a single 1.8 kilobase transcript in adult mouse heart RNA. The mFGF-16 cDNA was also used to
generate an amino-terminal poly-histidine tagged FGF-16 protein in bacteria. Using sodium dodecyl sulphate-polyacrylamide
gel electrophoresis and taking into account the poly-histidine tag, an FGF-16 protein of 26.3 kDa was detected. The generation
of cardiac mFGF-16 ¢cDNA and a purified FGF-16 protein preparation are seen as important tools in the further characteriza-
tion of FGF-16 expression and function in the mammalian heart. (Mol Cell Biochem 242: 65-70, 2003)

Key words: FGF-16, mouse heart, cDNA, transcript, fusion protein

Introduction response to hypertension [10]. Thus, in spite of the presence

of other FGF family members and the likelihood of some re-

There are 23 reported members of the fibroblast growth fac-
tor (FGF) family, which are all characterized by the presence
of a heparan sulphate proteoglycan-binding domain in their
sequence [ 1, 2]. FGFs can regulate many of the cellular proc-
esses that occur during development, including chemotaxis,
differentiation, migration and proliferation [3]. Although not
limited to the cardiovascular system, this is clearly an impor-
tant site of activity for this family of growth factors. FGF-1,
FGF-2 and FGF-4 can promote cardiogenesis in explanted
precardiac mesoderm [4] suggesting some overlap in their
biological function. However, they are not necessarily inter-
changeable as FGF-7 is unable to induce the same effects [5].
Also, distinct phenotypes in mice were generated with com-
plete and conditional ‘knockout’ of FGF-2 function, includ-
ing effects on vascular tone [6—8], heart development [9] and

dundancy, such as FGF-1 which shares FGF-2’s angiogenic
properties [11], distinct roles are still evident. In terms of their
possible use as therapeutic agents, FGFs have long been
studied for possible benefit in response to cardiac ischemia
through their cardioprotective and angiogenic properties. A
significant increase in cardiac myocyte viability as well as
functional recovery of the heart is observed when FGF-2 is
administered prior to ischemia-reperfusion injury [12-15],
or even during reperfusion injury [16]. With regard to more
chronic FGF-2 administration, infarct size can be reduced
after damage has occurred through angiogenesis and the
remodeling process [17-21]. Beneficial effects have also
been proven in clinical trials where patients receiving FGF
at the time of coronary artery bypass surgery demonstrate in-
creased revascularization [20, 22, 23]. To date, most studies
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have focused on the prototypic members of the FGF family,
FGF-1 and FGF-2, which can be found in numerous tissues
and throughout all stages of development. Less attention has
been paid to FGF-12 and FGF-16, which have both been
reported to show some specificity through their expression
in the postnatal heart [24, 25]. FGF-12, however, is expressed
broadly in embryonic tissues including the central and periph-
eral nervous system, as well as connective tissue of the de-
veloping skeleton [26]. In contrast, FGF-16 expression is
limited to brown adipose tissue in the embryonic rat, where
levels decrease at birth with a corresponding induction in the
heart [24, 27]. This expression pattern raises the possibility
of a role in defining the transition from embryonic to post-
natal myocardium.

Transgenic animals, and particularly mice, have now be-
come a routine part of deducing gene function. With this in
mind, we have cloned the FGF-16 complimentary DNA
(cDNA) from adult mouse heart. In addition to reporting the
sequence and making comparisons with other FGF family
members, we have used this cDNA to characterize the FGF-
16 RNA transcript from adult mouse heart as well as express
and purify an FGF-16 protein using a bacterial expression
system.

Materials and methods
Cloning of FGF-16

RNA was isolated from the heart of an 8 week-old mouse
using TRI-zol (Gibco BRL, Burlington, ON, Canada), quan-
tified and subjected to RT-PCR reaction according to the
manufacturer’s directions (Gibco BRL). Primers utilized were
designed based on sequence reported for rat brain FGF-16
c¢DNA sequence (GenBank accession number AB002561).
Additional terminal sequences coding for HindlIIL, XAol, and
EcoRV restriction endonuclease sites were also added for
future subcloning purposes. Primer sequences were as follows:
Forward 5'-TTTAAGCTTCTCGAGATGGCGGAGGTCGG-
GGGCGTCTTTGCC-3' and Reverse 5'-TTTGATATCTTA-
CCTATAGCGGAAGAGGTCTCTGG-3'. The product was
then directly inserted into the TA cloning vector pCR2.1
(Invitrogen, Burlington, ON, Canada). The insert was se-
quenced using an ABI Prism 310 DNA Genetic Analyzer
Sequencing and primers corresponding to flanking T7 pro-
moter and M13 reverse primer sequences, which are present
in the pCR2.1 vector.

RNA blotting

Total RNA was isolated from hearts taken from 8 week-old
CD-1 mice using guanidine isothiocyanate method [28]. To-

tal RNA (30-35 pg) was denatured with formaldehyde and
resolved by electrophoresis through a 1.5% agarose gel. RNA
was then blotted to nitrocellulose, cross-linked by baking for
1 h at 80°C. Blots were prehybridized for 24 h at 42°C with
a solution containing 50% deionized formamide, 0.75 M so-
dium chloride, 75 mM sodium citrate, 10% Denhardt’s so-
lution, 50 mM sodium phosphate pH 6.5, 0.1 g sodium
dodecyl sulfate (SDS), 10 mg/100 ml tRNA, 50 mg/100 ml
salmon sperm DNA. Blots were then hybridized with a simi-
lar solution containing dextran sulphate (10 g/100 ml) and
the FGF-16 cDNA probe, but without SDS, tRNA and salmon
sperm DNA. The mouse FGF-16 cDNA was radiolabelled to
a specific activity of about 2 x 10® cpm/ng with **P using the
random prime protocol supplied with the Prime-a-Gene kit
(Promega, Madison, W1, USA). After 24 h hybridization at
42°C, blots were washed two times with 0.1 x SSC (15 mM
sodium chloride and 16.6 mM sodium citrate) and 0.1% SDS
for 10 min at 65°C.

Bacterial expression of FGF-16 protein

The FGF-16 cDNA was excised from the pCR2.1 vector and
inserted into the pET19b expression vector at the Xhol re-
striction site, which allowed production of a fusion protein con-
taining an amino-terminal poly histidine fusion tag (Novagen,
Madison, WI, USA). The vector and fragment were then par-
tially sequenced to verify that the FGF-16 cDNA was in the
correct reading frame. BL21(DE3)pLyS bacteria (Novagen)
were then transformed with the construct, a positive colony
identified, a culture grown and then induced with IPTG as
per the manufactures directions. The protein was then puri-
fied from a bacterial pellet using a nickel affinity column to
retain the his-mFGF16 fusion protein, which was then eluted
as per the manufacturers directions.

Results

A reverse transcriptase-PCR strategy using rFGF-16 se-
quences as primers was used to generate an FGF-16 cDNA
clone from total RNA isolated from 8 week CD-1 mouse
hearts. The reaction amplified a product of 648 base pairs (bp)
that was consistent with the size reported for hFGF-16 and
rFGF-16 (Fig. 1A). No PCR product was observed from a
reaction done in parallel lacking reverse transcriptase, indi-
cating that the PCR product was not due to DNA contamina-
tion.

For sequencing and identification of the amplified prod-
uct, the 648 bp fragment was subcloned directly into the plas-
mid pCR2.1, which contains flanking M13 and T7 primer
sites to facilitate sequencing of the insert. The sequence con-
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Fig. 1. Reverse transcriptase (RT) PCR amplification of FGF-16 RNA from adult (8 week old) mouse heart and the nucleotide sequence of the FGF-16
cDNA product generated. (A) RNA was treated with (+) or without (—) RT before amplification with primers based on the rat brain FGF-16 cDNA sequence.
The reaction was subjected to electrophoresis in a 1% agarose gel and the product (arrowhead) visualized by ethidium bromide staining. A $X174/Haelll
marker was used to estimate the size of the product. Units for the bands indicated are base pairs. (B) The mFGF-16 cDNA sequence (GenBank accession
number AF292104) includes the primers used for PCR (underlined), which are based on the rat brain FGF-16 cDNA sequence. The primers also included
restriction endonuclease sites, as indicated, to facilitate cloning upstream and downstream of the initiator methionine residue (ATG) and stop codon (TAA),

respectively.

firmed the presence of a 624 bp mouse (m) FGF-16 cDNA
(GenBank accession number AF292104) in the fragment
(Fig. 1B). A comparison with human heart FGF-16 (GenBank
accession number AB009391) and rat brain FGF-16 cDNAs,
revealed 95.2 and 97.9% sequence similarity, respectively.

The mFGF-16 cDNA was then used as a radiolabeled probe
to characterize adult (8 weeks) mouse heart FGF-16 RNA by
RNA (Northern) blotting. The blot revealed a single transcript
of about 1.79 kb, with mobility slightly higher than 188 ri-
bosomal RNA (Fig. 2).

Further conservation of FGF-16 between species was ob-
served when the mFGF-16 nucleotide sequence was trans-
lated (Fig. 3). The similarity between mFGF-16 and hFGF-16
or rFGF-16 increased to 99% at the amino acid level. The
only differences observed were a Q'¢ vs. H'® and R** vs. H**
between the mouse and human, and F'**vs. Y'** and T' vs.
A for the rat, as denoted by a hyphen in the consensus se-
quence.

The mouse FGF-16 cDNA was then inserted into a bacte-
rial expression vector, which produced mFGF-16 with a poly-
histidine fusion (His) tag at the amino-terminal end. The
His-tag was then used to purify the protein using a nickel
affinity column from which it was eluted using imidazol. The
eluted protein was then subjected to SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) in a 15% gel and detected with
Coomassie brilliant blue stain in order to examine the size
and purity of the protein (Fig. 4). This revealed a prominent
band that measured 26.3 kDa when compared to the adjacent
broad range markers (New England BioLabs, Mississauga,
ON, Canada).

Discussion

The 624 bp adult mouse heart FGF-16 cDNA generated by
reverse transcriptase-PCR was consistent with the size of
corresponding human and rat cDNAs, and only minor dif-
ferences in nucleotide and, particularly, amino acid sequences

Fig. 2. A FGF-16 transcript of about 1.8 kb is detected in total RNA iso-
lated from an adult mouse heart. RNA was denatured, electrophoresed
(1.5% formaldehyde-agarose gel), blotted to nitrocellulose, probed with
radiolabeled FGF-16 cDNA and visualized by autoradiography. The size
of the FGF-16 transcript detected was estimated based on the mobility of
28S and 18S RNA band, which were visualized in the gel by ethidium bro-
mide staining before transfer to nitrocellulose.
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Fig. 3. Translation of the adult mouse FGF-16 cDNA sequence and comparison with reported human and rat FGF-16 sequences. A consensus sequence is
also shown with identical residues marked with a colon (:) and differences with a hyphen (). Residues that are likely involved in heparin-FGF-16 interaction
are indicated (*) based on those reported for the highly related FGF-9 protein [2].

were observed (Figs 1 and 3). The sequences at either end of
the cDNA cannot be considered rigorously established (up-
stream flanking 27 bp and downstream flanking 26 bp), as
they were generated by introduction of the ‘primers’, and are
rat FGF-16 cDNA in origin. There is, however, no difference
between human and rat FGF-16 amino acid sequences at the
amino-end and only one amino acid change (amino acid po-
sition 205) at the carboxyl-end of the protein (Fig. 3), sug-
gesting that, with the possible exception of this one amino
acid, even this sequence is likely conserved between the rat
and the mouse.

Fig. 4. Detection of His-tagged mFGF-16 protein (His-mFGF-16) protein
by SDS-PAGE. Following nickel affinity column purification, the eluted
protein was resolved by SDS-PAGE in a 15% gel and detected with Coo-
massie brilliant blue stain. The sizes of broad range markers (kDa) used to
estimate the mass of His-mFGF-16 are indicated.

In terms of the mouse FGF family, FGF-16 protein is most
closely related to FGF-9 (72%, GenBank accession number
U33535) and shares only 32 and 15% amino acid similarity
with the prototypic members FGF-1 (GenBank accession
number U67610) and FGF-2 (GenBank accession number
AF311741), respectively. All members of the FGF family are
described as having a high affinity for heparin, and the amino
acids involved in FGF-16/heparin interaction are best pos-
tulated based on what has been reported for FGF-9. This is
the most closely related to FGF-16 of all members of the FGF
family, and its interaction with heparin has been modeled [2].
The amino acids of FGF-9 which interact with heparin are
identical to and align perfectly with those of FGF-16 at resi-
dues R, T %, N2, N'66, K!¢7 R172, Q'* and K'®' (asterisks,
Fig. 3), suggesting similar if not identical heparin binding
properties of these two family members.

RNA blot analysis using the mFGF-16 cDNA as a probe
revealed a single transcript of about 1.8 kb (Fig. 2). The size
is consistent with that previously reported with poly-A en-
riched rat RNA [23, 26]. Thus, our data suggest that poly-A
enriched RNA is not necessary for detection of cardiac FGF-
16 mRNA, at least in the mouse. This relative ease of de-
tection should facilitate characterization of FGF-16 RNA
expression in mouse heart development and models of dis-
ease.

Based on SDS-PAGE, our His-tagged FGF-16 measured
about 26.3 kDa. The His-tag is expected to add about 3.1 kDa
to the size of mFGF-16 protein, which based on amino acid
sequence is predicted to be 23.7 kDa. The availability of a
tagged mFGF-16 protein preparation provides an additional
tool to assist in the elucidation of FGF-16 function. Specifi-



cally, this might involve the characterization of membrane
receptor binding or FGF-16 antibodies. A previous report of
the purification of recombinant rat FGF-16 revealed the pres-
ence of a cleavage sequence close to the amino terminus at
residue 34 [29]. We did not observe this truncation, and this
most likely relates to the method of purification. When the
cleavage site was observed, heparin affinity of FGF-16 was
used to purify the protein, and this resulted in both a “full
length” FGF-16 as well as a truncated form. As we only se-
lected for the amino terminal His-tag, our extract would not
retain any cleaved form of FGF-16. Also, as a bacterially ex-
pressed protein, it is recognized that our mFGF-16 prepara-
tion may not be processed as it would normally be in the adult
heart. Secondary modifications that may confer biological
activity such as glycosylation, phosphorylation and trunca-
tion are not yet known and may be necessary for this growth
factor to signal a particular biological effect. However, when
arecombinant rFGF-16 fusion protein containing an epitope
tag was expressed by insect Sf9 cells, there was good agree-
ment between the predicted size (26.3 kDa) and that observed
by protein blotting (26 kDa) [24]. Thus, given the similarity
between the predicted sizes of the proteins in both prokaryotic
and eukaryotic systems, the involvement of extensive post-
translational modification is less compelling. It is also worth
noting that, for similar reasons to those of our purified mFGF-
16, no truncation of rFGF-16 was detected after expression
in the insect cells, as the epitope for the antibody was located
at the amino terminus of the fusion protein [24].

In summary, FGFs as well as other growth factors are seen
as potentially important therapeutic agents in the treatment
of heart disease as well as other medical conditions [30-32].
The pattern of expression and specifically its induction in the
postnatal heart dictate further characterization of FGF-16.
Transgenic mice will no doubt play an important role in this
study. To aid in this process, we have cloned an mFGF-16
¢DNA and provide evidence that its structure, nucleotide and
particularly amino acid sequence, is highly conserved among
human, rat and mouse species. Furthermore, we have used
this cDNA to detect a single 1.8 kb transcript in the adult
mouse heart and expressed a 26.3 kDa His-tagged FGF-16
fusion protein in bacteria.
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An ischemic B-dystroglycan (BDG) degradation
product: Correlation with irreversible injury in
adult rabbit cardiomyocytes
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Abstract

A loss of sarcolemmal dystrophin was observed by immuno-fluorescence studies in rabbit hearts subjected to in situ myocar-
dial ischemia and by immuno-blotting of the Triton soluble membrane fraction of isolated rabbit cardiomyocytes subjected to
in vitro ischemia. This ischemic loss of dystrophin was a specific event in that no ischemic loss of sarcolemmal a.-sarcoglycan,
y-sarcoglycan, aDG, or BDG was observed. The maintenance of sarcolemmal BDG (43 Kd) during ischemia was interesting
in that dystrophin binds to the C-terminus of BDG. However, during late i vitro ischemia, a 30 Kd band was observed that was
immuno-reactive for BDG. Additionally, this 30 Kd-BDG band was observed in rabbit myocardium subjected to autolysis. Finally,
the 30 Kd-BDG was observed in the purified sarcolemmal fraction of rabbit cardiomyocytes subjected to a prolonged period
of in vitro ischemia, confirming the sarcolemmal localization of this band. The potential patho-physiologic significance of this
band was indicated by the appearance of this band at 120180 min of in vitro ischemia, directly correlating with the onset of
irreversible injury, as manifested by osmotic fragility. Additionally the appearance of this band was significantly reduced by
the endogenous cardioprotective mechanism, in vitro ischemic preconditioning, which delays the onset of osmotic fragility. In
addition to dystrophin, BDG binds caveolin-3 and Grb-2 at its C-terminus. The presence of Grb-2 and caveolin-3 in the mem-
brane fractions of oxygenated and ischemic cardiomyocytes was determined by Western blotting. An increase in the level of
membrane Grb-2 and caveolin-3 was observed following ischemic preconditioning as compared to control cells. The forma-
tion of this 30 Kd-pDG degradation product is potentially related to the transition from the reversible to the irreversible phase
of myocardial ischemic cell injury and a decrease in 30 Kd-BDG might mediate the cardioprotection provided by ischemic
preconditioning. (Mol Cell Biochem 242: 71-79, 2003)

Key words: myocardial ischemia, ischemic preconditioning, sarcolemmal proteins, volume regulation, isolated cardiomyocytes

Introduction

Myocardial ischemic cell death is defined by sarcolemmal
membrane rupture. The events that lead to this terminal state
can be defined as the reversible and irreversible phases, the
latter in which ischemic cells will die despite a return to an
oxygenated state. The transition to this irreversible phase is
accompanied by a breakdown in the sarcolemmal membrane
[1-3]. The specific molecular events that lead to this sarco-
lemmal membrane breakdown have not been clearly defined.
Additionally there is a cell swelling component of irrevers-
ible myocardial ischemic cell injury. The correlation between

ischemic myocardial cell swelling and the loss of sarcolem-
mal membrane integrity was demonstrated in anoxic myo-
cardial slices subjected to a hypo-osmotic incubation and
examined by electron microscopy [4]. In a porcine in situ
myocardial model, cell swelling is associated with a 50 mOsm
increase in the osmolar load of the cardiomyocytes [5]. These
findings have been validated in isolated rat hearts, in which
a spike of myoglobin release is observed during an anoxic
incubation, following a hypotonic challenge [3]. This precipi-
tous loss of cell membrane integrity is termed osmotic fra-
gility. Osmotic fragility has been observed in ischemic [6] or
anoxic cardiomyocytes [7, 8]. In intact hearts, swelling or

Addvress for offprints: S.C. Armstrong, Department of Pathology, P.O. Box 70568, James H. Quillen College of Medicine, East Tennessee State University,
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induction of reoxygenation contracture ruptures cell mem-
branes. A reduction of swelling with hypertonic buffers pre-
vents membrane rupture [5, 9].

The dystrophin associated protein complex, in skeletal and
cardiac muscle, is composed of aDG, a heavily glycosylated
extrinsic protein which binds (via its N-terminus) to laminin
extracellularly [10] and DG, a transmembrane protein that
binds to aDG at its N-terminal extracellular region and in-
tracellularly to dystrophin at its C-terminus [11]. The BDG-
dystrophin interaction has been demonstrated ultrastructurally
in cardiac muscle [12]. Dystrophin binds to F-actin at its C-
terminus, completing a linkage between the actino-myosin
complex and the extracellular matrix. Associated with this
protein complex, are the a-, -, y-, and 8-sarcoglycans, whose
functions are not clearly defined [13]. The interaction be-
tween dystrophin and BDG is mediated by a Pro-Pro-Pro-
Tyr motif on DG and a WW domain on dystrophin [14].
The interaction between utrophin or dystrophin and the Pro-
Pro-Pro-Tyr motif of BDG is negatively regulated by tyro-
sine phosphorylation of this motif [15, 16]. In addition to
dystrophin, BDG can also bind to either caveolin-3 or Grb-
2 at the Pro-Pro-Pro-Tyr motif [17, 18]. Caveolin-3 is a
structural component of caveolae. Additionally, it has sev-
eral signal transduction functions, specifically inhibition of
Src kinase [19, 20]. Grb-2 mediates multiple signal transduc-
tion, including binding to focal adhesion kinase (FAK) [21,
22]. Thus it appears that, in addition to the mechanical link-
age provided by the a-/BDG-dystrophin binding, there is a
potential for a signal transduction mechanism.

We have observed that there is a loss of dystrophin from
the membrane fraction of adult rabbit cardiomyocytes during
early in vitro ischemia [23]. The ischemic loss of dystrophin
is a specific event in that no ischemic loss of the dystrophin
associated proteins o-sarcoglycan, DG or the membrane
protein Na*/Ca®* exchanger was observed. However, during
late in vitro ischemia, a 30 Kd band appeared in the mem-
brane fraction and in microsomes, that was immuno-reac-
tive for BDG, similar to the 30 Kd-BDG degradation product
observed in carcinoma cells [24]. In this study, the levels of
this putative BDG degradation product were quantified in the
membrane fraction and microsomes of adult rabbit cardio-
myocytes and correlated to the onset of irreversible injury and
its delay by ischemic preconditioning.

Materials and methods

Cell isolation

Adult rabbit cardiomyocytes were prepared by collagenase
perfusion as previously described [25] according to the meth-

ods of Hohl et al. [26]. The investigation conforms with the
~ “‘Guide for the Care and Use of Laboratory Animals’ pub-

lished by the US National Institutes of Health (NIH publica-
tion No 85-23, revised 1985). Hearts were excised, cannu-
lated, attached to a recirculating Langendorff apparatus and
perfused at 37°C with a nominally calcium-free buffer con-
taining in mM, NaCl (125), KCI1 (4.75), KH,PO, (1.2), MgCl,
(1.2), HEPES (30) bovine serum albumin (BSA, Pentax frac-
tion V) (0.1%), glucose (11), taurine (58.5) creatine (24.9),
EGTA (0.02), L-glutamine (0.682) including basal medium,
Eagle (BME) and modified Eagle’s medium non-essential
amino acid solutions and BME vitamins, diluted 1:50, 1:100,
and 1:100, respectively. Collagenase (Worthington, Type II)
was added to 200 units/ml and perfusion continued until
hearts softened (1520 min). Ventricles were then minced and
post-incubated for 10 min at 37°C. Cells were dispersed with
a large bore pipette, followed by filtration through nylon
mesh. Cells were washed by a brief 20 x g centrifugation and
resuspension in Krebs-Henseleit buffer, containing in mM,
NaCl (125), KCI (4.75), KH,PO, (1.2), MgCl, (1.2), HEPES
(30), glucose (11), and 2% bovine serum albumin (BSA,
Pentex Fraction V) supplemented with glutamine, vita-
mins, creatine, taurine and amino acids. Cells were incu-
bated for 30 min at 37°C, followed by calcium addition
to a final concentration of 1.25 mM. Calcium tolerant cells
were harvested by two brief centrifugations, discarding the
supernatants. Cells were resuspended in wash solution, buff-
ered to pH 7.4. Isolates averaged 85-90% viability. A sepa-
rate isolate was used for each experiment.

Ischemia model and assessment of cell injury

The initial cell suspension was equally divided into the ex-
perimental groups. Each group of cells were transferred to a
15 ml conical tube, centrifuged and resuspended into fresh
media. An aliquot of each cell suspension was then placed
in a 1.8 ml microcentrifuge tube and centrifuged into a pel-
let. In the experiments following a preconditioning protocol
a 15 min post-incubation period preceded resuspension for
final ischemic pelleting. Excess supernatant was removed to
leave a fluid layer above the pelleted cells of about one third
the volume of the pellet. After layering with mineral oil, the
cell pellets were incubated without agitation at 37°C. For the
ischemic preconditioning experiments, the pellets were in-
cubated for 10 min under oil and then resuspended for a
15 min post-incubation period prior to the final ischemic
pelleting. A 25 ul sample of the final cell pellet was removed
through the oil layer, with care to prevent introduction of air,
at the appropriate time points and resuspended for 3—5 min
in 200 ul of hypotonic (85 mOsm) buffer (to determine os-
motic fragility) containing 3 mM amytal as a mitochondrial
inhibitor, to preclude cell rounding due to reoxygenation
during cell swelling. A 25 pl sample was then mixed with an
equal volume of counting media (0.5% glutaraldehyde in



85 mOsM modified Tyrodes solution, with reduced NaCl,
containing 1% trypan blue). Microscopic examination deter-
mined the morphology (rod, round or square) and the perme-
ability of the cells to trypan blue as described previously [27].

Autolysis of ventricular tissue

Rabbit hearts were excised and placed in ice-cold Krebs-
Henseleit-HEPES buffer in the absence of calcium to induce
rapid cardioplegia. The aorta was then cannulated and flushed
with 60 ml of this buffer. Left ventricular tissue was divided
into eight sections, one of which was immediately washed
with cold PBS and snap frozen with powdered dry ice for the
0 min time point. In vitro autolysis was initiated by a modi-
fication of an established model [1], with incubation of the
remaining myocardial sections on saline moistened gauze,
tightly overlaid with Parafilm in a capped 50 ml tube at 37°C.
At various time points of autolysis, a tissue section was re-
moved, washed and snap frozen. Cell fractionation was per-
formed as described below with the modification that the
tissue was initially homogenized with a Tissumizer (2 x 10
sec rapid bursts) on ice in 0.05% digitonin.

Sample preparation and Western blots

Microsomes were prepared by a modification of the method
of Ohlendieck [28]. Briefly, oxygenated and ischemic cardio-
myocytes were homogenized in buffer (20 mM sodium py-
rophosphate, 20 mM sodium phosphate monohydrate 1 mM
MgCl,, 0.303 M sucrose, 0.5 mM EDTA, pH 7.0) in the pres-
ence of protease inhibitors. The homogenate was subjected
to a 30 min, 10,000 x g centrifugation and the supernatant of
this first step was centrifuged for 30 min at 30,000 x g. The
pellet of the second step was the heavy microsomes and the
supernatant of this step was centrifuged for 30 min at 142,000
x g to obtain the light microsomes. The heavy and light mi-
crosomes were incubated for 30 min at 4°C with 0.6 M KC1
and re-centrifuged to obtain the KC1 washed microsomes.
A purified sarcolemmal fraction was obtained from light mi-
crosomal fractions obtained from oxygenated and 180 min
ischemic cardiomyocytes by sucrose density gradient cen-
trifugation [28]. Microsomes were solubilized in 2% SDS and
analyzed by Western blotting as described below. Cell frac-
tionation was performed with oxygenated cells or ischemic
pellets, washed in PBS and snap frozen in dry ice. Separate
aliquots of oxygenated or ischemic pellets were sampled prior
to cell harvest to document cell viability and osmotic fragil-
ity. Membrane and cytoskeletal fractions were prepared by
the method of Pelech [29]. Lysis buffers (pH 7.4) containing
(in mM) Tris HCI1 (20), NaCl (137), NaF (50), EDTA (5),
PMSF (1), Na pyrophosphate (10), sodium orthovanadate (1),
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2 ug/ml leupeptin and either 1% Triton X-100 or 0.05% digi-
tonin were prepared and chilled on ice. Digitonin lysis buffer
was added to frozen cell pellets in microcentrifuge tubes,
vortexed and rocked for 5 min at 4°C. Samples were then
centrifuged for 2 min at 15,000 x g. The supernatant contain-
ing the cytosolic fraction was transferred to another micro-
centrifuge tube on ice. Cold Triton X-100 lysis buffer was
added to the pellet, vortexed for 1 min and centrifuged at
15,000 x g for 5 min. Supernatants containing the particu-
late (membrane) fraction were transferred to microcentrifuge
tubes and placed on ice. Pellets were solubilized with 2% SDS
to obtain a cytoskeletal fraction. Aliquots of cytosolic and
particulate fractions were diluted with equal volumes of sam-
ple buffer containing 2% SDS, 20% glycerol, 40 mM DTT,
0.1% bromophenol blue, and 200 mM Tris HCI (pH 6.8),
placed in a boiling water bath for 5 min and stored at—20°C.
The protein concentration in samples was determined by the
BioRad DC kit. One dimensional gel electrophoresis was run
using 4.25% stack gels and 12% separating gels run at a con-
stant current of 50 mA prior to immuno-blotting.

Immunoblotting

Proteins were transferred from 1D-SDS-PAGE to nitrocel-
lulose paper in buffer containing 25 mM Tris HCl and 192 mM
glycine and the blots were incubated in blocking buffer (pH
7.5), containing 5% milk protein, 20 mM Tris HCI, 137 mM
NaCl, and 0.1% Tween 20 (TBS-Tween) for 2 h atroom tem-
perature. Primary monoclonal antibodies for the C-terminus
of BDG (Novocastra), Grb2 and caveolin-3 (Transduction
Labs) were used at 1:100, 1:500 and 1:500 dilutions, respec-
tively. Blots were incubated with primary antibodies over-
night at 4°C. After 3 x 20 min washes in TBS-Tween, blots
were transferred to blocking buffer containing goat anti-
mouse peroxidase conjugate (1:2500; Sigma), incubated for
1 h at room temperature followed by 3 x 20 min washes in
TBS-Tween. Following incubation in LumiGlo substrate
solution (Kirkegard and Perry, Gaithersburg, MD, USA) blots
were exposed to Kodak X-Omat LS imaging film for 30 min.
Films were developed and analyzed by densitometry using
a Biolmage Whole Band Analyzer (Ann Arbor, MI, USA) gel
documentation image analysis system running on a Sun IPC
work station.

Experimental protocols

Control cells were pre-incubated in calcium-containing oxy-
genated buffer for 10 min, washed, post-incubated for 15 min,
rewashed and finally pelleted to initiate prolonged in vitro
ischemia. Separate ischemic cell pellets were established in
microcentrifuge tubes, incubated at 37°C and harvested vari-
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ous time points. The ‘0 min’ time point consisted of cells
harvested immediately after post-incubation washes.

Cells were preconditioned (IPC) by a 10 min period of in
vitro ischemic pelleting, followed by resuspension of cells in
oxygenated buffer. A single wash was followed by an oxy-
genated 15 min post-incubation period. Paired controls for
this group consisted of cells from the same isolate incubated
in oxygenated buffer for 10 min but otherwise subjected to
the same wash and post-incubation protocol, prior to final
ischemic pelleting.

Statistics

Data was analysed by ANOVA (SupraANOVA II, Abacus
Concepts, Inc., Berkeley, CA, USA). A p < 0.05 was consid-
ered significant.

Results
Ischemic production of a BDG degradation band

The levels of sarcolemmal BDG (43 Kd) were quantitated by
immuno-blotting in the Triton soluble membrane fractions of
oxygenated adult rabbit cardiomyocytes and in cells sub-
jected to in vitro ischemia for 30—180 min (Fig. 1A). In con-
trast to the loss of dystrophin that we have reported [23], BDG
was maintained in the sarcolemma during in vitro ischemia
in rabbit cardiomyocytes, at levels similar to that observed
in oxygenated cells (Fig. 1B). Significant levels of DG were
also observed in the SDS soluble, cytoskeletal fraction of
oxygenated rabbit cardiomyocytes and during early (75 min)
in vitro ischemia (Fig. 1B). However, during late (120-180
min) ischemia, this cytoskeletal BDG was lost with a corre-
sponding appearance of a 30 Kd band, in the membrane frac-
tion, that was immuno-reactive for PDG (30 Kd-BDG) (Fig.
1B). Quantitative analysis of the membrane 30 Kd-BDG deg-
radation product, expressed as a percentage of membrane 43
Kd-BDG, revealed that the appearance of 30 Kd-BDG was
coincident with the onset of irreversible ischemic injury, as
defined by osmotic fragility (Fig. 1C). The overlapping of the
cell injury curves, defined by the percentage of contracted
cells (square morphology) that are unable to exclude trypan
blue, with the levels of 30 Kd-BDG, was observed in both
the control group and in cells subjected to IPC, prior to the
onset of the prolonged ischemic period. The delay in the onset
of osmotic fragility in the IPC group was associated with a
decrease in the levels of the 30 Kd-BDG band observed. A
significant decrease in the levels of 30 Kd-BDG by IPC was
observed at 120 and 180 min (p < 0.0207 and 0.0408, respec-
tively) as compared to controls, corresponding to the signifi-
cant decrease in osmotic fragility at 120 min (p < 0.0077).

Sarcolemmal localization of the 30 Kd-BDG degradation
product

The Triton soluble, membrane fraction represents the sum of
several cellular compartments including the sarcolemmal
membrane. The sarcolemmal localization of the 43 and 30
Kd-BDG bands was confirmed by Western blot analysis of

Fig. 1. (A) Western blot analysis of BDG in the membrane and cytoskeletal
fraction of cardiomyocytes subjected to oxygenation and in vitro ischemia,
in the presence or absence of in vitro ischemic preconditioning (IPC). (B)
Quantitative analysis demonstrates that 43 Kd-pDG was maintained in the
membrane of ischemic cardiomyocytes in the control (solid line, closed
circle) and IPC groups (solid line, open circle). The cytoskeletal fraction
contained 43 Kd-BDG, with an equivalent loss observed during late ischemia
in the control (dashed line, closed triangle) and IPC groups (dashed line,
open triangle). This loss corresponded to the appearance of a 30 Kd band,
in the membrane fraction, that is immuno-reactive for PDG. The level of
this 30 Kd-BDG band was decreased in the IPC group (solid line, open
square) as compared to the control group (solid line, closed square). (C) The
levels of the membrane 30 Kd-BDG band in the control (solid lines, closed
square) and IPC groups (solid lines, open square) is compared to the per-
centage of osmotically fragile cells in the control (dashed line, closed
circle) and IPC group (dashed line, open circle) to demonstrate the cor-
respondence between the onset of osmotic fragility and the appearance of
the membrane 30 Kd-BDG band. A significant decrease of cell death by IPC
was observed at 120 min as compared to the control group (p < 0.0077%).
The level of the 30 Kd-BDG band was significantly decreased in the IPC
group (solid line, open square) at 120 and 180 min (p < 0.0276 and 0.0408,
respectively**) as compared to the control group (solid line, closed square).
This quantitative analysis expresses the levels of membrane and cytoskeletal
43 Kd-BDG as a percentage of the levels of 43 Kd-BDG in the respective
cellular fractions of the oxygenated cells in the control and IPC groups. The
membrane 30 Kd-BDG degradation product is expressed as a percentage
of membrane 43 Kd-BDG in the control and IPC groups, at each time point.
Cell death is expressed as the percentage of contracted (square) cells that
are unable to exclude trypan blue (N = 6).



BDG in microsomal fractions of oxygenated and ischemic
rabbit cardiomyocytes (Fig. 2). The levels of fDG (43 Kd
band) was maintained during 180 min of in vitro ischemia
as compared to the oxygenated (0 min) cells with an en-
richment of the 43 Kd band in the light and sucrose gradi-
ent purified sarcolemmal fractions, as compared to the
initial homogenate, supernatant and heavy microsome frac-
tions, confirming the sarcolemmal localization of this band.
The 30 Kd-BDG band was observed during 180 min of in
vitro ischemia, as compared to the relative absence of this
band in oxygenated cells. There was an enrichment of this
band in the heavy, light and sucrose gradient purified sarco-
lemmal fractions, as compared to the initial homogenate and
supernatant fractions. The 30 Kd-pDG band resolved as a
doublet in the microsomal fractions, indicating multiple lev-
els of degradation.

Autolytic production of 30 Kd-BDG in rabbit myocardium

The patho-physiologic relevance of the production of the
ischemic 30 Kd-BDG in isolated rabbit cardiomyocytes was
assessed by Western blot analysis of BDG content in the cy-
toskeletal and membrane fractions of rabbit myocardium
subjected to autolysis (Fig. 3A). High levels of BDG (43 Kd)
were maintained, in the membrane fraction, throughout au-
tolysis, with no significant loss as compared to rabbit myo-
cardium prior to autolysis (Fig. 3B). There was a complete
loss of BPDG (43 Kd) from the cytoskeletal fraction at 180—
240 min autolysis. As observed in the membrane fraction of
isolated cardiomyocytes, this loss of DG (43 Kd) from the
cytoskeletal fraction corresponded to the appearance of high

Fig. 2. Western blot analysis of BDG in microsomal fractions of oxygen-
ated and ischemic rabbit cardiomyocytes. The levels of 43 Kd-BDG were
maintained during 180 min of in vitro ischemia as compared to the oxygen-
ated (0 min) cells with an enrichment of the 43 Kd-BDG in the light and
sucrose gradient purified sarcolemmal fractions, as compared to the initial
homogenate, supernatant and heavy microsome fractions, confirming the
sarcolemmal localization of this band. The 30 Kd-BDG band was observed
only in the ischemic cells with an enrichment in the heavy and light micro-
some and in the sucrose gradient purified sarcolemmal fractions. The 30
Kd-BDG band resolved as a doublet, indicating varying degrees of degra-
dation.
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Fig. 3. (A) Western blot analysis of BDG in the cytoskeletal and membrane
fractions of rabbit myocardium subjected to in vitro autolysis. (B) DG (43
Kd) was maintained in the membrane (closed squares). There was loss of
43 Kd-BDG from the cytoskeletal fraction during late autolysis (closed cir-
cle). This loss corresponded to the appearance of the 30 Kd-pDG band in
the membrane fraction (open squares). Low levels of the 30 Kd-BDG band
were detected in the cytoskeletal fraction during late autolysis (open cir-
cles). This quantitative analysis expresses the levels of membrane and cy-
toskeletal 43 Kd-BDG as a percentage of the levels of 43 Kd-BDG in the
respective cellular fractions of the oxygenated group. Membrane and cyto-
skeletal 30 Kd-PDG was expressed as a percentage of 43 Kd-BDG in the
respective cellular fractions at each time point (N = 3).

levels of the 30 Kd-BDG band during late autolysis, demon-
strating the potential patho-physiologic relevance of the 30
Kd-BDG band (Fig. 3B). An intermediate localization of low
levels of the 30 Kd-BDG band was detected in the cytoskeletal
fraction of rabbit myocardium, during late autolysis.

Membrane localization of the BDG associated proteins:
Caveolin-3 and Grb2

The caveolin-3 and Grb-2 content of the membrane fraction
of rabbit cardiomyocytes was quantitated by Western blot
analysis (Fig. 4A). Minimal levels of caveolin-3 and Grb-2
were observed in the membrane fraction of oxygenated or
ischemic cardiomyocytes, in the absence of ischemic precon-
ditioning. In contrast, high levels of caveolin-3 and Grb-2
were observed in the membrane fraction of cardiomyocytes
subjected to ischemic preconditioning. Quantitative analysis
of the Western blot studies of caveolin-3 (Fig. 4B) and Grb
2 (Fig. 4C) revealed that the increased membrane association
in the ischemic preconditioning group, as compared to the
control group, achieved significance at 0 and 120 min (p <
0.03 and 0.04 respectively) for caveolin-3 and at 75 and 120
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Fig. 4. (A) Western blot analysis of caveolin-3 and Grb-2 content in the
membrane fraction of cardiomyocytes subjected to oxygenation or in vitro
ischemia, in the presence or absence of in vitro ischemic preconditioning
(IPC). Quantitative analysis of caveolin-3 (B) and Grb-2 (C) content in
membrane fractions. IPC (open squares) induced a significant increase in
the membrane association of caveolin-3 at 0 and 120 min (p <0.03 and 0.04
respectively*) and Grb2 at 75 and 120 min (p < 0.0229 and 0.043 respec-
tively*) as compared to the control groups (closed circles) (N = 4). The data
is expressed as a percentage of the control oxygenated group.

min (p < 0.0229 and 0.043 respectively) for Grb-2. There
was no ischemic increase in the membrane association of
caveolin-3 or Grb-2 in the control or ischemic precondition-
ing group.

Discussion

The primary results presented in this study describe the late
ischemic generation of a 30 Kd band that is immuno-reac-
tive for BDG in the membrane and sarcolemmal fractions of
adult rabbit cardiomyocytes. The production of the 30 Kd-
BDG band directly correlated with the onset of irreversible
injury, as determined by osmotic fragility. This correlation
was further evidenced by a corresponding decrease in the
production of this band and a delay in the onset of osmotic
fragility, in cells subjected to ischemic preconditioning. An
assessment of the data presented requires consideration of
three fundamental questions: (1) Is this BDG immuno-reac-
tive band a valid degradation product of PDG?; (2) does this
ischemic BDG degradation product have patho-physiologic
relevance?; and (3) What is the mechanism that mediates the
contribution of this degradation product to the onset of irre-
versible ischemic injury? These questions will be addressed
sequentially.

The first consideration in the appearance of a immuno-re-
active band with a molecular weight distinct from the native
protein is the possibility of a cross-reactivity that is unique

Cell volume regulation

Fig. 5. Schematic diagram of signal transduction molecules associated with
the C-terminus of BDG. Grb-2 and Src bind to BDG [38, 43]. The Src me-
diated tyrosine phosphorylation of the tyrosine kinase, FAK, at Tyr-925,
allows it to bind to Grb-2 [22, 40]. Grb-2 is an adaptor protein that links
BDG to FAK [21]. The tyrosine kinase Syk associates with FAK [44]. Phos-
phorylation of Tyr-518 and 519 on Syk allows its association with the SH2
domain of the tyrosine kinase, Lck, at Tyr-192 [45]. Ischemic stress initi-
ates the Syk mediated tyrosine phosphorylation of Tyr-192 and the release
and activation of Lck, which facilitates swell-activated chloride channel (I,
<) OPening and cell volume regulation [41]. The formation of this multi-
complex is enhanced by ischemic preconditioning and the association of these
signal transduction molecules with BDG (43 Kd) is competitively inhibited
by 30 Kd-BDG. This tyrosine kinase pathway would complement the asso-
ciation between PKCe mediated cardioprotection and Lck activation [42].

to the model examined. This 30 Kd-BDG band was previ-
ously detected at low levels in rat ventricular and skeletal
muscle, with the C-terminus reactive monoclonal antibody
utilized in our studies (Dag1/8D5) [12]. Additionally, the 30
Kd-BDG band has been reported in human skeletal muscle
homogenates and the membrane fraction of rat glioma cells
using several monoclonal antibodies, negating the possibil-
ity that this band represents cross-reactive proteins [30]. Fur-
thermore, the 30 Kd-BDG band was noted in Schwann cells
and in the skeletal muscle of patients with y-sarcoglycan-
opathy (limb-girdle muscular dystrophy type 2C) [31, 32]
Finally, the 30 Kd-BDG band was observed in several carci-
noma cell lines [24], in the absence of any alternative splicing
events, indicating that this band is due to either a proteolytic
cleavage or a loss of post-translational processing. Addition-
ally they demonstrated that the transmembrane segment is
maintained in 30 Kd-BDG.

Given that the 30 Kd-BDG band is a recognized degrada-
tion product of BDG, the patho-physiologic relevance of this
band must be considered. The correlation between the onset



of irreversible ischemic injury (osmotic fragility) and the
appearance of the 30 Kd-BDG band is the primary evidence
of the patho-physiologic relevance of this degradation prod-
uct. This correlation is a unique event in that in other pro-
teins that we have examined there is either no ischemic
change, e.g. BDG, a-sarcoglycan [23], y-sarcoglycan, and
aDG (unpublished data) or there is an ischemic loss that sig-
nificantly precedes the onset of osmotic fragility e.g. dys-
trophin [23], HSP27 [33] and of crystallin [34]. The latter
ischemic protein losses occurred concurrently with the on-
set of cell contracture, at 60 min of in vitro ischemia. The pro-
duction of the 30 Kd-BDG band occurs at 120 min of ir vitro
ischemia, temporally separating this degradation event from
cell contracture. Additionally, the late ischemic appearance
of the 30 Kd-BDG band was attenuated by ischemic precondi-
tioning, corresponding to the delay in the onset of osmotic
fragility by this cardioprotective protocol. This is also a
unique event in that this correlation has not been detected in
any other protein that we have examined. The cardiomyo-
cytes in the ischemic pellet at 120 min are innately viable in
that resuspension of these cells in an isotonic buffer yields a
population of cells that predominantly exclude trypan blue.
This indicates that the appearance of the 30 Kd-BDG band is
not a secondary event to cell degradation, but rather it is a
potential indicator of the transition from the reversible to ir-
reversible phase of ischemic cell injury. The loss of cyto-
skeletal DG (43 Kd) from cardiomyocytes was equivalent
in the control and IPC groups and yet the level of the 30 Kd-
BDG band in the membrane fraction was decreased in the IPC
group. This suggests that ischemic preconditioning initiates
the further degradation of the 30 Kd-pDG band, eliminating
this potential mediator of irreversible myocardial ischemic
cell injury. It is possible that the tyrosine phosphorylation of
43 Kd-BDG [15, 16] renders it susceptible to proteolysis and
degradation. A recent report has indicated that the formation
of the 30 Kd-BDG band is mediated by matrix metallopro-
teinases [35]. This offer the possibility that there is a translo-
cation 0f 43 Kd-BDG from the cytoskeleton to the membrane
with a subsequent proteolysis event.

The late production of the 30 Kd-fDG band in autolytic
rabbit myocardium demonstrates that this event is not unique
to isolated cardiomyocytes, but instead can be observed in
myocardial tissue. This autolytic model has been character-
ized in canine myocardium [4, 36, 37]. Our studies on HSP27,
p38 MAPK, dystrophin and a.§ crystallin utilized this rabbit
myocardium model , with the results corresponding to those
obtained with isolated rabbit cardiomyocytes. In contrast to
the consistent absence of the 30 Kd-BDG band in the cyto-
skeletal fraction of cardiomyocytes, there were low levels of
the 30 Kd-BDG band in the cytoskeletal fraction of autolytic
myocardium, notable in the blot presented in Fig. 3. The rea-
son for this discrepancy is unclear and the membrane is still
a likely site of the proteolytic event.

77

The correlations between the formation of the 30 Kd-pDG
band and the onset of osmotic fragility, and its delay by is-
chemic preconditioning, might be co-incidental. However,
there is sufficient experimental evidence to suggest that the
30 Kd-BDG degradation product does have patho-phys-
iologic relevance to the onset of irreversible myocardial
ischemic cell injury. This permits a consideration of the fi-
nal question: the cellular mechanism that is negatively regu-
lated by the 30 Kd-BDG degradation product. The ability of
PDG to bind caveolin-3 and Grb-2 [17, 18, 38] suggests that
BDG (43 Kd) is able to initiate signal transduction mecha-
nisms that could be impacted by the 30 Kd-BDG degradation
product. The ability of in vitro ischemic preconditioning to
increase the membrane association of Grb2 and caveolin-3
is supportive of this hypothesis, although no ischemic in-
crease in the membrane association of these proteins was
observed in these preliminary studies. The cardioprotection
provided by ischemic preconditioning is possibly mediated
by a limitation of ischemic cell volume increases by the open-
ing of the swelling activated chloride channel (ICI Swell
channel) [39]. It is proposed that, in oxygenated cardiomyo-
cytes, a-/-BDG and dystrophin form a dynamic complex that
is a signal transduction module, detecting alterations in cell
volume as mechanical perturbations in the sarcolemmal
membrane. This stress signal is transmitted intracellularly, to
initiate the opening of ion channels and volume regulation (Fig.
5). The ischemic absence of membrane associated dystrophin
initiates a compensatory mechanism in which there is an
association of caveolin-3 and Grb-2 with BDG. The associa-
tion of caveolin-3 with DG would release caveolin-3 from
its inhibition of Src kinase [19, 20]. This would allow the Src
mediated phosphorylation of FAK at Tyr 925 [22]. The bind-
ing of Grb2 to BDG and the binding of Grb-2 to focal adhe-
sion kinase (FAK), at the phospho-Tyr 925 site [22] would
permit the formation of the Grb2-FAK complex that has been
reported in synaptosomes [21] and in hypoxic cardiomyo-
cytes [40]. FAK would initiate the Syk mediated tyrosine
phosphorylation and activation of the tyrosine kinase Lck [44,
45], which would execute its recognized function in facili-
tating the opening of the swell-activated chloride channel (I,
wa)» and cell volume regulation subsequent to hypotonic
stress [41]. This Lck mediated cell volume regulation would
correspond to the report that ischemic preconditioning is de-
pendent upon Lck tyrosine kinase [42]. The BDG (43 Kd)-
Grb2-FAK complex would be competitively inhibited by the
30 Kd-BDG degradation product, eliminating this ischemic
mode of volume regulation and initiating the irreversible
phase of myocardial ischemic cell injury. Alternatively, Src
can tyrosine phosphorylate the PPxY motif and bind directly
to BDG [43], potentially linking this trans-membrane pro-
tein to FAK and the putative volume regulatory pathway de-
scribed above. This Src-BDG (43 Kd) interaction could be
similarly competitively inhibited by the 30 Kd-BDG degra-
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dation product. Further investigations are required to define
this potential volume regulatory pathway and its role in the
cardioprotection provided by ischemic preconditioning.
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Abstract

Glyburide, also known as glibenclamide, was shown to have positive inotropic effect in human and animal hearts. The objec-
tives of the present study was to investigate the effects of glyburide on developed left ventricular pressure (DLVP), coronary
flow (CF), and heart rate (HR), in isolated rabbit heart as well as its effects on myocardial contractility and L-type calcium
current, i, in guinea pig myocytes. Rabbit hearts were mounted on Langendorff apparatus and perfused with an oxygenated
Krebs for 30 min until reaching steady state to be followed by 20 min of experimental perfusion divided into 5 min of control
perfusion and 15 min of perfusion with Glyburide (10 uM). Ventricular myocytes were isolated by enzymatic dispersion tech-
nique and superfused in an oxygenated Tyrode solution. Cells were voltage-clamped at holding potential —40 mV to inactivate
Na* current and a step depolarizations, 200 msec duration, to 0 mV was applied to elicit i.. The contractions of the myocytes
were measured by optical methods. Glyburide significantly increased DLVP by 30% and CF by 36% but had no effect on HR.
Glyburide increased cell contractility by 7+ 6, 18 7,28 + 9 and 54 + 15% for 0.1, 1, 10 and 100 uM respectively, p <0.001.
Meanwhile it depressed i, by 9+ 6 and 19 + 8% for 1 and 10 uM respectively. In conclusion, glyburide increased contractility
of guinea pig single myocytes and of isolated rabbit heart, as indicated by increased developed left ventricular pressure while
it depressed i,,. It is hypothesized that an elevation in intracellular calcium, which caused increased myocardial contractility,
could be attrlbuted to an increase in intracellular Na* that could increase intracellular calcium via Na*/Ca** exchange. (Mol
Cell Biochem 242: 81-87, 2003)

Key words: glyburide, contractility, calcium current, left ventricular pressure, myocytes

Introduction

The anti-diabetic sulfonylurea drugs, like glyburide, have
been established as potent blockers of ATP dependent potas-
sium channel (K*,...) in the heart [1]. They have been reported
to cause positive inotropic effect in animals and human. Linden
and Brooker [2] reported a significant and large increase in
contractility after an initial decrease in rabbit atrial muscle.
Tolbutamide, first generation of sulfonylurea agent, was
shown to have positive inotropic effect and to dramatically

improve the recoverability of myocardial function of is-
chemic myocardium, which was suggested to be a cause of
increased cardiac mortality [3, 4]. Glyburide, a second gen-
eration of sulfonylurea agent, was shown to have a positive
inotropic effect in healthy volunteers. It produced a signifi-
cant increase in myocardial contractility as indicated by in-
creased ejection fraction and increased cardiac work [5]. We
reported a significant positive inotropic action for glyburide
as shown by increased left ventricular pressure produced by
10 uM, in Langendorff isolated rabbit heart under normoxic
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conditions of perfusion [6]. Glibenclamide elicited sus-
tained positive inotropic effect in isolated guinea pig heart,
improved functional recovery of ischemic myocardium at 45
min reperfusion and accelerated the onset of contracture thus
speeding up cardiac arrest in rat and guinea-pig heart [7-9].
Recently, glibenclamide was shown to increase intracellular
calcium concentration in a dose dependent manner in car-
diomyocytes [10]. Smallwood et al. [1] reported that glib-
enclamide attenuated action potential shortening (APD)
during ischemia in a dose-related manner, but it did not ef-
fect on APD of the rabbit left ventricle. However, glyburide
increased action potential duration at 95% repolarization in
normoxic canine purkinje fibers.

The mechanism of action of the positive inotropic effect
is not clear. Some reports suggested a direct effect of the drug
[2, 3]. Other studies postulated an indirect effect mediated
by cyclic AMP or catecholamines release [11]. However, the
elevation of intracellular calcium and possible prolongation
of action potential could suggest that the increase in intrac-
ellular Ca* responsible for the positive inotropic action to be
attributed to increased slow inward calcium current, i_,.

The main aim of the present study was to investigate the
effect of glyburide on i and on contractility in single ven-
tricular myocytes isolated from guinea pig heart. We also
looked into the effect of the drug on developed left ventricu-
lar pressure, coronary flow and heart rate in isolated Lang-
endorff perfused rabbit heart.

Materials and methods
Isolated heart preparation

New Zealand white rabbits, weighing 2.5-3 kg, were lightly
anaesthetised with diethylether then killed by a fast blow to
the back of the neck to decerebrate the animal. The chest was
immediately opened and the heart rapidly excised and washed
in ice-cold Krebs solution. The heart was then cannulated
within 2 min through the aorta on Langendorff apparatus
consisting of water-jacketed double coils (Aimer Ltd., UK).
Perfusion was started immediately with control Krebs solu-
tion running in one of the coils. The testing Krebs contain-
ing glyburide at 10 uM was placed in the other coil. The
perfusing Krebs could be changed by turning a tap, which is
part of the double coil, and placed, at the bottom of the ap-
paratus. The control Krebs was continuously gassed with
95% 0,/5% CO, (pH 7.2-7.4) and consisted of (in mmol/L)
NaCl, 100; KCI, 4; MgSO,, 1.2; KH,PO,, 1.2; CaCL,, 1.8;
NaHCO,, 25; CH,COONa, 20; HEPES buffer 10 and glucose
10. The Krebs containing glyburide, running in the other coil,
was also continuously gassed with 95% 0O,/5% CO, and
was identical to control Krebs in its constituents except for
glyburide. The developed left ventricular pressure, DLVP,

was recorded by a glass cannula inserted into the left ventri-
cle through the left atrium and connected to a Harvard uni-
versal channel recorder via a pressure transducer PT 400 (Bell
and Howell). For monitoring heart rate, HR, epicardial ECG
was recorded by placing two pieces of cotton wool on the
heart and connected to the channel recorder by AC/DC pre-
amplifier. All Krebs solutions were filtered by in-line filters
with 50 mm diameter and 8 mm pore size (Sartorius-Ger-
many) and warmed to 37°C before perfusing the heart at 80 cm
H,O pressure. The heart was placed in jacketed glass cham-
ber warmed to 37°C.

Experimental protocol

All hearts were initially perfused with normal Krebs until
reaching steady state as indicated by constant, DLVP, HR and
CF. This equilibrating period was reached after about 30 min
of starting the perfusion. This equilibrating period was fol-
lowed by 20 min of experimental perfusion. In the first 5 min
the hearts were perfused with control Krebs before switching
to that containing glyburide for an additional 15 min. A con-
trol group, n = 10, was run applying identical protocol except
that the Krebs did not contain any glyburide at any stage.

Myocytes isolation

Guinea-pigs weighing 300400 g were anaesthetized with
chloroform. The heart was rapidly excised and dropped into
a beaker containing cold HEPES-buffered physiological so-
lution containing in mmol/L, Na*, 130.4; Cl, 142.4; K", 5.4;
HEPES, 5; glucose, 10; H PO, 0.4; Mg?*, 3.5; taurine, 20;
creatine, 0.75 and pH adjusted to 7.2 with NaOH. The washed
heart was then cannulated on Langendorff apparatus and
perfused at constant pressure of 3040 mmHg and constant
flow, set at 9 ml/min, with physiological solution containing
0.75 mmol/L Ca* at 37°C and equilibrated with 95% O.,/5%
CO, The perfusion pressure was continuously monitored.
After reaching stability, perfusion was switched to Ca?* free
solution for 5 min. The heart stopped beating while perfu-
sion pressure increased slightly. Perfusion was then switched
to re-circulated perfusion with physiological ‘enzyme’ solu-
tion containing collagenase II (1 mg/mL, Worthington), pro-
tease (type XIV, 0.1 mg/mL, Sigma) and Ca?" (100 uM). The
re-circulated perfusion continued for 9 min. During this per-
fusion the perfusion pressure increased sharply to about 90—
100 mmHg from about 40 mmHg before steadily decreasing
back to the initial value. At the end of enzyme perfusion the
heart was cut down and the ventricles were cut free and in-
cubated in Erlenmeyer flask containing physiological enzyme
solution to which albumin was added at 2 g per 100 mL. The
incubated heart was gently agitated in water bath at 37°C



while being gassed with 95% O_./5% CO, for 5 min. The so-
lution was then filtered through gauze and the filtrate centri-
fuged a 400 rpm for 30 sec. The cell pellet was re-suspended
in physiological solution containing 0.5 mmol/L Ca*. The
remaining undigested ventricular tissues was re-incubated in
enzyme solution and agitated again for 5 min followed by
filtration. The process was repeated until all ventricular tis-
sues were fully digested. The re-suspended cells were added
together and kept at room temperature for at least 1 h before
experimentation. All cells chosen for the study were large
with as straight as possible edges, had clear striation and re-
sponded to stimulation with a rapid twitch.

Chamber perfusion

A drop of the cell suspension was placed in a bath mounted
on a Nikon Diaphot inverted microscope. Perfusion of the
path began after allowing cells to settle down for at least
5 min. The constituents of the solution used (mmol/L): Na*,
135; K*, 5; Mg*, 1; HCO,*, 20; CI, 102; SO,*, 1; Ca*, 1;
acetate, 20; glucose, 10; insulin, 5 U/L. This solution was
equilibrated with 95% 0,/5% CO, to give pH 7.3. Five
(250 mL) portions of solutions were prepared. One portion
was used for control while Glyburide was added to the other
four to give final concentrations of 0.1, 1, 10, and 100 pM.
Up to four solutions were pumped by magnetic drive gear me-
tering pumps (Micropump, USA) to solenoid valves (Lee
products Ltd., UK). One of the solutions was directed to the
bath by the solenoid valves and the remainder to waste. The
bath had a volume of 70 pL and it was perfused at a rate of
2.4 mL/min (35 bath volumes per min). The solution was
heated to 36°C by a heating coil wrapped around the glass
inflow tubes before entering the chamber. The bath tempera-
ture was continuously monitored and regulated using a mini-
ature bead thermistor mounted in the bath wall and feedback
control of current flow through the heating coil. The tempera-
ture did not vary more than + 0.2°C during the course of an
experiment. The solution level and drainage from the bath
were controlled by an electronic feedback system. Myocytes
were stimulated by means of two platinum field electrodes
placed on either side of the bath. After perfusion with nor-
mal Tyrode for 2025 min the pump was switched to one of
the Tyrode solutions containing glyburide starting with the
lowest concentration for 15-20 min.

Drug preparation

Since glyburide is insoluble in water, a 10 mM stock solu-
tion was prepared in DMSO. The correct amount was used
from this stock to prepare Tyrode or Krebs to the required
concentration.
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Recording and analysis of i,

Rods shaped cells with clear striation were chosen. Membrane
potential and currents were recorded using the GigaOhm-seal
patch clamp technique in the whole-cell clamp configuration.
Current amplification was accomplished with Axopatch 1-C
(Axon Instruments, USA). The resistance of the patch pi-
pettes ranged between 1-3 MigaOhm. For each seal, the pi-
pette junction potential was offset to 0 mV with the pipette
positioned near the membrane before initiating a seal. Mem-
brane and seal capacitance was corrected electronically. A
low-pass filter filtered the current with cut-off frequency of
either 3 or 10 KHz [12]. During an experiment, membrane
potential and current were monitored on a storage oscillo-
scope (Tektronix 5000 series) and a pen recorder (Gould
2400). The signals as well as timing pulses were also recorded
on a videotape recorder (JVC, HR-158MS) using pulse code
modulator (Neuro-corder, Neuro Data Instruments corpora-
tion, USA). The cells were constantly stimulated with pulses
of 200 msec duration at 0.5 Hz which was chosen because
increasing the frequencies above 0.5 Hz were shown by
Boyett et al. [12] to decrease the i, Applying voltage clamp
pulses to 0 mV from a holding potential of 40 mV gener-
ated calcium current.

Measurements

Cardiac parameters

DLVP was measured as the difference between diastolic pres-
sure and the maximum systolic pressure developed during the
contraction i.e. the amplitude of the pressure trace. CF (mL/
min) was determined from timed collection of effluent drip-
ping from the heart. HR, (beat/min) was calculated from the
ECG trace. DLVP, CF and HR at 15-20 min of perfusion with
or without the Glyburide were expressed as % of the preced-
ing values immediately before drug perfusion and compared
with values for the control group.

I measurement

The magnitude of i was measured as the difference between
the peak of i and the current at the end of the 200 msec pulse.
The magnitude of the current at the end of 1520 min perfu-
sion with the drug was calculated in nAmp and expressed as
% of the immediately preceding current prior to drug perfu-
sion.

Cell length (twitch shortening, TS)

To measure TS, cells were illuminated with long wavelength
red light from 100 W halogen lamp (Nikon). The cell im-
age was focused on to a linear-element photodiode array
(Reticon). From the output of the array, the cell length was
measured electronically as described in details by Boyett et
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al. [13]. The twitch shortening was calculated as the ampli-
tude of the cell length trace. The twitch shortening at the end
of 1520 min perfusion with the drug was calculated as per-
centage of the preceding twitch shortening before perfusion
with the drug. The twitch shortening was considered as rep-
resentative of cell contractility.

Statistical analysis

All values are expressed as mean = S.D. For the rabbit ex-
periments n = 6—10 and 10—14 for single myocytes. The sig-
nificance was tested by Student’s #-test and confirmed by
non-parametric test ‘Mann-Whitney test’. There was agree-
ment between both tests, p <0.05 was considered significant
in both tests. The correlation coefficient was plotted by SPSS
computer program.

Results

Effect of glyburide on DLVP, CF and HR

Glyburide at 10 uM increased DLVP to 130 + 15% and CF
to 136 = 22% of control as shown (Fig. 1). Meanwhile the
HR was not affected. The increase in both DLVP and CF was
statistically significant, p < 0.001, when compared to the
changes in the control group. The increase in DLVP and CF
reached maximum within 2—3 min of starting glyburide per-
fusion and was sustained until the end of the experiment, i.e.
15-20 min. The control values refer to values of DVLP, CF
and HR at the end of 20 min experimental perfusion without
glyburide.

Values as % of steady state

DLVP CF HR

Fig. 1. Shows the effect of glyburide (Gly) 10 pM, on developed left ven-
tricular pressure (DLVP), coronary flow (CF) and heart rate (HR) in the
isolated rabbit heart. The results are expressed as % of preceding control
values. The control group (Con) shows the results at the end of 20 min
perfusion. All data are mean + S.D., n = 10 for the control and n = 6 for the
glyburide group.

-]

Cell contractility as % of steady state

Concentration of glyburide (uM)

134

122 L

Cell shortening (uM)

0.1 microM Gly 10 min

Cell shortening

Cell shortening

Cell shortening

Fig. 2. (a) The effect of 0.1, 1, 10 and 100 pM of glyburide on cell con-
tractility as represented by the twitch shortening expressed as % of the con-
trol twitch shortening immediately before glyburide perfusion in guinea pig
myocytes. Each value represents the mean of 10—14 experiments, + S.D., p
< 0.04 for all values. (b) Shows slow time base of records showing the in-
crease in cell shortening produced by different concentrations of glyburide.
They represent different cells except those for 1 and 10 pM were obtained
from the same cell.



Effect of glyburide on twitch shortening

Figure 2a shows the effect of different concentrations of
glyburide (i.e. 0.1, 1, 10, 100 mM) on TS of guinea pig myo-
cytes. TS was electronically recorded from the changes in cell
length during contraction by optical method. Slow time base
records showing the effect of the different concentrations of
glyburide on TS are shown in Fig. 2b. Figure 2a shows that
on increasing Glyburide concentration there was a significant
increase in TS. The increase in TS as % of the preceding
control was 7 £ 6, 18 £ 7, 28 £ 9 and 54 + 14 produced by
0.1, 1, 10 and 100 uM respectively. The increase was signifi-
cant for all concentrations, p < 0.04 for 0.1 uM and p < 0.01
for the other concentrations. The correlation coefficient (Fig.
3) shows a significant relationship between the drug concen-
tration and TS in the range tested, R = 0.692, p < 0.001. Fig-
ure 2b also shows the increase in TS was reversible on going
back to normal Tyrode.

Effect of glyburide on i,

Table 1 shows the effect of two concentrations, 1 and 10 uM
glyburide on i , in guinea pig myocytes. Current, mostly Ica,
was recorded during 200 msec voltage clamp depolarizing
pulses to 0 mV from a holding potential of —40 mV. The cur-
rent was measured as the difference between peak inward
current and the current at the end of the step depolarization.
Because the absolute values of i, varies from cell to cell the
depressed i produced by the drug was calculated as % of the
preceding control i immediately before starting the drug
perfusion. Superimposed i_, at fast time base for control (i),
1 (ii) and 10 (iii) uM are shown in Fig. 4. The table shows a
significant depression in i , produced by glyburide. This de-
pression in the current seems to be concentration dependent.
The percentage depression was 9 £ 6%, n=10 and 19 + 8%,
n =10, for I and 10 uM respectively. Only in 4 of these ex-
periments the same cells were successfully tested for the ef-
fects of both concentrations. Glyburide at 0.1 uM did not have
any measurable depression while 100 uM produced depres-
sion in current but was difficult to sustain for more than few
contractions before cells ruptured, presumably due to the
large increase in TS produced by such concentration.
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Fig. 3. Theregression line plotted by SPSS program R = 0.692 suggesting
a significant correlation between glyburide concentration and twitch short-
ening. p < 0.001, Pearson correlation, 1-tailed.

Discussion

The results show glyburide caused a significant increase in
DLVP, 30% and CF, 36% in isolated intact rabbit heart un-
der normoxic conditions and significantly increased TS, that
is a measure of contractility, while depressing i , in a dose de-
pendent manner in single guinea-pig myocytes. The increase
inTSwas 7+ 6, 18+ 7,28 £ 9 and 54 + 14% produced by
0.1, 1, 10 and 100 uM respectively. The depression in i , was
9+ 6% and 19 £ 8% for 1 and 10 uM.

The increase in CF can be explained by the increase in
DLVP, which would be expected to increase the metabolic
activity of cardiac cells. Schaffer et al. [14] found 3 uM of
glyburide resulted in 45% increase in glucose utilization and
lactate production in isolated perfused rat heart. More re-
cently glyburide, 10 puM, resulted in enhanced 60% lactate
production in pigs heart [15]. Hence, the increase in CF in
our study could be explained by increased lactate production
as a result on increased contractility [16].

The effects of glyburide on DVLP and TS suggest posi-
tive inotropic action in a dose dependent manner in intact

Table 1. Shows the effect of 1 and 10 uM glyburide on L-type slow calcium current at the end of 15-20 min superperfusion with Tyrode

Control i, nA 1 uM glyburide % Depression

Control i, nA 10puM glyburide % Depression

0.68+0.15 0.62 £0.14* 96

0.74 £ 0.17 0.6 £0.16* 19£8

Shows the depressing effect of glyburide, 1 and 10 uM on the magnitude of L-type slow calcium current, i, in myocytes isolated from guinea pig heart. The
current at 15-20 min was expressed as % of the control current before Glyburide perfusion. (Mean + S.D., n = 10-14, *P < 0.001 for both concentrations.

Each group was compared to the respective control.
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Fig. 4. Shows superimposed records of i, from guinea pig cells at fast time base. Control (i), 1 uM (ii) and 10 pM (iii) glyburide. Two hundred msec dura-

tion pulses from 0 to 40 mV generated the current.

heart and in single myocytes. The correlation coefficient
analyses suggest a significant correlation exist between con-
tractility and glyburide concentration in the range of 0.1—
100 pM. This effect of glyburide is in agreement with previous
studies [2—6, 11]. In human volunteers glyburide produced
a significant increase in ejection fraction and cardiac work
[5]. In hypoxic myocardium glyburide, in a dose dependent
manner (0.1-10 pM) attenuated the extent of a decrease in
left ventricular pressure produce by hypoxia for 10 min in
isolated Langendorff rabbit heart [6] while Tolbutamide re-
duced the severity of heart failure resulting from a period of
ischemia [4]. In several studies glyburide reversed, reduced
or antagonized the actions of potassium channel openers (e.g.
Celikalim, Rilmakalim and Nicorandil) on intracellular cal-
cium concentration and myocardial contractility. It reversed
anegative inotropy induced by Celikalim, in feline left atrial
papillary muscle [17] and antagonized a reduction in systolic
intracellular free calcium and contractility that was induced
by Rilmakalim in guinea-pig ventricular myocytes in a con-
centration dependent manner [18]. Glyburide also antago-
nized the action of Nicorandil which prevented an increase
in intracellular Ca?* of ventricular myocytes that had been
exposed to high K* solution [19].

The mechanism of action of this positive inotropic effect
is not clear. It is well documented that increased contractil-
ity is associated with increased intracellular Ca?*. Frampton

et al. [20] and Harrison et al. [21] using fluorescence tech-
nique found a direct relationship between TS and intracellu-
lar Ca?. Recently Kim et al. [10] reported, in single rat atrial
myocytes, glibenclamide at 1, 10 and 100 uM increased in-
tracellular Ca®* from a basal value of 68 nM to 103, 166, and
289 nM respectively. It is, therefore, suggested that increased
intracellular Ca® is responsible for the positive inotropic
effect of glyburide. Such an increase in intracellular Ca?*
can not be explained by increased i since it is depressed
by glyburide as shown in this study. A possible increase in
intracellular Na* can produce an increase in intracellular Ca?*
through the Na*- Ca?* exchange which was shown to play a
significant role in cardiac contractile properties [22]. In-
creased intracellular Na*has been shown to increase intrac-
ellular Ca?*, which was associated with increased contractility
in guinea pig or rat myocytes [23]. An inhibition of Na*/K*
ATPase pump could lead to an increase in intracellular Na*
and such inhibition of Na*/K* ATPase pump by glyburide has
been found in insulin secreting cells [24].

The possibility can not be ruled out that direct binding of
glyburide to certain receptors on myocytes activates ade-
nyl cyclase enzyme, which increases cAMP. Cyclic AMP
is known to mediate the positive inotropic action of Catechol-
amines by increasing intracellular Ca**concentration [16].

The mechanism of i depression is not clear. It could be
due to decreased calcium influx as a result of decreased cal-



cium concentration gradient or to direct depression effect on
the L-type slow Ca** current, which needs further investiga-
tion.

In contradiction to the above, several studies reported a
negative inotropic effect for glyburide and reduced recovery
on reperfusion [25]. In such studies the period of ischemia
was longer than 20 min. Schaffer et al. [4] found hearts sub-
jected to periods of ischemia longer than 15 min were asso-
ciated with a sever decline in mechanical recoverability. This
could explain the contradictions in the effects of glyburide.
In our studies and in those who found positive inotropy a short
periods of ischemia or hypoxia (10—15 min) was used.

In conclusion, glyburide showed a positive inotropic ac-
tion on intact rabbit heart and on single cardiomyocytes iso-
lated from guinea-pig heart. This effect suggested increased
intracellular Ca**, which seemed to be independent of the L-
type slow calcium current since the latter was depressed. Such
an increase in intracellular calcium could be accounted for
by increased intracellular sodium.

Acknowledgements

The study was supported by the Deanship of Scientific Re-
search at Jordan University of Science and Technology. The
authors wish to thank the British Council for supporting S.Y.
Khatib’s visit to the UK. We also would like to thank Dr.
Simon Harrison for his technical help and advice.

References

1. Smallwood JK, Ertel JP, Steinberg MI: Modification by glibenclamide
of the electrophysiological consequences of myocardial ischemia in
dog and rabbit. Arch Pharmacol 342: 214-220, 1990

2. Linden J, Brooker G: The positive inotropic action of sulfonylureas.
Diabetes 27: 694—698, 1978

3. Pogatsa G, Dubeez E: The direct effect of hypoglycemic sulfonylureas
on myocardial contractile force and arterial blood pressure. Diabetologia
13: 515519, 1977

4. Schaffer SW, Poole WG, Lampson WG, Kramer JH: Effect of Tolb-
utamide on the mechanical function of the isolated rat heart subjected
to global ischemia. J Mol Cell Cardiol 13: 341-345, 1981

5. Rothschid MA, Rothschild AH, Pfeifer MA: The inotropic action of
Tolbutamide and Glyburide. Clin Pharmacol Ther 45: 642-649, 1989

6. Khatib SY, Al-Hader AA: Effect of glyburide on ATP, creatine phos-
phate and LVP in isolated rabbit heart. J Moll Cell Cardiol 24(suppl
1): 007, 1993

7. Decking UK, Reffelman T, Schrader J, Kammermeier H: Hypoxia-
induced activation of KATP channels limit energy depletion in the
guinea-pig heart. Am J Physiol 269: H734-H742, 1995

8. Docherty JC, Gunter HT, Kuzio B, Shoemaker L, Yang L, Deslauriers
R: Effects of Cromakalim and Glibenclamide on myocardial high-en-

13.

14.

15.

16.

20.

21.

22.

23.

24.

25.

87

ergy phosphates and intracellular pH during ischemia-reperfusion. J
Mol Cell Cardiol 29: 1665-1673, 1997

Mitani A, Kinoshita K, Fukamachi K, Sakamoto M, Kurisu K, Tsuruhara
Y, Fukamura F, Nakashima A, Tokunaga K: Effects of Glibenclamide
and Nicorandil on cardiac function during ischemia and reperfusion
in isolated perfused rat heart. Am J Physiol 261: H1864-H1871, 1991

. Kim SH, Cho KW, Chang SH, Kim SZ, Chae SW: Glibenclamide sup-

presses stretch-activated ANP secretion: Involvement of K* ATP chan-
nel and L-type Ca?* channel modulation. Pfliigers Arch 434: 362-372,
1997

. Dubach V, Burelschardt D, Raeder E, Forgo I et al.: Effect of intra-

venous Tolbutamide and Glibenclamide on myocardial contractility.
Cardiology 64: 208-294, 1979

. Boyett MR, Honjo H, Harrison S, Zang W, Kirby M: Ultra slow volt-

age-dependent inactivation of the calcium current in guineas-pig and
ferret ventricular myocytes. Pfliigers Arch 428: 3950, 1994

Boyett MR, Moore M, Jewell BR, Montgomery RAP, Kirby MS, Or-
chard CH: An improved apparatus for the optical recording of contrac-
tion of single heart cells. Pfliigers Arch 413: 197-205, 1988
Schaffer SW, Boen HT, Mahmood SM: Effect of Glyburide on myo-
cardial metabolism and function. Am J Med 79(suppl 3B): 48-52,
1985

Wikstrom BG, Ronquist G, Waldenstrom A: Glyburide enhancement
of lactate production in ischemic heart is modified by precondition-
ing: An in vivo experimental study in pigs by microdialysis technique.
J Cardiovasc Pharmacol 27: 622—628, 1996

Ganong WF: Review of Medical Physiology. Appelton & Lange, Con-
necticut, 1991, pp 530, 574

Lodge NI, Colatsky TJ, Cullinan CA, Follmer CH: Electromechani-
cal effects of the putative potassium channel activator Celikalim on
feline atrial and ventricular muscle. J Pharmacol Exp Ther 261: 1153—
1159, 1992

. Olbrich H, Muller M, Lindner S, Henke B et al.: Glimepiride inhibits

the Relmakalim induced decrease in intracellular free calcium and con-
traction of isolated heart muscle cells from guinea pig to a lesser ex-
tent than Glibencalimde. Int J Cardiol 72: 53—63, 1999

. Lopez JR, Jahangir R, Jahangir A, Shen WK, Terzie A: Potassium

channel openers prevent potassium-induced calcium loading of cardiac
cells: Possible implication in cardioplegia. J Thorac Cardiovasc Surg
112: 820831, 1996

Frampton JE, Orchard CH, Boyett MR: Diastolic, systolic and sarco-
plasmic [Ca?*] during inotropic interventions in isolated rat myocytes.
J Physiol 437: 351375, 1991

Harrison S, Frampton J, McCall E, Boyett MR, Orchard CH: Contrac-
tion and intracellular Ca?*, Na*, and H* during acidosis in rat ventricu-
lar myocytes. Am J Physiol 262: C348—C357, 1992

Maxwell K, Scott J, Omelchenko A, Lukas A, Liyan L, Hnatowich M
et al.: Functional role of regulation of Na*/Ca? exchange assessed in
transgenic mouse hearts. AJP—Heart Circ Physiol 277: H2212-H2221,
1999

Harrison SM, McCall E, Boyett MR: The relationship between con-
traction and intracellular sodium in rat and guinea pig ventricular
myocytes. J Physiol 449: 517-550, 1992

Ribalet B, Mirrell CJ, Johnson DG, Levin SR: Sulfonylurea binding
to a low-affinity site inhibits the Na/K-ATPase and the KATP channel
in insulin-secreting cells. J Gen Physiol 107: 231241, 1996
Billman GE, Avendano C, Halliwill JR, Burroughs JM: The effects of
the ATP-dependent potassium channel antagonist, Glyburide, on coro-
nary blood and susceptibility to ventricular fibrillation in unanesthetized
dogs. J Cardiovasc Pharmacol 21: 197204, 1993



Molecular and Cellular Biochemistry 242: 89-99, 2003.
© 2003 Kluwer Academic Publishers.

Metabolic phenotyping of the diseased rat
heart using PC-substrates and ex vivo perfusion
in the working mode

Genevieve Vincent,! Maya Khairallah,! Bertrand Bouchard® and
Christine Des Rosiers'?

Departments of 'Biochemistry; *Nutrition, University of Montreal, Montreal, Quebec, Canada

Abstract

The objective of the present study was to compare energy substrate fluxes through metabolic pathways leading to mitochon-
drial citrate synthesis and release in normal and diseased rat hearts using '*C-substrates and mass isotopomer analysis by gas
chromatography-mass spectrometry (GCMS). This study was prompted by our previous finding of a modulated citrate release
by perfused rat hearts and by the possibility that a dysregulated myocardial citrate release represents a specific chronic altera-
tion of energy metabolism in cardiac patients. The 15-week-old spontaneously hypertensive rat (SHR) was chosen as our ani-
mal model of disease and the Wistar-Kyoto (WKY) rat as its matched control. Ex vivo work-performing hearts were perfused
with a semi-recirculating buffer containing physiological concentrations of unlabeled (glucose) and "*C-labeled ([U-"C,](lactate
+ pyruvate) and/or [1-"*C]oleate) substrates. In parallel to the continuous monitoring of indices of the heart’s functional and
physiological status, the following metabolic parameters were documented: (i) citrate release rates and citric acid cycle inter-
mediate tissue levels, (ii) the contribution of fatty acids as well as pyruvate decarboxylation and carboxylation to citrate syn-
thesis, and (iii) lactate and pyruvate uptake and efflux rates. Working hearts from both rat species showed a similar percent
contribution of carbohydrates for citrate synthesis through decarboxylation (70%) and carboxylation (10%). SHR hearts showed
the following metabolic alterations: a higher citrate release rate, which was associated with a parallel increase in its tissue level,
a lower contribution of oleate B-oxidation to citrate synthesis, and an accelerated efflux rate of unlabeled lactate from glyco-
lysis. These metabolic changes were not explained by differences in myocardial oxygen consumption, cardiac performance or
efficiency, nor correlated with indices of tissue necrosis or ischemia. This study demonstrates how the alliance between ex vivo
semi-recirculating working perfused rat hearts with '*C-substrates and mass isotopomer analysis by GCMS, can provide an
unprecedented insight into the metabolic phenotype of normal and diseased rat hearts. The clinical relevance of metabolic al-
terations herein documented in the SHR heart is suggested by its resemblance to those reported in cardiac patients. Taken al-
together, our results raise the possibility that the increased citrate release of diseased hearts results from an imbalance between
citrate synthesis and utilization rates, which becomes more apparent under conditions of substrate abundance. (Mol Cell Biochem
242: 8999, 2003)

Key words: SHR hearts, citrate release, citric acid cycle, energy metabolism, substrate flux parameters, isotopomer analysis

Introduction better understanding of the factors involved in such diseases.

These factors include chronic alterations of myocardial en-
The design of new treatments and optimization of current ergy metabolism such as a modified substrate oxidation pro-
interventions to improve the statistics as well as the quality file with greater citrate and lactate release rates [1-7]. To
of life of patients suffering from cardiac diseases require a better understand the causes and significance of these meta-
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bolic alterations, the use of isotopically-labeled substrates,
both in vivo and ex vivo/in vitro, has proven to be a very
valuable approach (see ref. [8] for a recent review). Compared
to measurements of metabolites, mRNA or protein levels,
substrates labeled with radioactive (1*C, *H) or stable isotopes
("*C, ?H) offer the possibility of evaluating the dynamic as-
pects of cardiac metabolism, namely substrate flux through
pathways leading to energy production. Typically, tracing of
energy substrate metabolism involves the determination of
label incorporation into a metabolite and/or product reflect-
ing glycolysis, glucose and fatty acid f-oxidation and/or the
citric acid cycle (CAC). In recent years, studies with *C-sub-
strates and either nuclear magnetic resonance (NMR) or
gas chromatography—mass spectrometry (GCMS) expanded
the field through the analysis of *C-isotopomers of relevant
intermediary metabolites. One advantage of GCMS over
NMR is its greater sensitivity that enables the determination
of *C-enrichment of metabolites in the nanomolar range,
which include CAC intermediates [9—14].

We developed a strategy, using *C-substrates and GCMS,
to assess substrate fluxes through metabolic pathways lead-
ing to citrate synthesis in ex vivo Langendorff-perfused rat
hearts [9—12] and in situ perfused pig hearts [13, 14]. As the
first intermediate committed to the CAC, citrate plays a cru-
cial role in cardiac energy metabolism. In addition, cytosolic
citrate is proposed to play a role in substrate fuel partition-
ing by restricting glycolysis at the level of phosphofruc-
tokinase and/or long chain fatty acid (LCFA) B-oxidation
following its conversion to malonyl-CoA, an inhibitor of
carnitine palmitoyl transferase I [15, 16]. However, in the
heart, the regulatory role of cytosolic citrate has been a sub-
ject of controversies because of the low activity of the mito-
chondrial tricarboxylate transporter [17, 18]. Interestingly, in
one of the aformentioned studies, we found that hearts per-
fused with *C-substrates constantly release small quantities
of citrate (nmol) whose '*C-labeling pattern reflected that of
tissue citrate, suggesting that citrate release reflected its mi-
tochondrial efflux [9, 10]. In a subsequent study, citrate re-
lease was shown to be modulated by energy demand and
substrate supply for citrate synthesis, namely, oxaloacetate
(OAA) and acetyl-CoA, in agreement with the proposed role
of cytosolic citrate in fuel partitioning [12]. These observa-
tions and the possibility that myocardial citrate release rep-
resents a specific chronic alteration of energy metabolism in
patients suffering from cardiac diseases [1-3] prompted us to
further examine this process, using '*C-substrates and GCMS,
in an animal model of cardiac pathology.

For this study, we chose a genetic model of hypertrophy,
the 15-week-old spontaneously hypertensive rat (SHR). Age-
matched Wistar-Kyoto (WKY) rats served as controls. SHR
develop cardiac hypertrophy between 9 and 12 weeks of age;
at 15 weeks of age, the cardiac hypertrophy appears to be well
compensated [19, 20]. There is general agreement that the

development of cardiac hypertrophy is associated with a met-
abolic shift from fatty acid to glucose utilization for energy
production, referred to as the fetal metabolic phenotype (see
for example refs [21-26]). However, it appears unclear
whether increased glycolysis is associated with an increased
lactate efflux and/or lower carbohydrate oxidation [22-24,
26] given the evidence for compartmentation of lactate me-
tabolism in the heart [27]. In the light of these observations,
we considered it important to design our '*C-protocol to as-
sess rates of lactate and pyruvate uptake and efflux [27] in
parallel to fluxes through pathways leading to citrate synthe-
sis and release.

Therefore, the objective of the present work was to quan-
titate substrate fluxes through metabolic pathways leading to
citrate synthesis and release as well as fluxes through path-
ways affected by hypertrophy, in ex vivo work-performing
SHR and WKY rat hearts. For this purpose, working hearts
were perfused with buffer containing *C-substrates in a semi-
recirculating mode to prevent recycling of unlabeled and *C-
labeled metabolites, which is essential to the application of
our "*C-protocol [9, 10, 12]. In parallel to the continuous
monitoring of indices of cardiac performance, the following
metabolic parameters were documented: (i) citrate release
rates and CAC intermediate tissue levels, (ii) the contribu-
tion of fatty acids as well as pyruvate decarboxylation and
carboxylation to citrate synthesis, and (iii) lactate and pyru-
vate uptake and efflux rates. The results obtained demon-
strated the following metabolic alterations in SHR hearts:
higher citrate release rates and tissue levels, lower relative
contribution of oleate B-oxidation to citrate synthesis as well
as accelerated efflux of unlabeled lactate, presumably from
glycolysis. These metabolic changes resembled those re-
ported for cardiac patients.

Materials and methods
Materials

The sources of chemicals, biological products and *C-sub-
strates have been identified previously [9—12]. Bovine serum
albumin fatty acid-free (BSA fraction V, Intergen: 300 g of
BSA in 1.5 L of modified Krebs-Henseleit buffer without
glucose, with 0.1 mM EDTA) was dialyzed in membranes
(molecular weight cut-off 6,000-8,000) at 4°C against 25 L
of the same buffer for 28 h to reduce the background citrate
concentration to the low pM range (1.2 + 0.1 uM).

Heart perfusions in semi-recirculating working mode

Animal experimentation was approved by the local ethics
committee in compliance with the guidelines of the Canadian



Council on Animal Care. Male SHR and WK rats (15-week-
old; 300-330 g; Charles River) were provided with food and
water ad libitum. After anesthesia by intraperitoneal injec-
tion of sodium pentobarbital (65 mg/kg), hearts were cannu-
lated rapidly and perfused retrogradely through the aorta at
a constant pressure of 70 mmHg with semi-recirculating
modified Krebs-Henseleit bicarbonate buffer containing (pH
7.4): 119 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl,, 1.2 mM
KH2P04, 1.2 mM MgSO,, 25 mM NaHCO,, 5.5 mM glucose,
8 nM insulin, 1 mM lactate and 0.2 mM pyruvate. A 10-min
perfusion period was allowed for the insertion of a poly-
ethylene catheter (PE-50) through the pulmonary vein into
the left ventricle. The PE tubing, pulled through the ventricu-
lar wall and anchored in the apex of the heart by a fluted end,
was connected to a pressure transducer for continuous moni-
toring of left ventricular functions. The left atrium was then
cannulated through the pulmonary vein. Spontaneously beat-
ing hearts were switched to the anterograde work-performing
mode and perfused via the left atrial cannula with semi-recir-
culating modified Krebs buffer (see ‘Perfusion protocols’ for
details). Pressure of aortic afterload was set at 80 mmHg.
Atrial preload was monitored continuously by a pressure
transducer (Digi-Med Blood Pressure Analyzer, Micro-Med)
and maintained at 11.5 mmHg. The present setup for work-
ing heart perfusions in the semi-recirculating mode, which
is depicted in Fig. 1, is similar to that described for the per-
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fusion of working hearts in the recirculating mode [8] except
for the followings. The coronary effluent, which contains
various metabolites released by the heart, is not recirculated
but collected continuously. Thus, only aortic outflow is
recirculated into the buffer reservoir. Consequently, the vol-
ume of buffer needed for a given perfusion experiment, 800 ml
for 30 min, is greater than for similar heart perfusion in the
recirculating mode. Proper oxygenation of 800 ml buffer con-
taining fatty acid bound to albumin (pO,: 500-550 mmHg) was
achieved by its continuous pumping at a rate of 75 ml/min
through a jacketed glass oxygenator consisting in part of 25-
ft long silicone tubing rolled tightly in the gassed chamber
[28]. Excess buffer was returned to the main reservoir through
the overflow outlet of the oxygenator.

The following functional parameters were monitored con-
tinuously during the perfusion experiments: (i) atrial inflow
and aortic outflow, using calibrated electromagnetic flow
probes (Model FM501, Carolina Medical Electronics Inc.),
(ii) temperature, with a thermocouple, and (iii) left ventricu-
lar contractile functions, namely, heart rate (HR), maximum
left ventricular pressure (LVP__), left ventricular end-dia-
stolic pressure (LVEPD), and maximum value for the first
derivative of LVP (+dP/dt__ ), by pressure transducer (Digi-
Med Heart Performance Analyzer, Micro-Med). The follow-
ing physiological parameters were determined in influent and
effluent perfusates collected at 20 min with a blood gas, elec-

Fig. 1. Schematic overview of the semi-recirculating working heart setup. See ‘Materials and methods’ for details. LV pressure transducer: left ventricular

pressure transducer.
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trolytes and pH analyzer (ABL 77 series, Radiometer Copen-
hagen): pO,, pCO,, Ca®* and other ion concentrations, and
pH.

Perfusion protocols

Hearts from WKY rats and SHR were perfused for 30 min
with semi-recirculating Krebs buffer containing physiologi-
cal concentrations of glucose (5.5 mM), insulin (8 nM), car-
nitine (50 pM), [U-"C,]lactate (1 mM), and [U-"C, Jpyruvate
(0.2 mM), in the absence (n = 8) or presence of [1-*C]oleate
(0.4 mM) complexed to 3% dialyzed albumin, and 0.1 mM
EDTA (n = 4-6). We also conducted a set of perfusion ex-
periments with [1-*CJoleate as the only '*C-substrate (n =4).
The ionized calcium concentration of the albumin-contain-
ing buffer was determined to be 1.8 mM. The substrate con-
centrations in the perfusion buffer mimic those of plasma.
Lactate and pyruvate were added in a physiological ratio to
clamp the redox state and hence minimize perturbations of
the cytosolic redox state that occur when lactate is supplied
alone. The addition of carnitine compensates for its poten-
tial loss during heart isolation [29]. We verified that substrate
concentrations and *C-enrichments in the buffer reservoir re-
mained unchanged throughout the perfusion. A near isotopic
steady-state was reached after 2025 min of heart perfusion
in the working mode with '*C-substrates. Therefore, we chose
30 min as the duration of our perfusion experiments, after
which the hearts were freeze-clamped with aluminium tongs
chilled in liquid N,. Under all conditions, citrate release rates
(25-30 min), lactate and pyruvate uptake and efflux rates
(25-30 min), and lactate dehydrogenase release rates (LDH;
5, 15 and 25 min) were quantitated from influent and efflu-
ent perfusate samples collected at the times indicated, while
3C-enrichment and concentration of CAC intermediates (ci-
trate, a-ketoglutarate (a-KG), succinate, fumarate, malate
and OAA) as well as flux ratios relevant to substrate selec-
tion for citrate synthesis, namely, pyruvate and fatty acids
from "*C-enrichment of the acetyl (carbons 4 and 5: C,,,) and
0OAA (C,,,.,,,) moiety of citrate were measured in freeze-
clamped powdered tissues.

Analytical procedures

Citrate release rates were quantitated by isotope dilution
GCMS and flow rate measurements, as described previously
[12]. Levels of CAC intermediates were determined in
100-mg tissue samples spiked with 10 nmol [1,5-"°C, Icitrate,
25 nmol [1,4-"C Jsuccinate, and 5 nmol [U-"C,]fumarate.
Quantification was achieved using standard curves. GCMS
assays of *C-mass isotopomer distribution (MID) of CAC
intermediates and related metabolites in heart tissue samples

(citrate and its OAA moiety, a-KG, succinate, fumarate,
malate and pyruvate) have been described previously in de-
tail [9—12]. Perfusate lactate concentration and LDH activ-
ity were determined by enzymatic assay with a Roche Cobas
Fara spectrophotometer [11, 12, 30]. The '*C-MID oflactate
and pyruvate in influent and effluent perfusates was deter-
mined after treatment with 1 M NaB”H, (see ‘Calculations’
below for details).

Calculations

Myocardial oxygen consumption (MVO,: pmol/min) was
calculated from the product of O, concentration (mM) dif-
ference between influent and effluent perfusates coming out
of the oxygenator and pulmonary artery, respectively, and the
coronary flow rate (ml/min). A value of 1.06 mM was taken
as the concentration of dissolved O, at 100% saturation [31].
Intracellular pH value was calculated using venous CO, pres-
sure (pCO,, mmHg), as described by Biinger ef al. [32]:
pHi = 7.5240.0008786"pC02) Rate pressure product (RPP;
mmHg-beats'min™) was calculated from: [(LVP__(mmHg)
—LVEPD (mmHg)) * HR (beats/min)]. Cardiac power [CP
(mWatts) = cardiac output (m*/sec) * LVP,  (Pascals) *
10°] and cardiac efficiency [CE (mWatts/umol-min') = CP
(mWatts)/MVO, (umol/min)] were calculated with a conver-
sion factor of 133.32 Pascals per mmHg. To express tissue
metabolite concentrations per g dry weight, the conversion
factor for 1 g of freeze-clamped powdered heart tissue was
determined to be 8.9 + 0.2 (n = 29).

Mass isotopomers of metabolites containing 1 to n *C-at-
oms were identified as Mi with i = 1, 2, . . . n. The absolute
molar percent enrichment (MPE) of individual *C-labeled
mass isotopomers (Mi) of a given metabolite was calculated
as follows:

MPE (Mi) =% A_J[A,, +ZA_], (1)

where A, and A represent the peak areas from ion chro-
matograms corrected for natural abundance, corresponding
to unlabeled (M) and "*C-labeled (Mi) mass isotopomers,
respectively.

Flux parameters

The development of equations to calculate flux ratios relevant
to citrate synthesis in hearts perfused with [U-"C,](lactate +
pyruvate) and/or [1-3CJoleate has been described previously
in detail [9, 10, 12]. In brief, flux ratios were calculated from
the measured MID of the following tissue metabolites: citrate
and its OAA moiety (OAAC®T), from which we extrapolated
the acetyl moiety of citrate (ACC'"), pyruvate and succinate.



In this study, we reported the following flux rates, expressed
relative to that of citrate synthase (CS): (i) oleate oxidation:
OLE/CS =9 * M1 AC/M1 oleate (Eq. 3 of Ref. [12]), (ii)
pyruvate decarboxylation: PDC/CS = M2 AC"/M3 pyru-
vate (Eq. 5 of ref. [9]), (iii) pyruvate carboxylation: PC/CS
= OAAT/M3 pyruvate (Eq. 4 of ref. [9]), and (iv) the con-
tribution of other substrates (OS), such as endogenous fatty
acids and/or amino acids, to the formation of acetyl-CoA:
0S/CS =1—(PDC/CS + OLE/CS). The measured MPE M3
OAACT was corrected for the fraction of M3 OAA molecules
coming from citrate isotopomers metabolized in the CAC, as
described in detail in ref. [9] (Eqs. 8—10).

To extrapolate the MPE of AC®" from the measured MID
of citrate and of its OAA moiety, we used different math-
ematical approaches that depended on the choice of *C-sub-
strate(s). For hearts perfused with [1-*C]Joleate as the sole
13C-substrate, we employed Eq. 18 of ref. [9]. For hearts per-
fused with [U-C,](lactate + pyruvate) in the absence or pres-
ence of [1-3C]oleate, we used Egs. 2 and 2a, respectively:

MPE M2 ACS'T = 0.5 * [ MPE (M * i ) (citrate— OAAT)]
2)

MPE M2 ACEIT = 0.5 * [£ MPE (Mi * i ) (citrate—OAAC')
— MPE M1 ACCT] (2a)

Equation 2 provides a simple mean to extrapolate the MPE
ACYT from the measured MID of citrate and OAA®'™ in hearts
perfused with [U-"C,](lactate + pyruvate) as the only BC-
substrates. In Eq. 2a, the MPE M1 of AC®T resulting from
oleate oxidation was determined in separate experiments in
which [1-*C]Joleate was the only *C-substrate. These equa-
tions were used because the MPE values of AC®'T calculated
with Eqs. 18 and 19 of ref. [9] were imprecise. This is ex-
plained by the fact that tissue citrate was predominantly en-
riched in isotopomers of higher masses (M3-M6), while Egs.
18 and 19 are based solely on the MPE M1 and M2 of citrate
and OAACT (see ref. [9] for details).

Lactate and pyruvate uptake and efflux rates

These rates were determined by a modification of the NMR
approach described recently [27]. In brief, in hearts perfused
with a non-recirculating buffer containing unlabeled glucose
and [U-"C,](lactate + pyruvate), lactate produced by glyco-
lysis from exogenous glucose and endogenous glycogen is
unlabeled (M) and can be distinguished by GCMS from the
[U-"C,]lactate (M3) added to the buffer. The uptake of *C,-
labeled lactate is quantified from the difference between its
influent and effluent perfusate concentration. In practice, the
MID of perfusate lactate and pyruvate was determined by
GCMS in samples treated with | M NaB?H,. This treatment
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reduces pyruvate into lactate, and the 4 mass isotopomers of
lactate obtained can be distinguished by GCMS: 2C-lactate
—12C-lactate (M), *C-lactate — *C-lactate (M3), '*C-pyru-
vate — 1?C-lactate deuterated (M 1), and *C-pyruvate — *C-
lactate deuterated (M4). The concentrations of unlabeled (M,
M1) and "*C-labeled (M3, M4) lactate and pyruvate were cal-
culated from their corresponding MIDs and enzymatically-
determined perfusate lactate concentrations, which included
both unlabeled (M) and C-labeled lactate (M3). Efflux and
uptake rates of lactate and pyruvate (umol/min) were obtained
by multiplying their perfusate concentrations in unlabeled
(M, M1) and "*C-labeled (M3, M4) (pmol/ml) isotopomers,
respectively, by the coronary flow rate (ml/min).

Statistical analysis

The data are expressed as means = S.E. of n = 4-8 heart
perfusions. The unpaired #-test was applied for statistical
evaluation of the data. A probability of p < 0.05 was consid-
ered to be significant.

Results

As a whole, the metabolic parameters measured in hearts
perfused under normoxia for 30 min with a non-recirculat-
ing buffer containing 5.5 mM glucose, 8 nM insulin, 50 pM
carnitine, 1 mM [U-"C,]lactate, 0.2 mM [U-"C,]pyruvate,
in the absence or presence of 0.4 mM [1-"*CJoleate/albumin,
showed a similar trend. Furthermore, for most parameters,
differences observed between WKY and SHR hearts were
independent of the presence of oleate. Therefore, due to space
limitation, we chose to present in greater detail the results
obtained with WKY and SHR hearts perfused in the presence
of the LCFA oleate since this condition better mimics the
physiological setting. However, we will report in the text any
differences in values for functional and metabolic parameters
measured in WKY and SHR hearts perfused in the absence
of oleate.

Functional and physiological parameters

The values of the various functional and physiological indi-
ces measured throughout the perfusion experiments in the
presence of oleate are summarized in Table 1. All measured
values, in both WKY and SHR hearts, were comparable to
those reported in the literature [22, 33]. Thus, except for
slightly higher aortic flow, SHR hearts showed values simi-
lar to that of WK hearts for all parameters measured, includ-
ingMVO,, cardiac flows, CP and CE. In the absence of oleate,
SHR hearts showed values for RPP, LVP,_, cardiac flows, CP
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Table 1. Functional and physiological parameters of perfused working
WKY and SHR hearts

Parameters WKY SHR
HR (beats/min) 225 £12 237+9
RPP (mmHg-beats'min~'-10-%) 346+ 1.1 349+ 1.0
LVP,  (mmHg) 155+ 11 148+ 6
Cardiac output (ml/min) 48 +2 52+2
Aortic flow (ml/min) 30£2 35+ 1*
Coronary flow (ml/min) 18+2 171
pH 7.35+£0.02 7.35+0.01
MVO, (umol/min) 89£0.5 9.5%£0.5
CP (mWatts) 161 181
CE (mWatts/umol'min™") 1.8+0.1 1.9+0.1

Data are means + S.E. of 4-6 heart perfusion experiments with 5.5 mM
glucose, 8 nM insulin, 50 pM carnitine, I mM [U-"C,]lactate, 0.2 mM [U-
13C,]pyruvate and 0.4 mM [1-"*Cloleate/albumin. Values of heart rate (HR),
left ventricular pressure developed (LVP, ) and cardiac flows, monitored
throughout the perfusion experiments, were averaged for the entire 0-30-
min period. MVO, and pH, were calculated from pO, and pCO, values de-
termined in influent and effluent perfusates collected at 20 min. RPP—rate
pressure product; CP — cardiac power; CE — cardiac efficiency. *p < 0.05:
SHR vs. WKY.

and CE that were similar to those observed in the presence
of oleate (data not shown). However, they were significantly
lower than those measured in WKY hearts (RPP =43.7
2.2 mmHg-beats'min™'-10% LVP, =203 +8 mmHg; cardiac
output = 66 + 3 ml/min; aortic flow = 48 + 2 ml/min; CP =
30 £ 2 mWatts, and CE = 3.4 + 0.2 mWatts/umol-min™'; p <
0.05). Under all conditions examined, LDH release rates were
low (< 125 mU/min) and similar for both rat species.

Citrate release rates and CAC intermediate tissue
concentrations

Similar to Langendorft-perfused hearts [9, 10, 12], hearts
perfused in the working mode with non-recirculating buffer
containing '*C-substrates constantly released a small amount
of citrate, whose '*C-MID reflected that of tissue citrate (data
not shown). Furthermore, citrate release was not correlated
with that of LDH, an index of necrosis, or succinate, an in-
dex of ischemia (between 10 and 13 nmol/min) [10]. The ci-
trate release rates of WKY and SHR hearts perfused in the
absence or presence of oleate ranged between 5 and 15 nmol/
min. Figure 2 A presents the citrate release rates for WKY and
SHR hearts perfused in the presence of oleate. The results
showed a significantly higher release rate for SHR hearts. In
the absence of oleate, citrate release rates of WKY and SHR
hearts revealed a similar pattern but only when the data were
expressed relative to their respective CP (data not shown).
Figure 2B displays the tissue concentrations of citrate and
other CAC intermediates measured in hearts perfused in the
presence of oleate. Comparison of Figs 2A and 2B reveals
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Fig. 2. Citrate release rates (A) and CAC intermediate tissue concentrations
(B) in WKY (filled bars) and SHR (hatched bars) hearts. Data are means +
S.E. of 4-6 heart perfusion experiments with 5.5 mM glucose, 8 nM insu-
lin, 50 uM camnitine, I mM [U-"C,]lactate, 0.2 mM [U-"*C,]pyruvate, and
0.4 mM [1-'*CJoleate/albumin. Citrate release rates were quantitated in
effluent perfusate samples, collected between 25-30 min, by isotope dilu-
tion GCMS and flow rate measurements. CAC intermediates were quanti-
tated by GCMS in tissue homogenates spiked with standards. *p < 0.05 and
**p <0.01: SHR vs. WKY.

that in SHR hearts, the citrate release rate and tissue level in-
creased in parallel. This increment was specific for citrate.
Indeed, the o-KG tissue level was decreased, while that of
other CAC intermediates as well as total CAC pool size were
similar for both rat species. For hearts perfused in the absence
of oleate, the total CAC pool size was 2-fold lower, and there
was no difference in tissue citrate or a-KG levels between
rat species, but SHR hearts showed a significantly greater tis-
sue succinate levels (1.4 £ 0.1 vs. 0.9 £ 0.1 pmol/g dry weight;
p < 0.05). Under all conditions, tissue levels of isocitrate
represented less than 3% those of citrate and were similar for
both rat species (data not shown).

BC-enrichment and flux data

Table 2 reports the MIDs of CAC intermediates isolated from
WKY and SHR hearts perfused with [U-"C,](lactate + pyru-
vate) and [1-3C]Joleate. Note that these data are representa-
tive of those obtained in hearts perfused in the absence of
oleate. The *C-MID data for the various CAC intermediates
were similar in both rat species. From these *C-enrichment
data, we would like to emphasize the following points. First,
tissue citrate was highly enriched in M4, M5 and M6 iso-
topomers, which is typical for hearts perfused with [U-
BC,](lactate + pyruvate) under conditions of substantial
pyruvate decarboxylation [10]. There was little '*C-labeling
of CAC intermediates resulting from [1-*C]oleate oxidation.
In fact, when WKY and SHR hearts were perfused with [1-
3CJoleate as the sole '*C-substrate, we detected only M1
isotopomers for citrate and its OA A moeity (MPE citrate: 2.8
+0.4and 1.2+0.1; OAA®T: 1.3 £ 0.2 and 0.8 £ 0.1, respec-
tively; p <0.01; SHR vs. WKY). Second, as observed previ-
ously for Langendorft-perfused rat hearts [9—12] and in situ
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Table 2. BC-Labeling of CAC intermediates isolated from working WKY and SHR hearts perfused with [U-"C,]lactate, [U-"*C,]pyruvate and [1-"*C]oleate

Metabolites Rat species MPE (%)
M1 M2 M4 M5 M6 EMi
Citrate WKY 11.9+£0.3 184+0.5 20.1+0.5 15.7£0.6 11.0£0.6 43+03 81.4+2.0
SHR 11.4£0.5 189+0.3 20.2+0.1 16.0+ 0.4 11.2+0.5 4.6+0.3 82.3+0.5
o-KG WKY 13.0+£0.3 21.6x£0.2 19.8+0.5 151+£0.3 11.4+04 80.9+£1.0
SHR 12.1 £0.4 21.7+£0.4 20.2+0.2 15104 11.3+0.7 80.5+0.6
Succinate WKY 175+ 1.0 19.7+0.9 184+ 1.0 11.5+0.7 67.1%3.5
SHR 18.6+0.4 20.5+0.3 183+0.5 11.0+0.8 683+ 14
Fumarate WKY 19.1 £0.4 21.4+0.3 21.5+0.6 13.2£0.5 753 1.4
SHR 19.1£0.6 21.3+0.3 21.0£0.3 13.6 £ 0.5 75.0+£0.4
Malate WKY 19.6 0.5 213+0.4 20.6 £ 0.5 124+£04 739+ 1.5
SHR 19.7£0.5 21.1£0.2 20.4+0.2 12.1£0.5 73.3+04
OAACT WKY 18.1 £0.7 23.8+0.7 22014 7.3£0.6 71.1£2.3
SHR 189+1.3 24.6 £0.7 23.0+£1.0 8.0+0.7 745+ 1.0

Data are means * S.E. of 4-6 heart perfusion experiments with 5.5 mM glucose, 8 nM insulin, 50 uM carnitine, 1 mM [U-"C,Jlactate, 0.2 mM [U-C, ]pyruvate
and 0.4 mM [1-"*CJoleate/albumin. The MID of CAC intermediates was determined in tissue homogenates by GCMS.

perfused pig hearts [13], most of the *C-dilution occurred
between a-KG and succinate, suggesting a small entry of
unlabeled carbon through anaplerosis (p <0.01 vs. citrate, n
=4-6). The MIDs of malate and fumarate were identical, re-
flecting rapid equilibration by fumarase. Finally, the MPE in
M3 of fumarate, malate and the OA A moiety of citrate was
higher than that of succinate, indicating the entry of M3
isotopomers by pyruvate carboxylation.

Table 3 reports the MPE values for acetyl-CoA of citrate,
the corrected OA A of citrate and the pyruvate as well as the
flux parameters for WKY and SHR hearts perfused in the
presence of oleate. From this table, it is apparent that the
relative rate of pyruvate decarboxylation (PDC/CS), which

was similar for WKYY and SHR hearts, was the predominant

source of acetyl-CoA for citrate synthesis in these hearts.
From the MPE of tissue pyruvate in M3 isotopomers, we
conclude that ca. 60% of tissue pyruvate arose from ex-
ogenously supplied pyruvate and/or lactate; the remaining
40% arose from exogenously supplied glucose and/or endog-
enous glycogen. The relative rate of oleate -oxidation (OLE/
CS) was below 20%, and was significantly greater for WKY
than SHR hearts. Consequently, the relative contribution of
other substrates to acetyl-CoA formation, such as endog-
enous fatty acids and/or amino acids, was also greater for
SHR than WKY hearts (OS/CS = 0.25 £ 0.02 and 0.09 +
0.01%, respectively; p < 0.05).

We also report, for the first time in the perfused working
rat heart, the relative rates of pyruvate carboxylation (PC/CS),
an anaplerotic reaction. From the PC/CS values, which were
similar for both rat species, we conclude that this anaplerotic
reaction generates ca. 10% of OAA for citrate synthesis. Thus,

flux through pyruvate carboxylation was 6-fold lower than
through pyruvate decarboxylation. Note that the precision of
estimates for PC/CS was lower than for PDC/CS flux ratios.
This was due to a high degree of '*C-recycling in the CAC,
as reflected by the 4-fold difference between the measured
and corrected MPE M3 OAA moiety of citrate (ca. 20 and
5%, respectively, from Tables 2 and 3). In WKY and SHR

Table 3. “C-enrichment and flux values determined in perfused working
WKY and SHR hearts

MPE and flux values WKY SHR
MPE ACC'™: (M1) 1.53 £0.31 0.65+0.11*
MPE AC'™: (M2) 459+ 1.3 42.1+2.7
MPE OAACT . (M3) 5115 7.0x1.1
MPE pyruvate: (M3) 62.1£0.7 59.8x1.5
OLE/CS 0.17 £0.03 0.07 £0.01*
PDC/CS 0.74 £ 0.03 0.70 £ 0.04
PC/CS 0.11£0.03 0.12+0.02
PC/PDC 0.14 £0.04 0.17 £0.03

Data are means * S.E. of 4-6 heart perfusion experiments. Flux ratios are
calculated from the measured MID of the following tissue metabolites: (i)
citrate and of its OAA moiety (C,,,,,,.; OAAT), from which we extrapo-
late the acetyl moiety of citrate (C,,,; AC™), (ii) pyruvate, and (iii) succi-
nate. Flux parameters are expressed relative to citrate synthase (CS). The
relative rate of oleate oxidation (OLE/CS = 9 * M1 AC“""/M1 oleate) was
determined in hearts perfused with [1-"*Cloleate as the sole *C-substrate.
The relative rates of pyruvate decarboxylation (PDC/CS = M2 AC“"/M3
pyruvate) and pyruvate carboxylation (PC/CS = OAA'T/M3 pyruvate) were
determined in hearts perfused with [U-"*C,](lactate + pyruvate) and [1-
3C]oleate as '*C-substrates. The MPE M3 of OAAC'T was corrected for the
formation of M3 OAA from CAC metabolism of citrate isotopomers (see
‘Materials and methods”). *p < 0.05: SHR vs. WKY.
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hearts perfused in the absence of oleate, estimates of PC/CS
(0.12+0.01 and 0.13 £0.01, respectively) and PC/PDC (0.17
+ 0.03 and 0.21 £ 0.02, respectively) were similar to those
obtained in the presence of oleate.

Lactate and pyruvate uptake and efflux rates

Figure 3A depicts the concentrations of unlabeled and *C-
labeled lactate and pyruvate in influent and effluent perfusates
of WKY and SHR hearts perfused in the presence of oleate.
Figure 3A is also representative of data obtained in hearts
perfused in the absence of oleate. We found that under all
conditions examined, the relative proportion of *C-lactate in
the effluent perfusates was significantly lower than that of
the influent perfusate, indicating the release of unlabeled
lactate (Fig. 3A, left panel). However, at least for WK hearts,
total lactate concentration, that is, unlabeled plus labeled (**C

Concentrations (mM)

Rates (umol/min)

Fig. 3. Total perfusate lactate and pyruvate coneentrations (A) and lactate
and pyruvate uptake and efflux rates (B) in WKY (filled bars) and SHR
(hatched bars) hearts. Data are means + S.E. of 4-6 heart perfusion experi-
ments with 5.5 mM glucose, 8 nM insulin, 50 pM carnitine, 1 mM [U-
13C, Jlactate, 0.2 mM [U-2C,]pyruvate and 0.4 mM [1-"*C]oleate/albumin.
Stacked bars depict the concentrations of unlabeled (‘2C: lower part) and
labeled (**C: upper part) lactate and pyruvate in influent (I; open bars) and
effluent (E; hatched and filled bars) perfusates collected between 25 and
30 min and treated with NaB?H,. Lactate and pyruvate efflux (**C) and
uptake (C) rates were calculated from the product of their concentration
differences in influent and effluent perfusates and coronary flow rates. **p
< 0.01: SHR vs. WKY; and ®p < 0.001: effluent vs. influent perfusate.

+ B3C), in influent and effluent perfusates was similar. This
is because the increase in the concentration of ?C-lactate in
effluent perfusate was compensated by a similar decrease
in the concentration of '*C-lactate, reflecting its uptake. The
situation differed for SHR hearts where total lactate con-
centration in the effluent perfusate was significantly greater
than in the influent perfusate due to a proportionally greater
increase in '?C-lactate concentration in the effluent per-
fusate. In contrast to lactate, there was no increase in the
proportion of unlabeled pyruvate in the effluent perfusate,
although there was a decrease in that of *C-pyruvate (Fig.
3A, right panel; p < 0.001).

The results of Fig. 3A and coronary flow rate measure-
ments allow the calculation of lactate and pyruvate efflux and
uptake rates, which are depicted in Fig. 3B. These data dem-
onstrates that SHR hearts showed higher efflux rates of
unlabeled lactate compared to WKY hearts, indicating in-
creased glycolytic activity. However, the rates of uptake of
13C-labeled lactate and pyruvate did not differ significantly
between rat species. Interestingly, while lactate and pyruvate
are supplied at the physiological ratio of 5, lactate and pyru-
vate uptake rates differ only by a factor of 2, indicating pref-
erential pyruvate uptake.

Discussion

This study reports a detailed comparison of substrate fluxes
through metabolic pathways linked to energy production in
normal WKY and diseased SHR hearts, using *C-substrates
and mass isotopomer analysis by GCMS. Specifically, our
BC-protocol was designed on the basis of previous studies
in Langendorff-perfused rat hearts, to quantitate substrate
fluxes through metabolic pathways leading to citrate synthe-
sis and release as well as fluxes through pathways affected
by hypertrophy [21-26]. For the present study, our *C-pro-
tocol was transposed to the ex vivo work-performing rat heart
in view of its greater relevance to the in vivo situation in terms
of energy demand (workload) and energy supply (substrates).
Given the cost of *C-substrates, perfusion of working hearts
with semi-recirculating buffer represents a valid compro-
mise to meet the criteria for isotopic studies. The use of a re-
circulated buffer would impact on the capacity of the heart
perfusion system to reach isotopic steady-state conditions
and, hence, on the precision of estimated values of the flux
parameters. Indeed, since the heart releases unlabeled and/
or labeled metabolites, the *C-enrichment of supplied sub-
strates changes with time. This point is best illustrated with
lactate for which we report a higher concentration of un-
labeled isotopomer, resulting in a lower percentage of *C-
lactate in the effluent than influent perfusate (Fig. 3A).
The methodological limitations encountered in assessing
flux parameters relevant to citrate synthesis in semi-recircu-



lating working rat hearts are similar to those reported previ-
ously in ex vivo Langendorff-perfused rat hearts and in situ
perfused pig hearts [9—14]. These include potential slight un-
derestimation of the relative contributions of pyruvate car-
boxylation and decarboxylation, since these flux ratios are
calculated from whole-tissue pyruvate M3 enrichment rather
than intracellular enrichment. In addition, under the condi-
tions of the present study, we were unable to estimate the con-
tribution of B-oxidation from 0.4 mM [1-"*C]oleate in hearts
perfused with [U-"C,](lactate + pyruvate), as described pre-
viously [12], since tissue citrate was predominantly "*C-
labeled from the metabolism of [U-"C,]J(lactate + pyruvate).
Therefore, the low *C-enrichment of citrate in M1 isotopomers
resulting from [1-'>CJoleate oxidation (< 3%) was determined
in separate perfusion experiments with [1-"°CJoleate as the
only BC-substrate. An alternative approach would be to perfuse
hearts with [3->C](lactate + pyruvate) and [U-"C]oleate, al-
though the use of this '*C-substrate mixture restricts flux
measurements to the contributions of pyruvate and fatty ac-
ids to acetyl-CoA formation.

As a whole, hearts from control WKY rats perfused in the
semi-recirculating work-performing mode showed values for
indices of cardiac performance and MVO, and a pattern of
substrate selection for energy production that are consistent
with those reported by others for working normal rat hearts
perfused under similar conditions [22, 33]. In brief, we esti-
mated that more than 70% of acetyl-CoA for citrate synthesis
is supplied by carbohydrates through pyruvate decarboxyla-
tion, and in the presence of 0.4 mM oleate, less than 20%
arises from the B-oxidation of this exogenous LCFA. We also
report, for the first time in the working heart, the following
metabolic characteristics, which resembled those documented
previously in ex vivo Langendorff-perfused rat hearts and in
situ pefused pig hearts using *C-substrates and mass iso-
topomer analysis by GCMS [9-14]. First, working hearts
constantly release a small amount of citrate (5—15 nmol/min)
at a rate representing at most 0.5% of the CAC flux rate.
Second, the relative contribution of anaplerotic pyruvate car-
boxylation to OAA for citrate synthesis is estimated to be ca.
10% and compensates largely for the mitochondrial citrate
efflux [34]. Finally, working hearts simultaneously release
unlabeled lactate and take up *C-labeled lactate and pyru-
vate for mitochondrial oxidation. Since lactate released by
the heart was unlabeled, it is likely to reflect its production
by glycolysis from exogenous glucose or endogenous gly-
cogen. Based on measured lactate efflux rates, the percent
contribution of this glycolytically-derived ATP is estimated
to be ca. 5% of total mitochondrial ATP production resulting
from carbohydrate and lipid oxidation (from MVO, values).
It is noteworthy that our lactate uptake/efflux data are con-
sistent with the proposed compartmentation of lactate me-
tabolism in the heart, in which glycolytically-derived lactate
production and oxidation of exogenous lactate operate as
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separate metabolic pathways [27]. They are also consistent
with the concept of an intracellular lactate shuttle [35].

Let us now examine functional and metabolic diftferences
between working WKY and SHR hearts. As a whole, work-
ing SHR hearts perfused with a physiological substrate
mixture maintained normal values for indices of contractile
and physiological function. They showed a similar percent
contribution of carbohydrates for citrate synthesis through
decarboxylation (70%) and carboxylation (10%). However,
they showed the following metabolic alterations: a 2.7-fold
elevation in citrate release, a 4.3-fold lower contribution of
B-oxidation of exogenous oleate to acetyl-CoA formation for
citrate synthesis, and a 1.6-fold increase in the release of
unlabeled lactate from glycolysis. These metabolic changes
of working SHR hearts are consistent with those reported
previously in this and other animal models of cardiac hyper-
trophy (e.g. aortic banding) and/or in cardiac patients, using
other techniques [1-3, 21-26]. In brief, there is general agree-
ment that the hypertrophied heart returns to the fetal meta-
bolic phenotype. This implicates changes in gene expression
for proteins involved in glucose, lactate and LCFA uptake and
metabolism that result in a shift in the heart’s substrate prefer-
ence for energy production from fatty acids to carbohy-
drates. For example, the higher glycolytic rate probably
results from a shift in LDH isoforms favouring glycolytic
lactate efflux over oxidation. Although the percent of glyco-
lytically derived ATP is only increased from 5 to at most 10%,
this may be crucial for ion pump function [36]. In addition,
the lower contribution of B-oxidation from exogenous oleate
to acetyl-CoA in SHR hearts is consistent with the reported
defect in myocardial fatty acid uptake and B-oxidation [25].

This investigation reports also additional unique informa-
tion relevant to our understanding of the metabolic causes
underlying dysregulated citrate release in the diseased heart.
In fact, we found that the greater citrate release by SHR hearts
was not correlated with changes in total CAC pool size, in-
dices of cellular integrity (LDH release) or ischemia (succi-
nate release and pH.). Based on measured MVO, values, one
would presume that the CAC flux rate was not altered in SHR
hearts. However, the observed differences in tissue levels of
citrate (increased) and a.-KG (decreased) in SHR hearts per-
fused in the presence of oleate, but not in the absence of
oleate, suggest a potential imbalance in citrate synthesis (ci-
trate synthase) and utilization (aconitase) rates, which be-
comes more apparent under conditions of mitochondrial
substrate abundance. This interpretation would be consistent
with our previous finding of modulation of mitochondrial
citrate efflux by substrate supply [12], and with the reported
lowering of myocardial citrate release in cardiac patients fed
a low-fat low-calorie diet [2]. Of potential significance, aco-
nitase, whose total activity in heart homogenates is 10-fold
lower than that of citrate synthase, is subject to inactivation
by a number of free radicals (superoxide anions, nitric oxide
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and peroxynitrite) [37-39], which are among many factors in-
volved in the pathophysiology of heart diseases [40]. Restricted
mitochondrial citrate utilization at the level of aconitase could
impact on the contractile reserve of the hypertrophied heart.
Further investigations are however needed to examine these
aspects.

We recognize that the following considerations should be
kept in mind regarding the results obtained in this study. First,
although SHR hearts show many metabolic characteristics
similar to hypertrophied rat hearts after aortic banding [22],
the SHR is a genetic model of cardiac diseases that also ex-
hibit distinct features that are age-dependent [19, 41]. Future
studies are therefore warranted in SHR hearts to correlate
metabolic changes in citrate synthesis and release with age
and with a recognized indicator of the severity of disease,
such as the expression of the atrial and/or brain natriuretic
peptides [42]. Second, its matched control, the WKY rat, has
repeatedly been reported to present high biological variabil-
ity since it may not constitute a singly inbred strain [43, 44].
In this regard, we noticed and excluded some WKY rats with
atypical and enlarged hearts. Finally, we chose to compare
the metabolic phenotype of WKYY and SHR hearts perfused
at the same afterload, although SHR hearts are subject in vivo
to a higher afterload. Nevertheless, working SHR hearts per-
fused at 80 mmHg showed values for cardiac flows and per-
formance, MVO, and pH, that resembled those of working
WKY hearts. As a whole, the working SHR heart revealed
alterations in carbohydrate and lipid metabolism that are con-
sistent with those reported for age-matched SHR, using other
techniques [22]. In view of our previous finding of modula-
tion of citrate release by energy demand in Langendorff-per-
fused rat hearts, one might wonder, however, what would be
the impact of a higher workload on the citrate release rate.
This is, in fact, difficult to predict for SHR hearts because of
the possibility of an imbalance between citrate synthesis and
utilization rates. Furthermore, it remains to be demonstrated
whether citrate release is modulated by energy demand in the
more physiological ex vivo work-performing rat heart. There-
fore, additional series of perfusion experiments are needed
to document the effect of different workloads and fatty acid
concentrations on metabolic pathways linked to citrate syn-
thesis and release, both in WKYY and SHR working hearts.

In conclusion, this study demonstrates how the alliance
between ex vivo semi-recirculating working perfused rat
hearts with *C-substrates and mass isotopomer analysis by
GCMS, can provide an unprecedented insight into the meta-
bolic phenotype of normal and diseased rat hearts. Given the
high sensitivity of GCMS, we foresee no major difficulties
in transposing our BC-protocol to the ex vivo working mice
heart model, as it was done with radioactive substrates [45].
The use of our *C-protocol in this study has enabled the
demonstration of metabolic changes in SHR hearts, which
include an accelerated efflux of citrate and unlabeled lactate,

as well as lower 3-oxidation of exogenously-supplied LCFA.
Similar metabolic alterations have been reported previously
for cardiac patients, supporting the relevance of findings in
our study model to the clinical situation [ 1-3]. Interestingly,
taken altogether, the results from this work raise the possi-
bility that the increased citrate release by SHR hearts may
result from an imbalance between citrate synthesis and utili-
zation rates, which becomes more apparent under conditions
of mitochondrial substrate abundance. In this regard, fur-
ther investigations are warranted to specifically examine if
changes in the activity and/or expression of CAC enzymes
are part of the mitochondrial alterations associated with the
progression of cardiac diseases.
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Abstract

In the current study on human hibernating myocardium (HHM), we tested the hypothesis that increased glycolysis might exert
a positive effect during a supply-demand balance situation by augmentation of myocardial energy formation. In 14 patients
HHM was preoperatively detected by clinical methods and validated by the recovery of contractile function three months fol-
lowing revascularization. During open-heart surgery, transmural biopsies were removed from the hibernating areas and analyzed
using biochemical and morphologic methods. Metabolite contents were normalized for the degree of fibrosis (control: 9.8
0.5%, HHM 28.1 £ 3.0%; p < 0.05), providing values for cardiomyocytes only. In energy depleted HHM, severe intracellular
degeneration, glycogen accumulation and myocyte loss were found. Elevated lactate levels (2.22 £ 0.26 vs. 25.38 + 3.53 pmol/
wet wt, p < 0.001) were indicative of an increased anaerobic glycolytic flux. In conclusion the presence of abundant intracel-
lular glycogen and an increased anaerobic glycolysis in HHM is indicative of a protective adaptation of this myocardium, which

might balance energy deficit and may limit structural damage. (Mol Cell Biochem 242: 101-107, 2003)

Key words: hibernating myocardium, energy metabolism, tissue degeneration, apoptosis, glycolysis

Introduction

Although precise pathophysiologic mechanisms of myocar-
dial hibernation still remain elusive, there are numerous reports
showing that this myocardium is jeopardized by continuous
disintegration. Intracellular degeneration and fibrosis as well
as cell death could be demonstrated, as underlying mecha-
nisms [1, 2].

Recently, severe energy depletion in human hibernating
myocardium was shown [3]. As all processes responsible for
the structural degeneration of HHM are known to be control-
led by the cellular energy status [4—10], the hypothesis might
be brought forward that metabolic alterations may contrib-
ute to the structural disintegration of HHM, thereby repre-
senting a common and basic pathomechanism.

Clinically, human hibernating myocardium (HHM) exhib-
its an increased glucose uptake. This characteristic feature,
which is exploited as diagnostic procedure [11], is accom-
panied by an amplified sarcolemmal abundance of glucose
transporters [12] and an increased cellular glycogen content
[1]. In myocardial hypoperfusion, the beneficial effects of an
augmented ATP generation by glycolysis have been repeat-
edly shown in clinical as well as in experimental studies [13,
14]. If this also holds true for HHM, the increase in glyco-
lytic flux in HHM may not only be useful in diagnostic
procedures but it may also represent an effective protec-
tive adaptation of HHM against supply-demand imbalance
situations by limiting energy loss and thus structural damage.

It was the aim of the current study to test this hypothesis
of HHM’s pathophysiology by investigating myocardial
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biopsies taken from HHM and normal myocardium using
microscopic and biochemical techniques. In this study, we
addressed the question whether there is evidence for an aug-
mented glycolytic energy formation, indicating a protective
adaptation of deenergized and degenerating HHM in order
to balance energetic and thus structural deterioration.

Materials and methods

Fourteen patients with angiographically documented coro-
nary heart disease and a reduced left ventricular function re-
sulting in the indication for coronary bypass surgery were
studied. Informed written consent from each patient for every
investigation and approval of the institutional hospital review
board of the University of Freiburg had been obtained.

To detect HHM preoperatively, established clinical methods
such as low-dose dobutamine echocardiography, thallium-201
scintigraphy using a stress-redistribution-reinjection-protocol,
radionuclide ventriculography and coronary angiography in-
cluding left ventriculography were used as described in de-
tail previously [15]. All preoperative clinical investigations
were repeated three months after revascularization in order
to document in these regions the extent of functional recov-
ery after restoration of adequate perfusion, thereby validat-
ing the preoperative diagnosis ‘hibernating myocardium’.

The results obtained in HHM were compared with left ven-
tricular biopsies from normal human myocardium from patients
undergoing operative correction of atrial septal defects (n = 3)
and from donor hearts not used for transplantation (n = 4).

Transmural Tru-cut® needle biopsies were removed dur-
ing open-heart surgery from the beating heart before estab-
lishment of extracorporeal circulation and cardioplegic arrest.
These biopsies were immediately shock frozen in liquid ni-
trogen for high performance liquid chromatography (HPLC)
and immunohistochemistry or immersed in 3% glutaralde-
hyde buffered with 0.1 M Na cacodylate (at pH 7.4, 440
mosmol/l) for microscopy. Shock-frozen samples were kept
in liquid nitrogen until further use. Following clinical vali-
dation of the myocardial regions as hibernating myocardium
(3 months postoperatively), the specific examinations of the
biopsies were started.

Myocardial metabolite contents were determined by HPLC
and are given here in pmol/g wet weight [16]. Considering
the error arising from varying degrees of myocardial fibro-
sis in control and hibernating myocardium, the total myocar-
dial metabolite content were normalized to the cellular
myocardial fraction (CMF), which results in values for
myocellular content:

100
(100 — fibrosis [%])

+ content

COi’lte}’ltCMF = rotal’

Small tissue samples were embedded in Epon following
routine procedures. Ultrathin sections were stained with
uranyl acetate and lead citrate and viewed and photographed
in a Philips CM 10 electron microscope.

TUNEL was performed on cryosections with an ApopTag
kit (Boehringer, Mannheim, Germany) following the suppli-
er’s instructions. TUNEL positive cells were detected by
labeling with FITC in a light microscope equipped for fluo-
rescence (DM, Leica, Germany).

Epon embedded semi-thin sections were stained in Epon
with periodic acid-Schiff’s reagent (PAS) for glycogen and
evaluated by light microscopy.

The fibrotic content of HHM was determined by immu-
nohistochemical labeling of fibronectin. Three different tis-
sue sections, which were obtained from varying biopsy levels,
were evaluated by confocal microscopy. Five different fields
of vision were randomly chosen and fibrosis was quantified
employing the point counting method following stereological
principles [1, 17]. The fibrotic area of the tissue samples was
expressed as % of the total myocardial area.

Statistical analysis

Data are expressed as mean values = S.E. To evaluate the clini-
cal data, the Friedman and Dunn test, ANOVA and Scheffé test,
the paired #-test and the Mann-Whitney-rank-sum test were
used. Fibrosis and the metabolite contents were analyzed
using ANOVA and Scheffé testing. A p value of < 0.05 was
considered as significant difference.

Results

All patients exhibited a recovery of regional contractile per-
formance (radionuclide ventriculography: 24.5 £ 2.0% pre-
operatively to 55.6 + 3.2% postoperatively, p < 0.0001) and
a significant improvement of the global function (radio-
nuclide ventriculography : 26.4 + 2.3% preoperatively to
46.7 £ 3.2% postoperatively, p < 0.0001) three months af-
ter revascularization, thereby unequivocally validating our
clinical preoperative diagnosis ‘hibernating myocardium’
(Table 1).

In human hibernating myocardium, increased levels of lac-
tate (control: 2.21 + 0.26, HHM: 25.37 + 3.52 pmol/g wet
wt/myocyte fraction) were found, which are indicative of an
increased anaerobic glycolytic flux. Furthermore, an augmen-
tation of ATP provisional stores by substrate chain phospho-
rylation was present (Table 1).

Numerous myocytes in HHM showed a lack of contractile
material as well as alterations of mitochondria and occurrence
of non-specified cytoplasm. These areas were frequently filled



Tuble 1. Lactate content, clinical and morphological parameters

103

Normal Hibernation
Mean S.EM. Mean S.EM. p

Lactate
Myocardial content 2.000 0.240 17.389 2313 0.0002

(nmol’g wet wt)
Myocellular content 2.217 0.261 25377 3.520 0.0002

(nmol/g wet wt CMF)
Clinical and morphological parameters
Global EF (°%) 20.4 23 46.7 32 <0.0001
Regional EF (%) 24.5 2.0 35.6 32 <0.0001
Fibrosis (%0) 9.857 0.508 28.062 3.012 0.010

Upper part: lactate content given as total myocardial as well as myocellular content (CMF — cellular myocardial fraction). Lower part: clinical and morpho-

logical parameters. EF — ejection fraction. P-values as indicated (ANOVA).

with degenerative material, i.e. with completely empty or
lipid-containing vacuoles, lipofuscin and glycogen (Fig.
l1a).

The intercellular distances between myocytes were wid-
ened. In addition, substantial amounts of fibrotic material —
including collagen fibrils, lipofuscin-containing macrophages
and electron-dense ‘ground substance’ (representing fibro-
nectin, laminin and the proteoglycans) — were present (Fig.
1b). These degenerative changes were not observed in myo-
cardium from normal human left ventricles.

Ultrastructural evidence of apoptosis was found in a few
myocytes. Typical morphological signs of apoptosis were:
intact mitochondria and an intact sarcolemma, nuclei of vary-
ing size and shape with distinct chromatin clumping and for-

mation of apoptotic bodies indicating nuclear disassembly.
Due to the sequestration of cellular particles from myocytes,
the sizes and shapes of apoptotic cells varied greatly. This
cellular debris was embedded in the extracellular matrix or
it was engulfed by macrophages.

Scattered TUNEL positive myocytes were rarely found in
HHM (Fig. 2). Because of the limited size of the biopsy sam-
ples, percentage values were not considered to be repre-
sentative and therefore they were not calculated. In control
myocardium, apoptosis was not detected.

PAS staining revealed large intracytoplasmic areas filled
with glycogen in HHM (Fig. 3).

In HHM, an increased degree of fibrosis was observed,
which was randomly located in the endocardial, midmyo-

Fig. 1. Electron microscopic appearance of cellular degeneration in human hibernating myocardium. (A) Control myocardium with nucleus (N) and promi-
nent nucleolus. numerous mitochondria (mit) and regularly arranged sarcomeres (sarc). Magnification x3200. (B) Severe degeneration characterized by loss
of myofilaments, small dark mitochondria and large areas of nonspecific cytoplasm (cyt) with glycogen accumulation and lipofuscin. The nucleus (N) is
extremely lobulated. Magnification x1600. (C) Degenerated myocytes (myo) with cytoplasmic areas (cyt) and vacuoles (vac) surround a widened extracel-
lular space. The interstitium contains collagen fibrils (coll), macrophages (M), fibroblasts (lower left corner) and cellular debris (CD). Magnification x2000.
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cardial and epicardial layers (control: 9.8 £ 0.5%, HHM 28.1
+ 3.01%, p <0.05).

Discussion

Tissue disintegration by energy depletion in human
hibernating myocardium

Recently, an in-depth analysis of human hibernating myocar-
dium’s energy metabolism substantiated that HHM is se-
verely energy depleted myocardium [3]. In this tissue, intra-
and extracellular structural degeneration as well as myocyte
loss by apoptosis could be observed. As all of these mecha-
nisms are known to be controlled by the cellular energy sta-
tus [4—10], our data, taken together, support the hypothesis
that the supply-demand imbalance observed in human hiber-
nating myocardium profoundly contributes to the continuous
disintegration of myocardial integrity.

Degeneration of myocytes is a frequent pathomorpho-
logical finding in HHM. Furthermore, reduced contents in
mRNAs encoding contractile, cytoskeletal and adhesive pro-
teins [1] are indicative of diminished rates of synthesis. Both,
impaired protein synthesis and predominating protein deg-
radation finally result in cellular atrophy by sequestration of
cellular particles into the extracellular space and the initia-
tion of repair mechanisms with the development of re-
placement fibrosis [1, 17]. Consequently, a vicious cycle
of continuous myocardial deterioration is commenced [2]

Fig. 2. Detection of apoptosis using the TUNEL method. One nucleus ofa
myocyte shows positive labeling (green) indicating fragmentation of DNA.
Myocytes are red and other nuclei are blue.

which is not only of theoretical interest but also of practical
interest because the degree of fibrosis represents the main cut-
off point determining the extent of functional recovery after
restoration of an adequate perfusion [1, 2, 17].

As apoptosis requires metabolic energy, mild to moderate
decreases in ATP levels (reductions of up to 70%) may de-
termine the fate of myocardial cells to die a suicidal cell death.
If ATP contents drop to lower values, however, oncotic cell
death occurs [6—9]. Moreover, graded decreases in ATP-lev-
els (between 25 and 70%) or increases in the ADP/ATP ratio
(0.2 or greater) not only play an important role in maintain-
ing the apoptotic cascade, but may, additionally, suffice to
initialize programmed cell death by apoptosis [ 18—20]. Since
the levels for ATP in HHM were decreased but not completely
exhausted and an increase in the ADP/ATP ratio was observed
(see above and [3]), our data are in good accordance with both
current hypotheses. Therefore, at the energy level observed
in HHM, apoptosis most probably is initiated and maintained

Fig. 3. PAS staining of human hibernating myocardium. (A) An accumu-
lation of glycogen (glyc) in many myocytes is evident at a small magnifi-
cation. (B) Shows several myocytes at higher magnification that contain
much glycogen (glyc) in the perinuclear area. Fib= fibrosis.



unless an adequate energy metabolism is restored by re-
vascularization. Otherwise, an increasing loss of high energy
phosphates will result in a switch from apoptotic to oncotic
cell death [6, 7, 10].

Increased glycolysis in human hibernating myocardium:
Impact on augmented ischemic tolerance

In spite of varying concepts concerning the pathophysiology
of HHM, its increased uptake of radiolabelled glucose trac-
ers (¥-fluoro-deoxyglucose) represents the gold standard for
the clinical diagnosis [11]. In addition to an augmented glu-
cose uptake, most probably due to an elevated sarcolemmal
abundance of glucose transporters [12], an enlarged content
in glycolytic substrate, as evidenced by prominent cellular
glycogen stores, is a constant finding of hibernating myocytes
[1]. However, this increased uptake and storage of sub-
strate(s) of the Embden-Meyerhof pathway may not only be
of diagnostic value [21], but it may also contribute to the
metabolic adaptation of HHM providing an increased resist-
ance of this energy depleted myocardium to situations of
severe supply-demand imbalance [22].

Myocardial tissue survival in situations of perfusion defi-
cits critically depends on the cellular energy status [23]. To
limit the energy deficit in conditions of energy shortage, as
observed during hypoxia and ischemia, myocardial ATP for-
mation may be amplified by an increase glycolytic substrate
chain phosphorylation. By this means, the efficiency of ATP-
synthesis is elevated when reduced oxygen-availability be-
comes the limiting factor [24-27]. This mechanism was
repeatedly shown to be active providing myocardial cell sur-
vival in various states of myocardial hypoperfusion [13, 14].
In isolated cardiac myocytes subjected to hypoxia, increased
glucose uptake and accelerated glycolysis have been shown
to decrease the occurrence of apoptosis [22].

In human hibernating myocardium, a vast abundance of
glycogen was seen. Moreover, an increased myocardial lac-
tate content was observed, indicating —against the background
ofan increased sarcolemmal availability of glucose transport-
ers [12]—an elevated anaerobic glycolytic flux. As any increase
in glycolytic flux indicates a corresponding increment in ATP
formation, our data suggest that an amplified flux through
glycolysis in HHM may represent a powerful metabolic ad-
aptation to balance the energetic deficit observed in HHM and
thus to better tolerate this supply-demand imbalance.

Proposed pathomechanism of myocardial hibernation and
its clinical implications

As described earlier [3], the supply-demand imbalance of
HHM induces disturbances of myocardial energy metabo-
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lism, resulting in energy depletion (left side in Fig. 4). The
consecutive drop in high-energy phosphate levels and an al-
teration in the ADP/ATP ratio initiate and maintain tissue
degeneration and cell loss, which finally ends in structural
disintegration. At the same time, the supply-demand imbal-
ance initiates an increase in flux through glycolysis (right side
in Fig. 4). This adaptive mechanism provides the endangered
myocardium with additional ATP stores, which in turn will
contribute to balance the myocardial energy shortage and to
maintain the ADP/ATP ratio at a low level. When the glyco-
lytic capacity is sufficiently high to compensate the energy
deficit, structural disintegration will be arrested (upper part
inFig. 5). According to the concept of Camici and Dutka [28],
such a condition represents ‘functional hibernation’. If the
severity of energy depletion exceeds the capacity of glyco-
lytic ATP formation (lower part in Fig. 5), more and more
cardiomyocytes degenerate and undergo apoptotic cell death,
a situation that initiates the transition to ‘structural hiberna-
tion [28]. However, even under these circumstances, an in-
crease in glycolytic flux might partially compensate for the
energetic deterioration and might slow down this detrimen-
tal process.

Finally, only revascularization will restore this impairment
in energy metabolism and initiate myocardial recovery and
structural restitution. However, if revascularization is not
performed in time, an increasing degree of replacement fi-

supply-demand imbalance

d N\,

depletion increased
energ}Ip eho glycolysis
ATPY ATPT
ADP/ATPT ADP/ATPY

1 1 : 2

tissue degeneration maintenance of

cell loss tissue integrity
disintegration protection

Fig. 4. Proposed pathophysiology of structural disintegration of HHM and
protective adaptation by increased glycolysis. The supply-demand imbal-
ance in HHM leads to energy depletion, as reflected by decreased ATP levels
and an increased ADP/ATP ratio. This initiates tissue degeneration and cell
loss which finally causes structural disintegration (left). Simultaneously, the
supply-demand imbalance results in an increased glycolytic flux, which
keeps ATP levels high and the ADP/ATP ratio low, thereby protecting HHM
by maintaining tissue integrity.
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energy
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Fig. 5. Different encrgetic situations in HHM. At less critical states of
supply-demand imbalance, increased glycolysis suffices to compensate for
encrgy shortage, maintaining myocardial structure (upper part, ‘functional
hibernation’) [28]. If the severity of energy depletion cxceeds the capacity of
glycolytic ATP formation, however, a net ATP deficit occurs initiating and
maintaining myocardial degeneration (lower, ‘structural hibernation) [28].

brosis will prevent the complete structural (and thus functional)
restoration despite the presence of adequate revascularization.
Loss of myocardial structural and functional integrity will thus
be a continuous process. Therefore, to save this highly endan-
gered, deenergized hibernating myocardium, revascularization
should be performed as early as possible to allow its com-
plete recovery thereby improving the patient’s prognosis.
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Abstract

Cultured myocyte transplantation into an infarcted myocardium has been shown to improve contractile function. Cryo-
preservation of cultured muscle cells or heart tissue will be important for the technology to be practical. This study, using fetal
cardiomyocytes, evaluated the optimal conditions for muscle cell cryopreservation. Study 1: Fetal rat cardiomyocytes were
isolated and cultured. The freshly isolated and passage 1, 2, 3 and 4 cells were cryopreserved in a solution containing 70%
IMDM, 20% FBS and 10% DMSO and stored in —196°C for 1, 2, 4, 8, 12 and 24 weeks. The cells were thawed and cultured.
Cell number and contractility were evaluated at 0, 2, 4, 6, 8 and 10 days of culture. Study 2: Rat myocardium was cryopreserved
in sizes of 0.2, 2 and 6 mm?® for 1 week. The tissue was thawed and cells were isolated. Cell growth and contractility were
evaluated. (1) Cardiomyocytes grew and contracted after cryopreservation. Storage time did not affect cell survival rate, beat-
ing cell numbers and beating rates. Increasing cell passage prior to cryopreservation decreased the percentage of beating cells.
(2) Cells isolated from cryopreserved tissue grew in vitro and contracted normally. Cell yield decreased with increased
cryopreserved tissue size. Fetal rat cardiomyocytes survived and functioned after in vitro cryopreservation. Viable cells can be
isolated from cryopreserved myocardium and cultured. Cryopreservation of small pieces of myocardium is preferred for maximal
cell yields. (Mol Cell Biochem 242: 109—114, 2003)

Key words: cell transplantation, cryopreservation, cardiomyocyte

Introduction

Various cell types have been transplanted experimentally into
the myocardium, myocardial scar tissue and subcutaneous
connective tissue of animals [1, 2]. We have demonstrated
that primary cultures of fetal cardiomyocytes transplanted
into the connective tissue of adult rats survived and formed
contractile cardiac tissue [3]. The transplanted tissue enlarged
and contracted regularly and spontaneously. In experimen-
tal models of left ventricular cryonecrosis and coronary ar-
tery occlusion, cultured fetal heart cells [4], adult heart cells
[5], adult smooth muscle cells [6] and skeletal muscle cells
[7, 8] transplanted into the myocardial scar have been shown
to limit scar expansion and improve regional and global heart
function. Recently, cultured skeletal muscle cells have been

implanted into the dysfunctional myocardium of patients with
congestive heart failure [9]. Preliminary clinical data and
experimental results have indicated that myoblast transplan-
tation could be used clinically to improve the contractile
function of myocardial infarct patients.

Cryopreservation of muscle cells could make this tech-
nique more suitable for the practical clinical application of
cell transplantation. The timing of the transplantation will de-
pend on the clinical status of the patient, which may vary. The
rate of growth of the cells may also vary which could alter
the optimal time for transplantation. These problems would
be overcome by the cryopreservation of the patient’s tissue
and cultured cells so that they are available when the patient
is ready to receive the transplantation. In addition, repeat
transplantations may be required. We have demonstrated that
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fetal rat cardiomyocytes can be cryopreserved [10]. However,
the optimal conditions for heart cell cryopreservation have
not been determined. In this study we evaluated the effect of
cryopreservation time and cell passage on in vitro survival
and function of fetal cardiomyocytes. Myocardial tissues
were cryopreserved to investigate the possibility of these tis-
sues being used for future cell isolation and culture.

Materials and methods

Animals

All procedures performed on animals were approved by the
Animal Care Committee of the University Health Network.
The experimental animals used were Sprague-Dawley rats
(Charles River Canada Inc., Quebec, Canada). Rat hearts,
obtained from 18-20 day gestational rat, were used for cell
isolation. All experiments were performed in accordance
with the ‘Guide for the Care and Use of Laboratory Ani-
mals’ published by the National Academy Press (1996).

Cell isolation

Fetal rat cardiomyocytes were isolated using an enzymatic
digestion method [3, 4]. Fetal rat hearts were washed with
phosphate buffered saline (PBS) and the ventricular tissue
was minced and incubated in a PBS solution containing
trypsin (0.2%), collagenase (0.1%), and glucose (0.02%) for
30 min at 37°C. The cardiac cells were then isolated by re-
petitive pipetting of the digested myocardial tissue. The cells
in the supernatant were transferred into a tube containing
15 ml of cell culture medium (Iscove’s Modified Dulbecco’s
Medium (IMDM) with 10% fetal bovine serum (FBS), peni-
cillin G (100 U/ml), streptomycin (100 pg/ml)). The tube was
centrifuged at 600 g for 5 min at room temperature. The car-
diomyocyte purity after the first 24 h of culturing was 94 +
3.5% (N = 8). The cell pellet was resuspended in the cell
culture medium (freshly isolated cells) and cultured (passage
1) at 37°C in 5% CO,/95% air. When the cells reached 90%
confluence, the cells were trypsinized (0.05% trypsin in PBS)
and separated into 3 dishes (passage 2). This process was
repeated for passages 3 and 4. Cells at each passage were
detached from culture dish and suspended in freezing medium
contained 70% IMDM, 20% FBS, and 10% dimethylsulfoxide
(DMSO).

Cell cryopreservation and thawing

The cell suspension in the freezing medium was transferred
to cryovials (NALGENE), which were placed into a freez-

ing chamber (NALGENE) and stored at —80°C overnight.
The cells were cooled at a rate of —1 °C/min until they reached
—80°C and the cryovials were then stored in liquid nitrogen.

The samples were rapidly thawed in a water bath at 37°C.
The freezing medium was diluted in four steps (with 10, 5,
2.5, and 0% DMSO) by centrifuging and removing the
supernatant at 5 min intervals to extract the intracellular
DMSO. The cell pellet was resuspended in culture medium
with 2% FBS for the survival study or with 10% FBS for
the growth study. The cells were cultured at 37°C in 5%
CO,/95% air.

Cell counting

Each culture dish was washed 3 times with 5 mL phosphate-
buffered saline to remove culture medium and all non-viable
cells. The viable cells that remained attached to the culture dish
were detached using a 0.05% trypsin solution and counted
using an electronic cell counter.

Survival rate

The cryopreserved cells, after thawing, were cultured for
24 h in medium with 2% FBS. The cells were then detached
from the culture dish using trypsin solution and the cell num-
ber was determined using an electronic cell counter.

Cell growth curve

The cells, cryopreserved for different time periods, were
thawed and cultured for 0, 1, 2, 4, 6, 8 and 10 days. At each
time point, the cells were detached from the culture dish with
the trypsin solution and counted.

Percentage of beating cells and beating rates

After cryopreservation the cells were cultured for 24 h and
the number of beating cells and beating rates were determined
with a microscope within the 5 randomly selected fields. The
number of beating and non-beating cells was counted by
group-blinded observer.

Contractility of fetal rat cardiomyocytes were evaluated at
pre-cryopreservation. The cells were cultured for 24 h. Iso-
proterenol or propanolol was added into culture medium at
final concentrations of 0, 0.25, 0.5 and 1.0 ug/ml for isoprot-
erenol and 0, 1.2, 2.4 and 4.8 pg/ml for propanolol. The
beating rates were determined with a microscope. Five mi-
croscopic fields were randomly selected and cell beats per
minute was recorded.



Tissue cryopreservation and cell isolation

Fresh myocardium was collected from fetal rat hearts and cut
into 0.2, 2 and 6 mm® sizes (N = 6 for each group). The tis-
sue was suspended in freezing medium, cryopreserved for
1 week and thawed as described in the ‘Cell cryopreservation
and thawing’ section. The 2 and 6 mm’-cryopreserved tissues
of were minced to 1 mm?in size. The tissue from the three
groups was digested using trypsin and collagenase as de-
scribed in the ‘Cell isolation’ section. The isolated cells were
cultured for 24 h and the cell number, percentage of beating
cells and cell beating rate were recorded as described above.
The cell numbers were also determined on 4, 8 and 14 days
of culture.

Data analysis

All data were expressed as the mean * S.D. Analysis of vari-
ance was used to test the difference between groups.

Results

Cell survival after cryopreservation

The survival rates of passage 1 cardiomyocytes cryopreserved
for 1, 2,4, 8, 12 and 24 weeks were similar among the groups
(N = 8 for each group) (Fig. 1A). Cell passaging did not af-
fect the cell survival rate (Fig. 2A). Cell growth rates over
10 days following cryopreservation showed that storage time
and cell passage had no significantly affect on cell growth
(Figs 1B and 2B).

Contractility of cryopreserved fetal cardiomyocytes in
vitro

The fetal rat cardiomyocytes contracted regularly and spon-
taneously for 24 h following isolation from the myocardium.
The cells had some characteristics of myocardial tissue (Fig.
3). Cell contractility increased with the addition of isopro-
terenol to the culture and decreased with the addition of
propanolol (Fig. 3). The fetal cardiomyocytes cultured after
cryopreservation contracted regularly and spontaneously as
was observed prior to cryopreservation. The percentage of
beating cells was not affected by the duration of cryo-
preservation (N = 8 for each group) (Fig. 1C). However, the
percentage of beating cells decreased significantly with in-
creasing passage number prior to cryopreservation (Fig. 2C).
The number of beating cells decreased significantly (p < 0.05)
with increasing culture time, as the cells began to form a tis-
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Fig. 1. Effects of cryopreservation time (from 1-24 weeks) on cellular
survival (A), cellular growth (B) and contractility (C) after thawing were
evaluated on cultured fetal rat cardiomyocytes (passage 1). The data was
expressed as mean + 1 S.D. (N = 8 for each group). The time of cryo-
preservation did not affect the cardiomyocyte survival, growth and contrac-
tility after thawing.

sue in vitro. The contractile rate of cryopreserved cells was
not affected by duration of cryopreservation or passaging
prior to preservation.

Cells isolated from cryopreserved myocardium

Cardiomyocytes were successfully isolated and cultured from
fetal myocardium, which was cryopreserved in liquid nitro-
gen for 1 week in sizes of 0.2, 2.0 and 6.0 mm?* (N = 6 for
each group) (Fig. 4). Fewer cells were isolated for culture
with increasing tissue size (p < 0.05 for all groups). By 24 h
after isolation from the myocardial pieces, the cells prolifer-
ated in culture, contracted regularly and spontaneously.
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tractility (C) after 4 weeks of cryopreservation were evaluated using cul-
tured fetal rat cardiomyocytes. The data was expressed as mean £ 1 S.D.
(N =8 for each group). Only cell age affected the percentage of beating cells.
At each passage there was no difference in the number of beating cells
between the cryopreserved (open bar) and the non-cryopreserved (closed
bar) cells. However, there is a decrease (p < 0.05, < 0.05) in the numbers of
beating cells in the fresh and passage 1 cells compared to the passage 2, 3
and 4 cells.

Discussion

Cell transplantation has been shown to be a potential new
technology to treat patients with heart disease. Several cell
types, such as heart cells, skeletal muscle cells, smooth mus-
cle cells and bone marrow stromal cells, have been trans-
planted into the left ventricular scar of adult rats, rabbits and
pigs [4-8, 11]. The transplanted cells survived in the trans-
planted area and formed a tissue. The transplant tissue pre-
vented scar tissue thinning and ventricular dilatation, which
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Fig. 3. Effect of isoproterenol and propanolol on the contractile rates of
cultured fetal rat cardiomyocytes (passage 1) (N = 6 for each group). In-
creasing concentrations of isoproterenol and propanolol increased and de-
creased cardiomyocyte contractile rates, respectively.

improved heart function. The data has lead to the autotrans-
plantation of cultured skeletal muscle cells into a myocardial
infarct scar of a patient having aortocoronary bypass surgery
[9]. Although the benefits of the transplant and the bypass sur-
gery could not be definitively separated, the clinical results
were supportive of the cell transplant improving myocardial
function.

Cell growth in vitro is a continuous process of cell divi-
sion until confluence is reached in the culture dish. Cells are
detached from the culture surface with trypsin, the cell suspen-
sion is aliquoted into a number of culture dishes (passaging)
and the cells are again grown to confluence. With each cell
division, cultured primary cells lose characteristics of the
original tissue. Eventually the dedifferentiated cultured cells
lose their capacity to differentiate into their original pheno-
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Fig. 4. Fetal myocardium, 0.2, 2 and 6 mm?*in size, was cryopreserved for
1 week. The cells were isolated and cultured from the cryopreserved tis-
sue. The cells were counted on day 4, 8 and 14 of culture. The data are
expressed as the mean = 1 S.D. (N = 6 for each group). The cell numbers
on each day of the 0.2 mm? group were significantly greater (p < 0.05 for
all time points) than those of the 2 mm? group, which were greater (p <0.05
for all time points) than those of the 6 mm?® group.

type. The current study showed that the percentage of beat-
ing cells decreased with subculturing indicating that the ded-
ifferentiated cardiomyocytes lose their ability to re-form their
contractile apparati. However, cryopreservation did not af-
fect cell dedifferentiation.

Clinically, cell transplantation should not be performed until
the inflammatory response of an acute ischemic episode has
subsided [12]. Therefore, transplantation may need to be de-
layed until the patient has adequately recovered from an
ischemic event. The patient may not be clinically ready to be
transplanted when the culture is ready. Retransplantation may
be required at a later date, for example, patients with a repeat
infarction may require additional cell transplantation. Cultures
from different patients may grow at different rates. In all these
situations, the culture may need to be stored until transplanta-
tion becomes possible and cryopreservation allows a delay in
surgery until the patient is able to receive the transplant.

Liquid nitrogen can be used to store tissue or cells [13].
After the cells were cryopreserved in the liquid nitrogen, the
time of storage did not affect the cell survival and beating
rates. There were no differences in cell survival rate, percent-
ages of beating cells and rates of cell contractility among the
cell populations cryopreserved for 1 week and for 24 weeks.
After cryopreservation the fetal cardiomyocytes contracted
regularly and spontaneously, as did the non-cryopreserved
cells. The small number of passages did not affect cell sur-
vival and function. The cryopreserved cells grew similarly
to the freshly prepared non-cryopreserved cells.

Small pieces of myocardium can be cryopreserved and
cells, normal in appearance and function, can be isolated and
cultured. Tissue size affected the viable cell yield. The larger

113

the piece of myocardial tissue cryopreserved, the lower the
cell yield. The optimal tissue size to be cryopreserved for
maximal cell yields, should be less than 2.0 mm? in size. Our
data indicate that a myocardial biopsy can be cryopreserved
and transported frozen in liquid nitrogen to a cell isolation
and culture facility. Some of the tissue could be banked for
future use and the remainder processed for transplantation.

The cryopreservation technique needs to be optimized. Al-
though some of the cryopreserved cells survived, the survival
rate was 60—80%. Since the storage time and culturing prior
to cryopreservation did not affect the survival rate, changes
to the cryopreservation solution and technique need to be
made. The optimal DMSO concentration has not been deter-
mined. The use of glycerol and high concentrations of fetal
bovine serum to improve cell survival rate after cryopres-
ervation should also be investigated. Also the optimal con-
ditions for cryopreserving rat fetal cells might not be the same
as the conditions best suited for adult cells.

In summary, fetal cardiomyocytes can be cryopreserved and
thawed with a 60-80% yield. The time of cryopreservation had
no effect on cell survival, growth and beating rates in culture.
Cryopreservation of small pieces of myocardium will permit
optimal use of the patient’s tissue.
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Different pathways for sodium entry in cardiac
cells during ischemia and early reperfusion
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Abstract

A number of data are consistent with the hypothesis that increases in intracellular Na* concentration (Na*)) during ischemia
and early reperfusion lead to calcium overload and exacerbation of myocardial injury. However, the mechanisms underlying
the increased Na* remain unclear. *Na nuclear magnetic resonance spectroscopy was used to monitor Na*, in isolated rat hearts
perfused with a high concentration of fatty acid as can occur under some pathological conditions. Whole-cell patch-clamp
experiments were also performed on isolated cardiomyocytes in order to investigate the role of voltage-gated sodium chan-
nels. Na*, increased to substantially above control levels during no-flow ischemia. The results show that a pharmacological
reduction of Na*, increase by cariporide (1 pmol/L, a Na’/H" exchange blocker) is not the only protection against ischemia-
reperfusion damage, but that such protection may also be brought about by metabolic action aimed at reducing fatty acid uti-
lization by myocardial cells. This action was obtained in the presence of etomoxir (0.1 umol/L), an inhibitor of carnitine
palmitoyltransferase-1 (the key enzyme involved in fatty acid uptake by the mitochondria) which also decreases long-chain
acyl carnitine accumulation. The possibility of Na* channels participating in Na*, increase as a consequence of alterations in
cardiac metabolism was studied in isolated cells. Sustained I, was stimulated by the presence of lysophosphatidylcholine (LPC,

10 pmol/L) whose accumulation during ischemia is, at least partly, dependent on increased long-chain acyl carnitine. Current
activation was particularly significant in the range of potentials between —60 and —20 mV. This may have particular relevance
in ischemia. The quantity of charge carried by sustained I, was reduced by 24% in the presence of 1 pmol/L cariporide. There-
fore, limitation of long-chain fatty acid metabolism, and consequent limitation of ischemia-induced long-chain acyl carnitine
accumulation, may contribute to reducing intracellular Na* increase during ischemia-reperfusion. (Mol Cell Biochem 242: 115—
120, 2003)

Key words: intracellular sodium, ischemia-reperfusion, Na-NMR spectroscopy, isolated rat hearts, cardiac cells, Na* current,
fatty acid metabolism

Introduction the mechanisms underlying the increased Na*, early in is-

chemia and during reperfusion remain unclear. The most

Many pathophysiological processes in cardiac ischemia and
reperfusion are associated with cellular ionic disturbances.
In particular, a number of results are consistent with the hy-
pothesis that increases in intracellular free Na* concentration
(Na') during ischemia may ultimately lead to calcium over-
load and exacerbation of myocardial injury [1-5]. However,

plausible underlying mechanisms are failure to extrude Na*
via the Na"/K*-ATPase and Na* influx via Na*/H* exchange,
Na*-HCO," cotransport and the voltage-gated Na* channel.
Na* efflux via the Na*/K*-ATPase is attenuated during is-
chemia [6], therefore activation of other mechanisms leads
to increased intracellular Na*. As to the Na*/H* exchanger,
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controversy exists over its possible role in mediating Na*
influx during ischemia, particularly because both pH, and pH_
decline during ischemia so that extracellular acidosis may
inhibit Na*/H* exchange [7]. However, several studies have
identified this transporter as mediating Na* influx in ischemic
hearts [8, 9], whereas a recent work suggested that it may be
inhibited during total ischemia [10]. In addition to the Na*/H*
exchanger, activation of a Na*-HCO," cotransporter (NBC)
might also contribute to Na* influx [11, 12]. In this respect,
recent data indicated that administration of anti-NBC anti-
body to ischemic-reperfused rat hearts has beneficial effects
on systolic contractility and also on diastolic function in both
zero- and low-flow global ischemia [13]. Whether or not this
cotransporter is involved in Na*, changes during ischemia has,
so far, not been investigated. On the other hand, several re-
ports favour the idea that a sustained component of the Na*
current plays a role in ischemic Na* rise [14—17]. However,
the relative contribution of these mechanisms is debatable and
may largely depend on the ischemic conditions. In this re-
spect, the role of myocardial metabolic modulation during
ischemia and reperfusion may be of importance. Indeed,
long-chain fatty acids, which are the major substrates for the
heart, can be detrimental to the ischemic and reperfused heart.
This is because they require more oxygen than does glucose
to produce an equivalent amount of ATP [18], and also be-
cause metabolic products accumulate in ischemic myocar-
dium [19, 20]. Thus, shifting the energy substrate preference
away from fatty acid oxidation and toward glucose oxidation
may be important during an episode of severe ischemia, and
upon reperfusion [21].

We examined Na*, in isolated rat hearts perfused with high
concentrations of fatty acids as can occur under some patho-
logical conditions [22]. Results were compared with those
obtained in either the absence of exogenous fatty acid or in
the presence of etomoxir, an inhibitor of carnitine palmitoyl-
transferase-1, the key enzyme involved in fatty acid uptake
by the mitochondria. We compared results obtained under
these conditions with those obtained in the presence of
cariporide, a known Na'/H* exchange blocker [23]. We also
performed additional experiments on isolated cardiomyo-
cytes in order to investigate the role of amphipathic metabolites
which accumulate in the sarcolemma during ischemia [24] on
the development of a sustained component of the sodium
current.

Material and methods

Animals

All procedures were in accordance with the regulations laid
down by the Ministére de 1’ Agriculture, France, for the care
and use of laboratory animals.

Isolated heart perfusions and Na-NMR spectroscopy

Male Wistar rats weighing 300-350 g were anesthetized with
thiopentone (5 mg/100 g body wt, i.p.) and the hearts were
quickly removed and then Langendorff perfused. Hearts were
initially perfused at constant pressure (60 mmHg; 10-min
stabilization period) with a modified Krebs-Henseleit bicar-
bonate perfusate, consisting of (mM): NaCl 118, KCI 5.9,
MgSO, 1.2, CaCl, 1.25, NaHCO, 25, glucose 11, gassed with
95% 0,-5% CO, (pH 7.4, 37°C). The range of values for
coronary flow was 15.6 £ 0.6 mL/min. Thereafter, and in or-
der to exclude any effect of the different experimental con-
ditions on coronary flow rate, constant-flow perfusion was
initiated by setting the flow rate to the level attained at the
end of the stabilization period and continued (control perfu-
sion) until inducing ischemia. All perfusion solutions were
filtered (0.8 um; Millipore) prior to use. Perfusion pressure
was monitored with a Statham 23 ID pressure transducer
connected by polyethylene tubing to a side arm on the aortic
cannula. The experimental protocol consisted of 20 min of
control perfusion, followed by 30 min of no-flow global is-
chemia, and 30 min of reperfusion at a constant pre-ischemic
coronary flow rate. Two different substrate combinations
were used in separate heart groups: 5.5 mM glucose and 1.2
mM palmitate prebound to 3% bovine serum albumin (BSA),
or 5.5 mM glucose in the presence of 3% BSA. In a second
group, 10°° M cariporide (a gift from Hoechst AG, Germany)
was added to the solution containing fatty acid, 10 min be-
fore inducing ischemia and was present throughout. In a third
group, 10”7 M etomoxir (2-[6-(4-chlorophenoxy)-hexyl]-ox-
irane-2-carboxylate ; Projekt-Entwicklung GmbH, Germany)
was added to the solution containing fatty acid 10 min be-
fore inducing ischemia and was present throughout.
Na-NMR spectra were acquired in a Bruker-Nicolet WP-
200 spectrometer at 52.9 MHz. Each *Na-NMR spectrum was
(1-min time-resolved) obtained by accumulation of 256 con-
secutive free induction decays using a pulse of 90° and a 0.2
sec recycle time using 1 K data points and 2.5 KHz spectral
width. The shift agent TmDOTP?* was used to distinguish the
Na*_and Na*, resonance of the spectra, and Na* signals were
quantified using the Na* resonance of a standard solution in a
glass capillary. Spectra were processed for the quantitative
analysis of the intracellular component (Na* ) and the reference
in two steps. First, removal of the overlapping spectral extra-
cellular component was carried out by the HLSVD method
[25], and then the resulting reference and Na®, peaks were
quantified with a time domain fitting routine (AMARES) [26].

Isolated myocytes and current recordings

For cardiac myocytes experiments, rats (Wistar, 250-300 g
body wt) or guinea-pigs (SPF Hartley, 250-300 g) were



anesthetized and the heart was rapidly removed. Myocytes
were isolated, as previously described [17, 27]. Rod-shaped
myocytes were used on the day of isolation.

Whole-cell, voltage-clamp configuration of the patch-
clamp technique was used to record sodium currents as we
have described previously [17]. All experiments were carried
out at room temperature (20-22°C). I, was elicited by 2 sec
(or 3 sec when necessary) membrane depolarizations from a
holding potential of —100 mV applied with a stimulation fre-
quency of 0.2 Hz. The amplitude of fast inactivating Na*
current (I, ) was measured as peak inward current with ref-
erence to the current measured at the end of test pulse. [, is
referred to as the Na* current activated by lysophosphatidyl-
choline (L-o-lysophosphatidylcholine, palmitoyl, Sigma)
(LPC). At a given test pulse, [ was characterized in the
following way. The quantity of charge transferred during a
2 sec pulse was evaluated by calculating the time integral of
the difference current obtained by subtracting the control
trace from that recorded in the presence of LPC. The quan-
tity of charge was then normalized to unit of cell membrane
capacitance, Cm (pC/pF). Cm was obtained at the beginning
of each experiment by measuring the resistance in series and
the time constant of the experimental decay of the capacitive
transient elicited by a 10 mV depolarizing pulse.

Data analysis

Data are presented as means + S.E. Statistical significance
was estimated by Student’s f-test or variance analysis fol-
lowed by Student-Newman-Keuls test to locate differences
between groups. Significance was set at p < 0.05.

Results and discussion
Changes in Na*, in ischemic and reperfused hearts

Figure 1A shows the mean values of Na*, obtained from the
ZNa-NMR spectra. In both groups of hearts receiving or not
receiving fatty acid, Na*, similarly increased to substantially
above control levels during no-flow ischemia (204 and 230%
increase, respectively, at end ischemia; p = 0.56). A similar
increase of Na*, (229%) was also observed in fatty acid-per-
fused hearts that received etomoxir, a carnitine palmitoyl-
transferase- 1 inhibitor, which also decreases long-chain acyl
carnitines [28]. Upon reperfusion, Na*, continued to increase
in untreated hearts receiving palmitate during the first few
minutes of reperfusion, whereas Na*, decreased immediately
upon reperfusion in the etomoxir-treated hearts as well as in
the group that did not receive palmitate. We may therefore
hypothesize that some ischemia-induced alterations in fatty
acid metabolism may be responsible for the additional Na”,
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min

Fig. 1. Changes in Na*; during 30 min of no-flow ischemia and reperfusion.
(A) for hearts receiving (-O—; n = 8) or not receiving (—~O—; n = 6) fatty
acid and for fatty-acid-perfused hearts that received 107 M etomoxir (—@—;
n = 8). (B) for fatty-acid-perfused hearts that received (——; n = 7) or not
(~O— n = 8) 10 * M cariporide. Changes in pH, in hearts receiving or not
cariporide are also shown (see inset). *~@—and — - vs. —O—; *-0O—vs. —
O-. Reproduced in part from El Banani et al. [4] with permission.

increase observed at reperfusion, and which could be attenu-
ated or even suppressed (present results) by etomoxir.

In an attempt to elucidate which of the Na*, regulating
mechanisms might contribute to ischemia-induced Na*, in-
crease, we performed experiments in which fat-perfused
hearts received cariporide, a known Na*/H* exchange blocker
[23]. In the presence of cariporide, Na*; increase during is-
chemia was markedly attenuated (Fig. 1B). It is worth not-
ing that both inhibitors, etomoxir which did not change Na*,
during ischemia but significantly reduced Na*, upon reper-
fusion, or cariporide which noticeably reduced Na*, during
ischemia and consequently upon reperfusion, induced a sig-
nificant improvement in ventricular function recovery dur-
ing reperfusion (Fig. 2). Nevertheless, Na*/H* exchange
blockade was not accompanied by any significant change in
pH, decrease during the ischemic period, and a significant
effect of cariporide on pH, was only observed after S min of
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reperfusion (see inset in Fig. 1B). In the absence of a pH,
effect the role of Na*/H* exchange activity during no-flow
ischemia may be questioned.

Na* current in cardiac cells

Recent studies [16, 29] have concluded that Na* influx through
Na* channels occurs during ischemia after myocytes become
inexcitable. We therefore investigated the possibility of these
channels participating in Na* increase as a consequence of
alterations in cardiac metabolism. Lysophosphatidylcholine
(LPC) accumulates during ischemia. LPC accumulation re-
flects either increased production via PLA -catalyzed phos-
phatidylcholine hydrolysis or decreased LPC catabolism, or
a combination of both processes [24]. We have previously
shown that long-chain acyl carnitine accumulates in ischemic
myocardium [19, 20]. Long-chain acyl carnitine acts to com-
petitively inhibit two enzymes of the catabolic pathways of
LPC (namely cytosolic lysophospholipase transacylase and
lysophospholipase) [24]. Moreover, acidosis contributes to
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inhibition of microsomal lysophospholipase [24]. Thus, dur-
ing ischemia long-chain acyl carnitine and acidosis contrib-
ute to LPC accumulation. Figure 3 shows the effect of LPC
on Na* current in both rat ventricular and guinea-pig atrial
myocytes. In this example of Na* current recording in a rat
ventricular myocyte (Fig. 3A), the action of LPC on the ac-
tivation of tetrodotoxin (TTX, 30 pmol/L)-sensitive I was
assessed in response to a depolarization to—20 mV from a
holding potential of =100 mV. The LPC-induced current
showed very little inactivation over the pulse duration. Fig-
ure 3C shows the relationship between the quantity of charge
carried by LPC-induced I , normalized for each cell by tak-
ing into account the membrane capacitance, and test pot-
entials. Current activation was particularly important in the
range of test potentials between —60 and —20 mV, which may
have particular relevance for the ischemic situation. Similar
effects of LPC were obtained from guinea-pig atrial myocytes
(Fig. 3B). In this respect, it is worth mentioning that local
generation of thrombin secondary to intracoronary arterial
thrombi [30] may stimulate G-protein coupled receptors on
cardiomyocytes, resulting in increased production of LPC

min

min

Fig. 2. Cardioprotective effects of etomoxir (10 7 M, upper panel) and cariporide (10-° M; lower panel) during and after no-flow ischemia. Changes in dia-
stolic pressure and left ventricular developed pressure in hearts receiving (—O-- n = 8) or not receiving (~O- n = 6) fatty acid and for fatty-acid-perfused
hearts that received ctomoxir (~@—; n = 8) or cariporide (~4—; n = 7). Both etomoxir and cariporide were added to the perfusion solution 10 min before

ischemia and maintained throughout the reperfusion. *vs. —O—.
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Fig. 3. Typical LPC-induced [ recordings in rat ventricular (A) and
guinea-pig atrial (B) myocytes. Currents were recorded after 2 min expo-
sure to 10 pmol/L LPC extracellularly. (C) The quantity of charge car-
ried by I, over a2 sec pulse normalized as pC/pF is plotted against test
potentials for rat ventricular (black bar; n=7) and guinea-pig atrial (hatched
bar; n = 4) myocytes.

[24]. Furthermore, preliminary data indicate that thrombin it-
self is a potent activator of voltage-gated Na* channels ([31]
and Fig. 4).

Several different studies have suggested that various Na*/
H* exchange inhibitors may, in addition, affect the slowly in-
activating sodium current [ 14, 32]. We therefore investigated
the effects of cariporide and EIPA (an amiloride derivative),
each at the concentration of 1 pmol/L, on LPC-induced I, .
The quantity of charge carried by I, over a 2 sec pulse (in
response to a depolarizing step to—20 mV) was reduced by 34
and 24% in the presence of EIPA and cariporide, respectively.
Thus, the observation of lower ischemic Na*, levels in the
cariporide-treated hearts (see Fig. 1B) may have partly resulted
from some degree of cariporide-induced inhibition of I .

Therefore, not only a pharmacological reduction of Na”,
increase may afford protection against ischemia-reperfusion
damage, but such protection, through a reduction of the ionic
imbalance and associated deleterious effects on cardiac func-
tion, may also be brought about by a metabolic action aimed
at reducing fatty acid utilization by myocardial cells. In this
context, it has also been shown that long-chain acyl carni-
tine which, alongside LPC, accumulates in the sarcolemma
during ischemia, markedly increases the slowly inactivating
sodium current [33]. In addition and interestingly, the Na*/
K*-ATPase is reversibly inhibited by palmitoyl carnitine [34].
Therefore, limitation of long-chain fatty acid metabolism, and
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Fig. 4. (A) Typical recording of the effect of thrombin (32 IU/mL) on peak
I, amplitude in a rat ventricular myocyte. Current was induced by a test-
pulse to—40 mV from a holding potential of -100 mV. (B) Time-course of
the effect of thrombin. The average calculated current density was 137.6 £
4.8 pA/pF vs. 92.8 + 2.9 pA/pF under control conditions. p <0.001;n=6
myocytes in each group.

consequent limitation of ischemia-induced long-chain carni-
tine accumulation, may limit Na*, increase during ischemia-
reperfusion via slowly inactivating Na* channels and/or a
relative increase in Na*/K*-pump function.

Although this remains to be further investigated, the so-
dium-bicarbonate cotransporter (NBC) could also contribute
to the control of Na*,. From our earlier results [12] it was clear
that an HCO, -dependent mechanism, most likely the NBC,
contributed to pH, recovery after ischemia in perfused rat
hearts. It was recently shown that administration of anti-NBC
antibody to ischemic-reperfused rat hearts produces marked
protective effects since the time of onset and amplitude of
ischemia- and reperfusion-induced contracture are signifi-
cantly reduced compared to the non-treated heart [13]. Further-
more, our preliminary results [35] suggest that stimulation of
NBC activity may be particularly important in the presence
of a cardioactive hormone such as angiotensin II.
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Abstract

Heart muscle cells are electrically coupled by gap junctions, clusters of low-resistance transmembrane channels composed of
connexins (Cx). The expression of the three major connexins (Cx43, Cx40 and Cx45) present in cardiac myocytes is known to
be developmentally regulated but it is not clear how the patterns in the human heart compare with those found in the mouse.
This issue is of importance given the wide use of transgenic mice to investigate gene function with the aim of extrapolating the
results to human. In the present study we applied immunoconfocal microscopy to investigate the spatial distribution of the
three connexins in the developing mouse heart and foetal human heart. Although Cx45 labelling was present at low levels
throughout the developing mouse heart and human foetal (9-week) heart, it was most prominent in the conduction tissues. In
the developing mouse heart, Cx40 was widely expressed at embryonic day 12.5 (E12.5) but at E17.5 expression was restricted
to the conduction tissues and atria. In the 9-week human foetal heart, the Cx40 labelling pattern was similar to the E15 mouse
heart, being far more abundant in conduction tissues (bundle branches to Purkinje fibres) and atria than in the ventricular muscle.
Cx43 labelling became more apparent in the ventricular myocardium as development of the mouse heart progressed but was
virtually undetectable in the central conduction system. In the human foetal heart Cx43 was virtually undetectable in the atria
but was the predominant connexin in the ventricles. We conclude that, at least in some key aspects, the pattern of connexin
expression in the developing mouse heart parallels that found in the human embryonic heart. (Mol Cell Biochem 242: 121—

127, 2002)

Key words: gap junctions; connexins, intercellular communication, embryonic development

Introduction served proteins. To date, 19 different connexin genes have
been identified in the mouse and 20 in human [5]. Most tis-

Gap junctions are clusters of transmembrane channels which sues, including heart, express more than one connexin isotype

directly link the cytoplasmic compartments of neighbouring
cells. These intercellular channels allow transfer of small
signalling molecules and ions, a function necessary for tis-
sue homeostasis, development and differentiation [1-3]. In
the heart, a key role of gap junctions is electrical coupling of
individual myocytes, thereby mediating the orderly spread
of the impulse throughout the heart [4]. Each gap junction
channel is composed of a pair of connexons (hemichannels),
one contributed by each of the connected cells. Each connexon
consists of six protein sub-units corresponding to connexin
molecules. The connexins are a multigene family of con-

[6] and, from in vitro experiments, the connexin composition
of gap junctions has been shown to affect such channel prop-
erties as unitary conductance, voltage sensitivity and molecu-
lar permeability [7]. Hence, the variations in the pattern of
expression of the major connexins expressed in the heart,
connexins 43, 40 and 45, are hypothesised to be key deter-
minants of electrophysiological specialisation in different
cardiac tissues [6].

In the mouse heart, Cx45 is the first detectable connexin
in the developing cardiac conduction system [8] and contin-
ues to be expressed in all parts of the conduction system in
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the adult [9, 10]. Cx40 is also present in parts of the conduc-
tion system where it is confined to a central core within the
connexindS-expressing tissues [9]. In addition, Cx40 is ex-
pressed in the atrium in most mammalian species where it is
co-expressed with Cx43. Cx43 is the most abundant connexin
in the working ventricular myocardium but is barely detect-
able in the central parts of the mouse cardiac conduction
system (AV node, His bundle and bundle branches). The
spatiotemporal patterns of expression of the three cardiac
connexins have been shown to be regulated during heart dev-
elopment [11—-14]. With the ever-wider application of trans-
genic mice to analyse the role of connexins [15] and the
desire to extrapolate the results to human, it has become
important to determine how far the developmental patterns
of expression in the human resemble those in the mouse.
The current study set out to compare the spatiotemporal
patterns of connexin expression in the normal developing
mouse heart and human foetal heart as a first step towards
determining the extent to which such extrapolations are
valid.

Materials and methods

Tissue collection

Foetal hearts (embryonic day 12.5, 15.5 and 17.5) were ob-
tained from timed pregnant Balb-c¢ mice. Three human foe-
tal hearts at 9 weeks gestation were obtained from surgical
termination of pregnancy. The hearts were washed in phos-
phate-buffered saline (PBS), placed in plastic moulds orien-
tated so that frontal sections could be made with respect to
the major axis of the heart, and covered with tissue mount-
ing medium (Cryo-M-Bed). Hearts from adult Sprague
Dawley rats were treated the same way except that the
heart chambers were injected with a 50% solution of mount-
ing medium in PBS prior to placing in the moulds. The hearts
were snap frozen by floating the moulds on isopentane cooled
by liquid nitrogen. Animal procedures were conducted ac-
cording to the Animals (Scientific Procedures) Act, 1986
(UK), and the collection of human material was approved by
the local ethics committees.

Cells and culture conditions

Non-transfected HeLa cells and HeLa cells transfected to ex-
press Cx40 and Cx43 were provided by Professor Klaus
Willecke (Institute flir Genetik, Bonn, Germany) [16]. For Cx45,
HeLa cells were transfected with pCMV_mCx45_AIRES Puro
based on the pIRESpuro2 plasmid (Clontech). Cells were
cultured in DMEM (GIBCO-BRL) supplemented with 10%
FBS, 100 U/ml penicillin and 100 mg/ml streptomycin. Trans-

fected cells were cultured in the presence of 1 pg/ml puro-
mycin (Sigma).

Western blot analysis

Whole cell homogenates were prepared by lysing washed cell
monolayers in SB20 (20% SDS, 0.15 mol/l Tris, pH 6.8).
Protein estimation was carried out (Bio-Rad DC protein as-
say) and 15 pg total protein loaded per lane of a 10% poly-
acrylamide gel. The proteins were then transferred to PVDF
membrane overnight and the resulting blot blocked with 4%
milk powder in TBS/0.1% Tween20 for 1 h prior to sequen-
tial 1 h incubations with primary and alkaline phosphatase-
conjugated secondary antibodies diluted in 2% milk powder
in TBS/0.1% Tween20. Enzyme activity was detected using
NBT/BCIP substrate (Perbio).

Antibodies

The anti-Cx45 (Q14E(GP42)), anti-Cx40 (S15C(R83)) and
anti-Cx43 (S10C(CK84)) antibodies, affinity purified against
the peptide immunogen to which they were raised, have pre-
viously been demonstrated to be specific for their respective
connexins by western blot and immunofluorescence of trans-
fected cells, and to label morphologically-defined gap junc-
tions at the electron-microscopic level [10, 17]. The anti-Cx45
antibody (Q14E(GP42)) was used at 1 in 100 dilution, the
anti-Cx40 antibody (S15C(R83)) at 1 in 500 dilution and the
anti-Cx43 antibody (S10C(CK84)) at 1 in 50 dilution for im-
munofluorescence. A monoclonal antibody to Cx45 (Q14E-
(mab19-11-5)) has also been developed (BioGenes GmbH,
Berlin, Germany) using the same peptide sequence as that
used to generate our original polyclonal guinea pig anti-Cx45
[10]. This monoclonal antibody labels a single band at 45 kDa
(approximately) on western blots of Cx45-transfected cells
but not non-transfected cells or cells transfected to express
Cx43 or Cx40 (Fig. 1A). The band obtained on the Cx45-
transfected cells is inhibited by incubation of the monoclonal
antibody with the peptide immunogen. Immunofluorescent
labelling of the transfected cells gives punctate labelling,
consistent with gap junctions at points of cell-cell contact
(Fig. 1B), which is also inhibited by the peptide (Fig. 1C). Fur-
thermore, labelling of rat AV bundle by the new monoclonal
antibody gives an identical labelling pattern to that observed
with the previously characterised polyclonal antibody, Q14E-
(GP42)[10] (Figs 1D and 1E). The monoclonal anti-Cx45 was
used as a 1 in 40 dilution of culture supernatant for labelling
the human tissue. The direct fluorophore-conjugated (FITC,
CY3 and CY5) secondary antibodies were purchased from
Chemicon (used at 1 in 250) except the anti-rabbit-FITC which
was purchased from DAKO (used at | in 25).
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Fig. 1. Characterisation of a new monoclonal antibody to Cx45, Q14E-
(mab19-11-5). (A) western blot of cells transfected with connexins 43, 40
and 45 and wild type cells probed with the new antibody. A reactive band
is observed at 45 kDa only in the lane containing cells transfected with Cx45.
This reaction is inhibited when the antibody is pre-incubated with the pep-
tide immunogen. (B) The Cx45-transfected HeLa cell line immunolabelled
with the new monoclonal antibody. Punctate label is observed between the
cells. Again, this labelling is inhibited by pre-incubation with the peptide
immunogen (C). Labelling of the rat AV bundle by the previously charac-
terised anti-Cx45, GP42 (D), is reproduced by the new monoclonal anti-
body (E). These data confirm specificity of the new monoclonal antibody.
Bar markers = 50 pm (B and C) and 100 um (D and E).

Immunofluorescent labelling and confocal imaging

Frozen sections (12 um) were cut from the hearts and mounted
on poly-L-lysine-coated glass slides which were then stored
at—80°C until use. The sections were fixed by immersing the
slides in methanol at —20°C for 5 min and were then washed
3 times with PBS. Blocking was carried out for 1 h with 1%
BSA in PBS before incubating with primary antibody (di-
luted in 1% BSA in PBS) for 2 h. After washing five times
with PBS over 30 min, the sections were incubated with
fluorophore-conjugated secondary antibodies (diluted in 1%
BSA in PBS) for 1 h. The slides were washed a further five
times with PBS over 30 min, mounted with Citifluor, and the
coverslips sealed with clear nail varnish. Controls for the
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immunofluorescent labelling experiments were:( i) omission
of the primary antibody, (ii) peptide inhibition in which an-
tibodies were incubated with 50 pg/ml of the immunogen to
which they were raised at room temperature for 30 min prior
to application on tissue sections.

Immunolabelled sections were examined by confocal la-
ser scanning microscopy using a Leica TCS SP system,
equipped with argon and krypton lasers for the detection of
FITC and CY3 fluorescence.

Results

Connexind5

At the earliest stage studied (E12.5), Cx45 was widespread
throughout the mouse heart with more intense labelling oc-
curring in the tissues of the outflow tract than in the surround-
ing myocardium (Fig. 2A). In the later stages of development
(E15.5 and E17.5), Cx45 labelling declined in the working
myocardium but remained prominent in the developing con-
duction tissues (Figs 2B and 2C). As in the mouse heart, la-
belling for Cx45 in the 9-week human foetal heart was
widespread, again with greatest intensity in the developing
conduction tissues (Fig. 2D).

Connexin40

In the E12.5 mouse heart, Cx40 labelling was most promi-
nent in the trabeculated regions of the heart (Fig. 3A) with
some label appearing in the more compact myocardium. By
E15.5 (Fig. 3B) the Cx40 labelling was no longer present in
the compact myocardium of the right ventricle and very lit-
tle was detectable in that of the left ventricle. Cx40 label was
most abundant in the trabeculated regions of the ventricles.
By E17.5, Cx40 was mainly restricted to the ventricular con-
duction tissues (Fig. 3C). In the 9-week human foetal heart,
Cx40 label was predominantly found in the trabeculated layer
with low levels of signal detectable in the more compact re-
gions of the ventricles.

Connexin43

Cx43 label was most apparent in the trabeculated tissues of
the ventricles of the E12.5 mouse heart (Fig. 4A) with no
detectable signal in the more compact ventricular tissues. This
pattern of Cx43 labelling was still present in the E15.5 mouse
heart (Fig. 4B) but by E17.5, Cx43 signal was present through-
out the full thickness of the ventricular walls (Fig. 4C). In the
9-week human foetal heart, Cx43 label was most abundant
in the trabeculated regions with less signal being apparent in
the compact myocardium (Fig. 4D).
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Fig. 2. Confocal micrographs showing the pattern of Cx45 in the developing mouse heart (A—C) and 9 week human foetal heart (D). In the E12.5 mouse heart (A),
Cx45 is expressed throughout the heart but labelling is more intense in the tissues of the outflow tract (arrows). At E15.5 (B), Cx45 has declined in the majority of
the heart but signal remains high in the developing conduction tissues such as the AV bundle (AVB) and bundle branches (BB). The Cx45 labelling in these struc-
tures becomes much more apparent in the E 17.5 mouse heart (C). Cx45 labelling of the 9-week human foetal heart (D) is again most prominent in the developing
conduction tissues, as shown here for the bundle branch. Bar markers = 100 um (A, C and D) and 50 um (B).

Discussion

The results presented here show that distinct spatiotemporal
patterns of connexin expression accompany mouse heart
development and that with the data so far available [18] a
similar progression of connexin expression patterns may be
deduced during development in the human heart.
Connexin45 is the earliest detected connexin in the con-
duction tissues of the mouse heart, and has been shown to
be present in the heart at E8.5 when the contractions are first
initiated [14]. Although present throughout the heart in the
early stages, there is a progressive down-regulation, with ex-
pression of Cx45 decreasing in the working ventricular myo-
cardium but remaining high in the conduction tissues. In the
9-week human foetal heart, the pattern of Cx45 labelling ap-
pears to be similar to that found in the E15.5 mouse heart,
with the signal being more intense in the conduction tissues
than in the working myocardium. In the adult human heart,
Cx45 signal is very low in working ventricular tissue [18];

thus, it is likely that the developmental pattern of Cx45 ex-
pression is similar in both human and mouse heart. Examina-
tion of other areas of the conduction tissues of the developing
human heart will be required to determine if the pattern of
Cx45 expression mirrors in every detail that in the mouse.
Knocking-out Cx45 in the mouse results in death from heart
failure at about E10, emphasising the importance of this
connexin during development [19, 20].

At the earliest stages examined in the mouse heart, Cx40
label was most prominent in the trabeculated regions of the
developing ventricles, with low levels of signal in the compact
myocardium. As development progressed, the trabeculations
became less apparent and Cx40 labelling became confined
to the ventricular conduction tissues to give the expression
pattern reported in adult hearts of many mammalian species
[6]. Thus, it again appears that the pattern of Cx40 expres-
sion in the mouse and human are similar. In the normal adult
heart there is no obvious expression of Cx40 in ventricular
myocytes but in human end-stage ischaemic heart disease
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Fig. 3. Cx40 labelling in the developing mouse heart (A—C) and human foetal heart (D). At E12.5 (A), Cx40 is predominantly expressed in the trabeculated
myocardium with some expression in the compact regions. This labelling of the compact myocardium decreases through development and is absent in the
right ventricle by E15.5 (B) but remains in the left ventricle. By E17.5 (C), Cx40 labelling is restricted to the ventricular conduction tissues (arrows) and low
levels of signal are present in the remaining trabeculated myocardium. Cx40 label also clearly scen in the endothelia of vessels (V) at this stage. The Cx40
labelling pattern in the 9-week human foetal heart (D) is similar to that observed in the E15.5 mouse heart. Bar markers = 250 pm.

Fig. 4. Cx43 labelling in the developing mouse heart (A—C) and 9-week human foetal heart (D). At E12.5 (A), Cx43 is absent from the developing compact
myocardium (cm) but is expressed in the trabeculated myocardium. The absence of Cx43 label in the compact tissue (cm) is more obvious at E15.5 (B). By
E17.5 (C), Cx43 label is present throughout the ventricular tissue. In the 9-week human foetal heart (D), Cx43 label is much lower in the compact myocar-
dium and absent from the very outer layers. Bar markers = 100 pm (A) and 50 um (B— D).
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expression of Cx40 increases in the sub-endocardial myocar-
dium [21]. This increase could be likened to a partial rever-
sion to a more foetal phenotype (where Cx40 is expressed in
the compact myocardium of the ventricles) and could repre-
sent an adaptive response to the decrease in Cx43 which is
characteristic of the diseased heart. The Cx40-knockout
mouse has a much less severe phenotype than the Cx45
knockout, producing viable offspring which show impaired
conduction properties through the bundle branches [22, 23].
From these results it could be inferred that while there is some
redundancy in the system (i.e. Cx45 can maintain function
in the Cx40 knockout), such redundancy does not apply
equally (i.e. Cx45 knockout mice die at E10). Hence, the
concept that different connexins have both shared and unique
functions has grown, as elegantly illustrated by Plum et al.
[24] who showed that whereas Cx32 and Cx40 were able to
rescue function in the Cx43 knockout mice, the exact phe-
notypes did not match the wild type animals.

Cx43, though the major connexin in the ventricular myo-
cardium of the adult mammalian heart, does not predominate
during development. At E12.5, Cx43 is expressed in the
trabeculated myocardium and not in the compact tissue.
However, at this time there is expression of Cx45 and some
Cx40 in the compact myocardium which will provide the
necessary coupling between myocytes. By E17.5, Cx43 is
uniformly expressed across the ventricular myocardium at
which time Cx40 is undetectable and Cx45 is present in very
low amounts. In the 9-week human foetal heart, Cx43 signal
is absent from the outer layer of compact ventricular myo-
cardium, probably equivalent to a stage between E15.5 and
E17.5 in the mouse heart. Cx43 knockout mice die shortly
after birth owing to obstruction of the pulmonary outflow
tract [25] arising from defective migration of non-cardiac
cells responsible for the correct formation of the outflow
tract tissues [26, 27]. Therefore, most studies involving
Cx43 knockout mice have been conducted on heterozygous
(Cx43*") mice which, in some instances, have been shown
to have reduced conduction velocities [28, 29]. However,
transgenic mice have now been bred with heart-specific
knockout of Cx43 (Cx43 reduced by 86-95% at 4 weeks) and
although the hearts were normal in terms of structure and
function, the mice developed sudden cardiac death from
spontaneous ventricular arrhythmias at about 2 months [30].
Such a result suggests that the low amounts of Cx45 found
in the working myocardium may help maintain impulse
propagation up to 2 months but not beyond, implying the
existence of post-natal changes in connexin expression.

Overall, our findings suggest that major developmentally-
regulated features of connexin expression patterns in the
mouse broadly parallel those of the human heart. However,
more subtle differences cannot be ruled out, especially in the
specialised tissues such as the atrioventicular node where
precise function may vary between species [31]. More de-

tailed investigations of other developmental stages of the
human heart are therefore required to confirm the full extent
of the similarities and differences.
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Abstract

The gap junction protein connexin-43 (Cx43) exists mainly in the phosphorylated state in the normal heart, while ischemia
induces dephosphorylation. Phosphatase(s) involved in cardiac Cx43 dephosphorylation have not as yet been identified. We
examined the acute effects of ischemia on the dephosphorylation of the gap junction protein connexin-43 in isolated adult
cardiomyocytes and isolated perfused hearts. In addition we tested the effectiveness of protein phosphatase 1 and 2A (PP1/2A)
inhibitors in preventing Cx43 dephosphorylation. In both models, significant accumulation of the 41 kDa non-phosphorylated
Cx43, accompanied by decreased relative levels of the 43—46 kDa phosphorylated Cx43, was observed at 30 min of ischemia.
Okadaic acid decreased ischemia-induced Cx43 dephosphorylation; it also decreased the accumulation of non-phosphorylated
Cx43 at the intercalated discs of myocytes in the whole heart. Calyculin A, but not fostriecin, also decreased ischemia-induced
Cx43 dephosphorylation in isolated cardiomyocytes. It is concluded that isolated adult myocytes respond to ischemia in a
manner similar to whole hearts and that ischemia-induced dephosphorylation of Cx43 is mediated, at least in part, by PP1-
like phosphatase(s). (Mol Cell Biochem 242: 129-134, 2003)

Key words: connexind3, ischemia, phosphorylation, protein phosphatases

Introduction

Gap junctions are intercellular channels mediating the pas-
sage of molecules less than 1000 Da between cells [1]. In the
heart they ensure electrical coupling between myocytes, and
thus coordinated activity of the muscle pump. In addition they
are important for metabolic coupling between these cells [2].
Gap junctions are composed of connexins; connexin 43 is the
major connexin of working cardiomyocytes [3]. Phosphor-
ylation of connexins is believed to affect protein trafficking,
assembly, turnover as well as conduction and metabolic cou-
pling [4]. In the heart Cx43 exists mainly as a phosphoprotein
[5], being predominantly phosphorylated on serine residues,
although some tyrosine phosphorylation is also reported [6].
Various kinases have been implicated in the phosphorylation

and thus regulation of cardiac connexin43, including protein
kinase C (the -&, and -o subtypes) [7, 8], as well as src ki-
nase [9] and protein kinase A [10].

Ischemia is accompanied by loss of electrical coupling and
development of arrhythmias, phenomena coinciding with
Cx43 dephosphorylation at intercalated discs [11]. There is
as yet no information as to the type(s) of phosphatases respon-
sible for cardiac Cx43 dephosphorylation during ischemia.

There are several classes of serine/threonine phosphatases
that might be involved in Cx43 dephosphorylation [12, 13],
such as protein phosphatases type 1 (PP1), type 2A (PP2A),
type 2B (PP2B) and type 2C (PP2C) [14]. Compounds such
as okadaic acid or calyculin A are potent inhibitors of PP1
and PP2A type phosphatases [15], while fostriecin is a selec-
tive inhibitor of PP2A [16]. These inhibitors have been shown

Addpress for offprints: E. Kardami, Institute of Cardiovascular Sciences, St. Boniface General Hospital Research Centre R3008, 351 Tache Avenue, Winni-

peg, Manitoba, Canada, R2H 2A6 (E-mail: ekardami@sbrc.umanitoba.ca)



130

to be cardioprotective under certain experimental conditions
[15, 16]. We have thus examined the effect of PP1/2A inhibi-
tors on cardiac Cx43 dephosphorylation in ischemia.

Materials and methods

Materials

Collagenase Type II was obtained from Worthington (Lake-
wood, NJ, USA). Phosphatase inhibitors, calyculin-A and
fostriecin were purchased from CalBiochem (La Jolla, CA,
USA), and okadaic acid was purchased from Sigma (St.
Louis, MO, USA). Rabbit polyclonal antibodies, recogniz-
ing Cx43.res.367-382 (P.AB), have been described and char-
acterized [7] and mouse monoclonal antibodies, #13-800,
recognizing only the dephosphorylated Cx43 were charac-
terized previously [17] and purchased from Zymed Labs
(South San Francisco, CA, USA).

Animals

Hearts were obtained from Sprague Dawley rats (250 g) af-
ter decapitation. They were perfused immediately through the
aorta at a constant pressure of 80 cm H,O using oxygenated
Krebs-Henseleit buffer (pH 7.4, 37.4°C) solution, as de-
scribed [18]. Hearts were paced at 4 Hz (240 bpm) and func-
tion monitored via a water-filled balloon introduced in the
left ventricle and connected to a pressure transducer. Hearts
from ‘control’ or ‘ischemic’ groups were submitted to 20 min
of stabilization under normoxic conditions. The ‘ischemic’
group was subjected to complete interruption of flow for
30 min under normothermic conditions. Animal use was in
accordance to Canadian Council of Animal Care regulations.

Simulated ischemia of adult myocyte pellets

Calcium tolerant adult ventricular myocytes were isolated
from Sprague Dawley (200-250 g) rats by collagenase per-
fusion as described previously [18]. Viability ranged between
80-90%.

The procedure followed for mineral overlay-induced simu-
lated ischemia on myocyte pellets was as described [15]. The
cell suspension from each preparation (one heart) was equally
divided into 4 experimental groups (no ischemia/no inhibi-
tor, no ischemia/+ inhibitor, ischemia/ no inhibitor, ischemia/
+inhibitor). Myocyte pellets were subjected to 30 min stabi-
lization period, in which the cells were suspended in an oxy-
genated buffer in the absence of inhibitors. The cells were
oxygenated continuously with 95% O, and 5% CO,. After the
stabilization period, myocytes were incubated for 10 min at

37°C in the absence or presence of phosphatase inhibitors.
This was followed by mineral oil overlay to simulate ischemia
for 15-30 min, as indicated [15].

Okadaic acid was dissolved in distilled water to a stock
solution of 100 pM. Calyculin-A and fostriecin were dis-
solved in 100% ethanol to a stock solution of 100 pM.

Western blotting and immunofluorescence

These procedures were performed exactly as described pre-
viously [19]. Total lysates were obtained from minced ven-
tricular tissue or myocyte pellets, homogenized and sonicated
in SDS/PAGE sample buffer. Homogenates were centrifuged
at 13,000 rpm for 20 min, to remove residual tissue. Lysates
from myocytes or hearts were analyzed by Western blotting
on either large format 9% or small format 10% polyacryla-
mide gels [20], at 20 pg protein/lane.

For immunofluorescence, sections (7 pM) were obtained
by cryosectioning of frozen ischemic hearts (+okadaic acid).
Sections were post-fixed for 15 min with freshly made 1%
paraformaldheyde in cold phosphate buffered saline. For
immunofluorescence, P.AB anti Cx43 and #13-800 were used
at 1:2,000, 1:200 dilutions, respectively. For western blotting,
they were used at 1:20,000, and 1:2,000, respectively. Sec-
tions were observed and photographed using a Nikon Diaphot
microscope equipped with epifluorescence optics and appro-
priate filters. In western blots, antigen-antibody complexes
were visualized by enhanced chemiluminescence (Pierce;
Rockford, IL, USA).

Densitometry

Band densities of Cx43 in Western blots were determined
by using the volume analysis tool of the software program,
Molecular Analyst BioRad. The intensities of the phosphor-
ylated and dephosphorylated bands were determined indi-
vidually and combined.

Data analysis

Data are presented as means = S.E.M. The Instat software
program was used. Statistical analysis was performed using
the student’s ¢-test (paired). P < 0.05 was considered statisti-
cally significant.

Results

After equilibration with oxygenated buffer, perfused ex vivo
hearts were subjected to global ischemia for 15 and 30 min.



Similarly, isolated adult myocytes were pelleted and sub-
jected to simulated ischemia for 15 and 30 min. Total lysates
from hearts and myocytes were analyzed by western blotting
in large or small format acrylamide gels, and probed for Cx43.

As seen in Fig. 1, non-ischemic heart presented immu-
noreactive 43—45 kDa bands, characteristic of phosphorylated
Cx43. Accumulation of the dephosphorylated 41 kDa Cx43
was clearly evident after 15 and 30 min of cardiac ischemia,
in a time-dependent fashion. The more extensively phospho-
rylated 45 kDa Cx43 species became progressively converted
to the less phosphorylated (43—44 kDa) or dephosphorylated
Cx43 (Fig. 1A). Staining with #13-800 antibodies confirms the
identification of the 41 kDa species as dephosphorylated Cx43.

Non-ischemic isolated myocytes exhibited primarily the
phosphorylated Cx43 species, although some dephos-
phorylated Cx43 was also present (Fig. 1B (i)). Baseline lev-
els of dephosphorylated Cx43 displayed some variability
between different myocyte preparations (10-30% of total;
data not shown). In all cases, however, ischemia increased
relative levels of dephosphorylated-, and reduced those of
phosphorylated- Cx43, in a time-dependent fashion (Fig. I B).
Multiple phosphorylated Cx43 bands were only evident when
cardiac lysates were analysed in large format, 9% acrylamide
gels. Cardiomyocyte phosphorylated Cx43 species, analyzed
in small format, 10% acrylamide gels (Fig. 1B), tend to mi-
grate as a broad band near the 45 kDa molecular weight
marker.

Myocytes were pre-incubated with different types of PP1/
2A inhibitors, such as okadaic acid, calyculin A or fostriecin,
before being subjected to 30 min of simulated ischemia. Pi-
lot experiments indicated that 1 uM of either okadaic acid or
calyculin A were most effective in this system, without be-

Fig. I. Effects of global ischemia on the phosphorylation status of Cx43
in (A) the perfused intact heart and (B) isolated adult rat myocytes. West-
ern blots were probed for total Cx43, using the polyclonal anti-Cx43 an-
tibodies (#P.AB; upper blots) or for dephosphorylated Cx43 using the
monoclonal #13-800 antibodies (lower blots), as indicated. Ischemia dura-
tion is indicated in minutes. Migration of molecular weight markers is in-
dicated in kDa. Lysates were analyzed either on large format 9% acrylamide
gels (A, B (1)), or small format 10% acrylamide gels (B (ii)).
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ing toxic. Representative immunoblots are shown in Fig. 2,
while cumulative data are shown in Fig. 3. The two antibody
preparations gave identical results (Figs 2 and 3). Okadaic
acid and calyculin A significantly (p < 0.05) reduced ischemia-
induced dephosphorylation of cardiomyocyte Cx43. The two
inhibitors reduced Cx43 dephosphorylation to a comparable
extent, by 28% for calyculin A and by 32% for okadaic acid.
Fostriecin, on the other hand, had no effect. Fostriecin was
used at concentrations previously shown to be effective in
cardiac tissue [16, 21]. Different batches of fostriecin gave
similar results; increasing fostriecin dosage had no effect
either (data not shown).

To examine whether our findings from isolated myocytes
were valid in the whole heart context, isolated hearts were
perfused with oxygenated Krebs buffer with or without 100 nM
okadaic acid, and then subjected to 30 min of global ischemia.
Subsequently, cardiac lysates were analysed for dephos-
phorylated and phosphorylated Cx43 by western blotting and
densitometry. As shown in Fig. 4, the fraction of dephos-
phorylated Cx43 after 30 min of global ischemia was signifi-

Fig. 2. Effects of PP1/2A inhibitors (okadaic acid, calyculin A, fostriecin)
on ischemia-induced Cx43 dephosphorylation in isolated cardiac myocytes.
Western blots were probed for total (#P.AB) or dephosphorylated (#13-800)
Cx43, as indicated. (-) and (+) denote absence or presence of the inhibitor,
respectively.
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Fig. 3. Percent dephosphorylation of cardiomyocyte Cx43 during ischemia
plotted as a function of absence () or presence (+) of phosphatase inhibi-
tors, as indicated. OA, CalA, Fost denote use of okadaic acid, calyculin A or
fostriecin, respectively. Asterisk indicates statistically significant differences
from untreated samples (p < 0.05, unpaired student’s #-test, n = 3—4, where n
signifies independent experiment using a different myocyte preparation).

cantly reduced in the presence of okadaic acid; by 38% com-
pared to dephosphorylation in the absence of the inhibitor.

Sections from hearts rendered ischemic in the presence or
absence of okadaic acid pre-treatment (100 nM), were simul-
taneously probed for total and dephosphorylated Cx43 (Fig.
5). In the absence of okadaic acid, the intercalated discs of
ischemic cardiomyocytes were immunostained by both an-
tibodies, confirming the accumulation of dephosphorylated
Cx43 at intercalated discs. In addition, anti-Cx43 staining of
the intercalated discs was somewhat diffuse, suggesting loss
of structural integrity. In hearts rendered ischemic in the pres-
ence of okadaic acid, the polyclonal antibody elicited the
familiar punctate staining of intercalated discs; there was no
evidence of loss of structural integrity. The intercalated disc
staining by the monoclonal #13-800 antibody was substan-
tially reduced (compared to that from untreated ischemic
hearts) under these conditions (Fig. 5D).

Discussion

We have shown that isolated cardiomyocytes responded to
simulated ischemia by Cx43 dephosphorylation in a manner

Fig. 4. Percent dephosphorylation of whole heart Cx43 after 30 min of
global ischemia, plotted as a function of absence (—) or presence (+) of
okadaic acid, as indicated. Asterisk indicates statistically significant differ-
ences from untreated samples (p < 0.05, unpaired student’s f-test, n = 4,
where n signifies individual hearts).

qualitatively similar to that of intact hearts and therefore that
intact intercellular connections at the intercalated discs are
not required for myocyte Cx43 dephosphorylation to occur.
The PP1/2A inhibitors okadaic acid and caliculin A signifi-
cantly reduced ischemia-induced Cx43 dephosphorylation
in isolated myocytes, while the PP2A selective inhibitor
fostriecin had no effect. Okadaic acid also prevented Cx43
dephosphorylation at the intercalated discs of globally is-
chemic whole hearts, again indicating similar behavior with
isolated myocytes.

In the isolated myocyte system, okadaic acid and calyculin
A were used at non- toxic concentrations that allowed maxi-

Fig. 5. Localization of Cx43 during global ischemia of the whole heart, as
a function of phosphatase (okadaic acid, 100 nM) inhibition. Double im-
munofluorescence labeling for total Cx43 (A, C, x#P.AB) or dephos-
phorylated Cx43 (B, D, respectively, x #13-800). (A, B) Untreated ischemic
hearts; (C, D) Ischemic hearts treated with okadaic acid. Arrows mark po-
sition of intercalated discs. Bar = 50 pM.



mal prevention of Cx43 dephosphorylation, as determined by
pilot studies (data not shown). These concentrations, shown
previously to protect myocytes against ischemic injury [15],
would be expected to be effective against both PP1 as well
as PP2A-type phosphatase(s). However, since fostriecin, a
selective inhibitor of PP2A, had no effect on Cx43 dephos-
phorylation, it is concluded that the decrease of dephosphor-
ylation by okadaic acid and calyculin A, observed in our system
reflected primarily inhibition of PP1-like phosphatase(s).

Isolated perfused hearts responded to okadaic acid in a
manner similar to isolated myocytes, by decreased Cx43 de-
phosphorylation during ischemia. Prevention of dephos-
phorylation was observed at the level of intercalated discs
between cells, where functional gap junction channels are
located. In the absence of the inhibitor, ischemic cardiomyo-
cyte intercalated disc staining by the polyclonal anti-Cx43
antibody appeared somewhat frayed and disrupted, suggest-
ing a disturbance of Cx43 plaques and cardiomyocyte struc-
tural integrity. Separation and disruption of intercalated discs
during ischemia has been documented [22]. In comparison,
anti-Cx43 staining of okadaic acid- treated ischemic hearts
was indicative of improved structural integrity at the level of
the intercalated disc. Prevention of Cx43 dephosphorylation
in ischemia was therefore associated with better structural
integrity of the cardiomyocyte, consistent with a protective
effect. This would be in agreement with reports that okadaic
acid (and calyculin A) prevents development of fragility of
metabolically inhibited and/or ischemic cardiomyocytes [15].
The degree to which prevention of Cx43 dephosphorylation
per se contributes to the okadaic acid induced preservation
of structural integrity of the ischemic cardiomyocytes remains
to be established.

The functional consequences of Cx43 dephosphorylation
during ischemia are a matter of some controversy. It is thus
not clear whether cardiac Cx43 dephosphorylation would
result in increased or decreased intercellular coupling. Chan-
nels composed of dephosphorylated Cx43, in oocytes [23]
or artificial membrane layers, have increased conductance
properties [24]. A recent report indicated that gap junction
permeable fluorescent dyes can still migrate between is-
chemic myocytes of the ex vivo heart; gap junction channels
furthermore were shown to be capable of allowing the spread
of contracture that occurs after 45 min of ischemia [25]. These
conditions are accompanied by substantial dephosphoryla-
tion of Cx43 [11], and thus would imply that cardiac gap
channels composed of dephosphorylated Cx43 are permeable
to ions and small metabolites, and are thus are capable of
conduction. This would also be in agreement with findings
from ischemic astrocytes [26].

On the other hand, another group reported that Cx43 de-
phosphorylation seemed to coincide with loss of electrical
coupling [11] and development of arrhythmias. Irreversible
cardiomyocyte injury, brought about by calcium overload
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during ischemia would be expected to result in closure as well
as loss of gap junctions [11]. ATP depletion (an event that
would rapidly occur in ischemia, and thus be associated with
Cx43 dephosphorylation) has been shown to decrease gap
junctional conductance between myocyte pairs [27]. In these
studies, PP1 inhibition (a manipulation that would prevent
Cx43 dephosphorylation) prevented the run down in gap
junctional communication, again providing a link between
Cx43 dephosphorylation and decreased conductance [27].

The reason for these apparent discrepancies is not yet
known. It should be noted that Cx43 is phosphorylated at
multiple sites and can have different levels/states of phospho-
rylation. As shown in Fig. 1, early ischemia is associated with
conversion of Cx43 to less phosphorylated species, but not
complete dephosphorylation; complete dephosphorylation is
observed at later time points (30-60 min ischemia; data not
shown). The different phosphorylation states of Cx43 may
have different properties; in addition, conductance and meta-
bolic coupling may be regulated in a different manner [28].

Finally, okadaic acid and calyculin A did not fully prevent
ischemia-induced Cx43 dephosphorylation. It is possible that
other types of phosphatases, such as the calcium dependent
calcineurin or PP2B are involved. This would be consistent
with findings from other investigators reporting involvement
of PP2B in the dephosphorylation of Cx43 in non-muscle
cells [12, 13].
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Abstract

Gap junctions (GJ) are important determinants of cardiac conduction and the evidence has recently emerged that altered dis-
tribution of these junctions and changes in the expression of their constituent connexins (Cx) may lead to abnormal coupling
between cardiomyocytes and likely contribute to arrhythmogenesis. However, it is largely unknown whether changes in the
expression and distribution of the major cardiac GJ protein, Cx43, is a general feature of diverse chronic myocardial diseases
or is confined to some particular pathophysiological settings. In the present study, we therefore set out to investigate qualita-
tively and quantitatively the distribution and expression of Cx43 in normal human myocardium and in patients with dilated
(DCM), ischemic (ICM), and inflammatory cardiomyopathies (MYO). Left ventricular tissue samples were obtained at the
time of cardiac transplantation and investigated with immunoconfocal and electron microscopy. As compared with the control
group, Cx43 labeling in myocytes bordering regions of healed myocardial infarction (ICM), small areas of replacement fibro-
sis (DCM) and myocardial inflammation (MY O) was found to be highly disrupted instead of being confined to the intercalated
discs. In all groups, myocardium distant from these regions showed an apparently normal Cx43 distribution at the intercalated
discs. Quantitative immunoconfocal analysis of Cx43 in the latter myocytes revealed that the Cx43 area per myocyte area or
per myocyte volume is significantly decreased by respectively 30 and 55% in DCM, 23 and 48% in ICM, and by 21 and 40%
in MYO as compared with normal human myocardium. In conclusion, focal disorganization of GJ distribution and down-regu-
lation of Cx43 are typical features of myocardial remodeling that may play an important role in the development of an
arrhythmogenic substrate in human cardiomyopathies. (Mol Cell Biochem 242: 135144, 2003)

Key words: human heart, ischemic heart disease, dilated cardiomyopathy, myocarditis, gap junctions, arrhythmia

Introduction

Congestive heart failure is associated with an increased risk
of life-threatening cardiac arrhythmias and sudden death [1].
Electrophysiological studies have established that these ar-
rhythmias are mainly due to re-entrant ventricular circuits
typically arising from regions of slow, heterogeneous con-
duction and unidirectional conduction block [2, 3]. In such
cases, the active membrane properties may remain essentially
normal [3, 4], implicating thus a reduced cell-to-cell coupling

in the development of anatomic substrates of ventricular ar-
rhythmias [5-7].

Central to the organizational pattern of cell-to-cell current
transfer are the myocardial tissue architecture and special-
ised junctions responsible for electrical coupling, the gap
junctions (GJs). The effect of myocardial architecture is de-
termined by the size and shape of individual myocytes [8, 9]
and their packing geometry in the ventricular myocardium
[10]. The role of GJs in cardiac conduction is dependent on
their constituent connexin isoforms (reviewed in [11-15]),
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as well as the size, number and spatial distribution of these
junctions [6, 10, 16—18]. The constituent proteins of GJs are
connexins, of which connexin 43 (Cx43) is the major isoform
in working ventricular myocytes.

In the last decade, evidence that the altered distribution and
changes in the expression of Cx43 may lead to abnormal
coupling between cardiomyocytes and to ventricular arrhyth-
mogenesis in both experimental and human heart diseases has
steadily accumulated [7, 19-29]. It is largely unknown, how-
ever, whether changes in the distribution and expression of
Cx43 is a general feature of diverse chronic myocardial dis-
eases or whether it is confined to particular pathophysiologi-
cal settings. Although earlier and more recent studies showed
reduced levels of Cx43 and changes in the distribution of GJs
in failing hearts [22, 29], more studies are certainly needed,
especially in human patients, to substantiate the consistency
of these findings. In the present study, we therefore set out
to investigate qualitatively and quantitatively the distribution
and expression of Cx43 in normal human myocardium and
in patients with idiopathic dilated, ischemic and inflamma-
tory cardiomyopathies.

Materials and methods

Study groups

Human left ventricular (LV) samples were collected from
the explanted hearts of patients undergoing orthotopic heart
transplantation because of end-stage heart disease. All pa-
tients were severely symptomatic (NYHA grade IV) with
poor LV systolic function. Patients either had normal coro-
nary arteries with histologically proven active myocarditis
(MYO, n = 6) according to the Dallas criteria, or without
histological evidence of myocardial inflammation (idio-
pathic dilated cardiomyopathy, DCM, n = 7), or had severe
coronary artery disease (ischemic cardiomyopathy, ICM, n
= 7) with a history of previous myocardial infarction (7 of
7). Clinical data are summarized in Table 1. LV myocardium
from four donor hearts that for technical reasons were not
used for transplantation and intraoperative myocardial bi-
opsies from 2 patients with atrial septal defect and 2 patients
with a stenosed mitral valve but with normal LV function

Table 1. Clinical data

Groups n Age Sex EF (%) (NYHA)
(male/female)

Control 8 51.5+63  6/2 >60% -

DCM 7 48877 710 1416 IV(/7)

ICM 7 54824 7/0 21£22 IV (7/7)

MYO 6 43458 412 23+£43 IV (6/6)

served as control tissues. The institutional Ethical Commit-
tee approved the study, and all patients gave written in-
formed consent.

Tissue sampling

Tissue samples were either immediately frozen in liquid ni-
trogen for immunohistochemistry or immersed in 3% glutar-
aldehyde buffered with 0.1 mol/L Na cacodylate for electron
microscopy as previously described [30, 31].

Immunolabeling and confocal microscopy

Five to eight samples were analyzed per each patient. Before
immunolabeling, tissue characterization and orientation was
recorded by hematoxylin—eosin staining. Frozen sections
12 pm thick were fixed for 10 min with 4% paraformaldehyde
and then exposed for 10 min in 0.1% bovine serum albumin
(Sigma), followed by incubation with the corresponding anti-
bodies in single or double staining procedures. All antibodies
used are listed in Table 2. Anti-mouse IgG-conjugated with
FITC or TRITC (Dianova) and anti-rabbit [gG-conjugated with
FITC (Dianova) or Cy3 (Chemicon) were used as detection
systems. The nuclei were stained with 7-aminoactinomycin D
(7-AAD, Molecular Probes). F-actin was fluorescently stained
using phalloidin conjugated with TRITC (Sigma).

The samples were examined with a confocal scanning la-
ser microscope Leica TCSNT, equipped with argon/krypton
and helium/neon lasers. Series of confocal optical sections
were taken through the depth of the tissue samples at 0.5—
1-pm intervals. In order to improve image quality and to ob-
tain a high signal/noise ratio each image from the series was
signal-averaged. After data acquisition, the images were
transferred to a Silicon Graphics Indy workstation (Silicon

Table 2. Primary antibodies

Antibody Type Clone Company
Connexin 43 Mono- 1E9 and 4E6.2 Biotrend
Connexin 43 Poly- — Zymed
N-cadherin Mono- GC-4 Sigma
N-cadherin Poly- — Sigma
Desmoplakin Mono- DP 1&2-2.15 Boehringer
Desmoplakin Poly- - NatuTec
Myomesin Mono- B4 Gift from Dr. H.
Eppenberger
o-actinin Mono- EA-53 Sigma
CD-3 Mono- T3-4B5 Dako
Collagen I Mono- COL-1 Sigma
Collagen III Poly- - Sigma
Collagen VI Poly- — Rockland




Graphics) for image restoration and reconstruction using
Imaris®, the multichannel image processing software (Bit-
plane, Ziirich, Switzerland). The principles of this method
have been previously described [16, 32].

Techniques for Cx43 quantification

Areas selected for quantitative analysis of Cx43 consisted of
well-preserved compact bundles of LV mid-myocardial myo-
cytes cut in a plane parallel to the long axis of the cells. To
reduce variability between preparations, all sections were
immunolabeled simultancously using identical aliquots of
diluted primary and sccondary antibodies and other reagents.
Before quantification, all tissue sections were shortly in-
spected to ensurc that the images collected demonstrate the
full range of the fluorescence intensity from 0-255 intensity
levels. The standardized parameters of imaging, zoom. pin-
holes, objective, and laser power were kept constant for re-
cording of data in all mecasurements. From each optical field
(size 200 x 200 pm), 10 confocal slides were obtained at a
I-pm interval. Quantification of Cx43 was performed blindly
having on the screen only one channel showing F-actin la-
beling. The values of myocyte area and myocyte volume werc
immediately determined using the Leica TCNT software and
were bascd on clearly delineated cell borders by F-actin la-
beling. From cach ccll, one histogram of Cx43 fluorescence
intensity of a single confocal scction (the section number 5
from the total 10 sections forming a stack of confocal images)
was obtained and was converted into Macintosh Excel data
tfor calculation of Cx43 signal. The arca of positive Cx43
Jabeling was defined as the number of pixcls with Cx43 sig-
nal intensity excceding the threshold of 50 on the 0-255 gray
intensity scale as described previously [28, 33—35]. There-
after the total number of positive pixels was converted into
square micrometers. The quantity of Cx43 per myocyte arca
was cxpressed as the percent of myocyte surface area oc-
cupicd by Cx43 positive label. The quantity of Cx43 per
myocyte volume (GJ surface density) was calculated from
measurements of the total GJ area per myocyte surface di-
vided by the values of the myocyte volume and expressed as
pum=/um?*. Per each patient, 41.8 £ 5.8 LV myocytes (range
34-53 cells) with clearly defined cellular borders werc inves-
tigated for Cx43 expression.

Transmission electron microscopy

After overnight fixation in 3% glutaraldehyde, small LV tis-
sue samples were embedded in Epon following routine pro-
cedures. Ultrathin sections werc stained with uranyl acetate
and lead citrate, and viewed and photographed in a Philips
CM 10 electron microscope.

Statistical analvsis

Results are reported as means + S.D. Differences between
groups were analyzed using ANOVA, followed by second-
ary analysis by use of Bonferroni’s corrections to Student’s
t-test. Differences between groups were considered signifi-
cant at p < 0.05.

Results

GJ remodeling in the failing human heart

In normal human myocardium, Cx43 and N-cadherin labeling
were predominantly confined to the intercalated discs (Figs la
and 1b) in a pattern as widcly reported previously. In patients
with ICM, altered patterns of intercellular junction distribution
were conspicuously observed in myocytes at the border of
healed infarcts. The immunolabeled GJs for Cx43 (Figs I¢ and
le) were found to be randomly distributed over the lateral
surfaces of the cells. Abnormal localization of Cx43 in these
regions were accompanied by similar disrupted patterns of the
distribution of immunolabeled fascia adherens for N-cadherin
(Fig. 1d) and immunolabeled desmosomes for desmoplakin
(Fig. 1f). The extent of the border zone myocytes exhibiting
spatial derangements of both GJs and adhesive junctions in-
creascd in parallel with the size of healed infarcts.

Another peculiar feature of some infarct zones was the
presence of viable myocytes connected via GJs and extend-
ing across healed infarcts (Fig. 2). A Cx43 signal was com-
monly detected in such myocytes (Fig. 2a) despite the absence
of recognizable intercalated discs (Figs 2b and 2c¢). Further
details of the appearance of surviving myocytes within healed
infarcts were obtained using electron microscopy. Figures 2d
through 2f show that thesec myocytes are extremely distorted
and attenuated, but still intact. It is worthy to note that these
myocytes werc found to be interconnected via ultrastructur-
ally intact GJs. confirming thus immunoconfocal findings.

In patients with DCM abnormal patterns of Cx43 distri-
bution werc detected in myocytes bordering small micro-
scopic zones of replacement fibrosis (Figs 3a and 3b) and in
bizarrely shaped and disorganized myocytes (Figs 3¢ and 3d).
In patients with MYO severe disruptions of GJs were ob-
served in areas of myocardial inflammation (Figs 3e and 3f).

In arcas of diseased human hearts free from any histo-
logically detectable structural damage, the distribution of Cx43
labeling qualitatively resembled that of normal LV myocar-
dium. However, as compared with normal myocardium, the
LV myocytes in the failing hearts demonstrated a statistically
significant increase in cell area by 57 + 18% in patients with
DCM. by 92 £ 48% in ICM., and by 54 = 47% in patients with
MYO.



Fig. 1. Immunolocalization of GJs and adhesive junctions in normal human myocardium (panels a and b) and in myocytes bordering healed myocardial
infarcts (panels c—f). Panels a and b are confocal images of longitudinally sectioned myocytes showing that in normal human myocardium the GJ protein —
Cx43 (a, green) and the major fascia adherens protein — N-cadherin (b, green) are localized as transverse lines representing intact intercalated discs. Cx43
labeling (c, green) in myocytes bordering healed myocardial infarcts (HI) is extensively dispersed over the lateral myocyte borders. Panel ¢ is an enlarge-
ment of the boxed area shown in panel c. Panels d and f show that the border zone myocytes display a disruption of adhesive interconnections visualized by
N-cadherin (fascia adherens junctions) and desmoplakin (desmosomal plaque protein) labeling (green). Myofibrils are stained red with TRITC-conjugated
phalloidin (panels a—d) or with an anti-a-actinin antibody (panels ¢ and ).
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Fig. 2. Immunoconfocal and ultrastructural features of surviving myocytes within healed myocardial infarcts (HI) in patients with [CM. Shown in panel a
is a transversally sectioned scar tissue displaying isolated myocytes positively labeled for Cx43 (green). Note that these myocytes are totally engulfed in a
scar tissue visualized with collagen V1 staining (red). Panel b shows an subendocardial region (E — endocardium) of a healed myocardial infarct containing
viable myocytes (arrows) labeled for F-actin (red) and Cx43 (green). Panel ¢ is an enlargement of the myocytes shown with the arrow on the left bottom in
panel b. Note that the myocytes forming a penetrating bridge into the infarct zone display a disordered pattern of GJs. Note also that the width of this bridge
comprises only two layers of myocytes. Shown in panels d and ¢ are representative electron microscopic images taken at different steps of a single chain of
survived myocytes located deeply within an infarct scar. Note that these myocytes are interconnected via ultrastructurally intact GJs (arrows). Panel fis an
enlargement of the myocyte shown on the right side in panel e. Bars in panels d—t=1 um.

Quantitative analysis of GJ in normal and diseased human
myocardium

Results of the quantitative analysis of the LV myocyte arca
occupied by a positive Cx43 signal and the Cx43-GJ surface
density per individual patient are given in Table 3. In adult
normal human LV myocardium, the Cx43 area occupies 1.68
+ 0.10% of the myocyte area resulting in a GJ surface den-
sity of 0.0055 = 0.00063 pm?*/um® myocyte volume. These

values are highly consistent with previously reported data in
normal LV myocytes of canine or human hearts [22, 36].
Figure 4 compares mean values of Cx43 per cell area (Fig.
4A) or per cell volume (Fig. 4B) in diseased human LV myo-
cytes relative to those obtained in LV control tissue. Diseased
myocardium showed a statistically significant reduction of
the Cx43 area per myocyte surface area or per myocyte vol-
ume respectively by 30.3 + 8.3% and 55.5 £ 18.7% in pa-
tients with DCM, by 23.2 £ 6.1% and 48.3 £ 13.6% in ICM,
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Fig. 3. Patterns of focal disorganization of Cx43 label in patients with DCM and MYO. Panel a is a confocal micrograph showing a region of replacement
fibrosis (RF) double labeled for collagen I1I (red) and collagen I (green) in a patient with DCM. Panel b is a serial section of the myocardial tissue shown in
panel a demonstrating a disrupted pattern of Cx43 label (green) in the myocytes bordering replacement fibrosis. Panel ¢ shows a region of myofiber disarray
displaying bizarrely shaped myocytes labeled for myomesin (green) in a patient with DCM. Panel d is a serial section of the myocardium shown in panel ¢
demonstrating an abnormal pattern of Cx43 label (green) in spatially disorganized myocytes. Panel e shows a focal interstitial accumulation of lymphocytes
labeled for CD-3 (green) in a patient with MYO. Panel f is a serial section of the myocardium shown in panel e demonstrating a disrupted pattern of Cx43
(green) distribution (arrowheads). Shown with arrows in panels d and f are preserved patterns of GJ distribution at the intercalated discs. In panels b, d and
f myofibrils are stained red with TRITC-phalloidin. In panels ¢ and f nuclei are stained red with 7-AAD.



Fig. 4. Mean relative values of Cx43 area per myocyte surface area (A) or
per myocyte volume (B) in the control group (CON) and in patients with
DCM, ICM and MYO. Values of each patient have been normalized and
expressed as percent to the values obtained in the control group. *p < 0.05
as compared with control.

and by 20.6 = 6.4% and 39.8 + 12.4% in patients with MYO
as compared with the control tissue. Taken together, the data
shown in Table 3 and Fig. 4 indicate that in the vast major-
ity of investigated patients, the amount of Cx43 per myo-
cyte in the failing hearts is significantly less than in control
hearts.

Figure 5 shows relationships between total GJ area per cell
and myocyte surface area. In control human myocardium,
total GJ area per cell showed a linear increase with myocyte
area (r = 0.80). In diseased myocardium, this relationship was
much weaker: r =0.17, in DCM; r = 0.22, in ICM; and r =
0.24 in patients with MYO. These data indicate that hyper-
trophic response of myocytes distant from focal histological
lesions is maladaptive in terms that an increase in cell size is
not associated with an adequate increase in Cx43 protein.

Discussion

Previous studies in ischemic human hearts showed two ma-
jor abnormalities in GJs: disruption of the normal distribu-
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Table 3. Results of quantitative morphometric analysis of GJs

Groups Patient % Myocyte area GJ surface density

no. occupied by GJs (um?pm?3)
CON 1 1.6504 0.00559

2 1.5124 0.00434

3 1.8580 0.00643

4 1.6212 0.00576

5 1.7782 0.00616

6 1.7174 0.00559

7 1.6821 0.00527

8 1.6224 0.00491

Mean £+ S.D. 1.68 £0.10 0.0055 £ 0.00063
DCM 1 1.4654 0.00432

2 1.2685 0.00378

3 1.0823 0.00198

4 1.1152 0.00149

5 1.0595 0.00194

6 1.0487 0.00199

7 1.1543 0.00166

Mean = S.D. 1.17 £0.14* 0.0024 £ 0.0010*
ICM 1 1.4214 0.00289

2 1.2719 0.00335

3 1.3217 0.00234

4 1.2902 0.00281

S 1.2512 0.00301

6 1.0888 0.00148

7 1.3987 0.00408

Mean + S.D. 1.29 £0.10* 0.0028 £ 0.007*
MYO 1 1.2690 0.00304

2 1.1974 0.00214

3 1.2653 0.00328

4 1.3772 0.00365

5 1.5289 0.00444

6 1.3714 0.00331

Mean + S.D. 1.33£0.11* 0.0033 £ 0.007*

*p < 0.05 as compared with control.

tion of GJs between myocytes at infarct scar border zones,
and a significant reduction of the quantity of Cx43 in LV myo-
cytes distant from infarct scars [20, 22]. These findings were
confirmed in the present study. A number of experimental and
clinical studies have reported that myocytes in the vicinity
of healed infarcts undergo severe alterations in morphology,
associated with a remodeling of their intercellular junctions
([7, 19, 26], reviewed in [8, 12—15, 37, 38]) that likely con-
tribute to slow conduction, conduction block, and complex
fractioned electrograms typical of these regions [3, 7]. As
shown in the present study, both GJs and adhesive junctions
are affected by this process. Mapping studies in experimental
animals and human patients have directly linked this pattern
of GJ remodeling to location and development of re-entrant
ventricular arrhythmias [3, 7, 39].

A noteworthy histopathological feature of the healed inf-
arct that may be relevant to explaining fatal arrhythmias and
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Fig. 5. Relationship between total GJ area and cardiomyocyte surface area in control tissues (A) and in patients with DCM (B), ICM (C), and MYO (D).

sudden death in patients with ischemic heart disease is the
presence of myocyte strands penetrating and transversing
infarct scars. The occurrence of such ‘peninsulas’ or bridges
across infarcted regions has been described in the late 70s
[40]. In 1991, Smith ef al. [20] using immunolabeling for
Cx43 and confocal microscopy have elegantly demonstrated
that the myocytes penetrating scar tissue connect healthy
myocardium across the infarct zone, and most importantly, that
the myocytes forming these bridges are electrically coupled via
GJs. The present immunoconfocal study confirmed these ob-
servations. In particular, similiar with the findings of Smith et
al., we show that the myocytes forming these bridges display
abnormal patterns of Cx43 labeling specified by laterally dis-
posed and dispersed GJs. In addition, using transmission elec-
tron microscopy we have demonstrated that these myocytes
are viable and are interconnected with structurally intact GJs
even in the absence of identifiable intercalated discs. The func-
tional consequence of the presence of such bridges compris-
ing abnormally interconnected but viable myocytes would be
predicted to provide an accessory pathway of slow propaga-

tion rendering the impulse to re-enter post-refractory healthy
myocardial tissue and initiate an extra beat and tachycardia.

Apart from abnormalities in GJ distribution observed at the
border zone of macroscopically visible infarct scars, the present
study demonstrates that disruptions of the normal pattern of
GJ distribution also occurs in myocytes bordering smaller
microscopic areas of myocardial damage, namely replace-
ment fibrosis and myocardial inflammation. Given the evi-
dence that spatial non-uniformities of the propagation, local
conduction block and re-entry can originate even in small
myocardial regions [41, 42], our findings of focally disrupted
patterns of GJs in the failing hearts would predict an im-
pairment of the impulse conduction at the microscopic level
thereby creating stable sources for micro-re-entry.

In addition to the regions of altered GJ distribution asso-
ciated with foci of myocardial damage, we found severe dis-
organization of GJ distribution in myocardial areas featuring
myofiber disarray. Although myofiber disarray is more spe-
cific for hypertrophic cardiomyopathy, this cellular disorgani-
zation can also be found in other cardiac diseases, including



DCM [43, 44]. In line with the previous observations of se-
vere alterations of GJ distribution in regions of myofiber dis-
array in patients with hypertrophic cardiomyopathy [24], that
are prone to arrhythmias and sudden death [45], the present
findings of similar severe disarrangements of GJ distribution
in bizarrely branched myocytes in our patients with DCM can
thus be envisaged as another potential morphological sub-
strate of ventricular arrhythmias [46].

While focal disruptions of GJ distribution consistently
found in our patients with end-stage heart failure may un-
doubtedly predispose to the increased frequency of arrhyth-
mia and sudden death in this clinical setting, the present
findings of reduced levels of Cx43 in myocytes distant from
any histological lesions provide an additional explanation
for the arrhythmogenic behaviour of the failing heart. Our
conclusion of reduced levels of Cx43 in the failing hearts
relies on immunoconfocal measurements of Cx43 expression
per individual myocyte which provided meaningful compari-
sons between normal and diseased hearts. Thus, the values
of GJ surface density in longitudinal sections of normal hu-
man LV myocardium (0.0055 pm?pm?® myocyte volume), as
determined in the present study, are in good agreement with
previously reported values obtained in transverse sections of
normal human LV using immunofluorescent labeling and
confocal microscopy (0.0051 pm*pm’® myocyte volume) [22],
or with those obtained in longitudinal sections of normal ca-
nine myocardium using an immunohistochemical technique
and light microscopy (0.0052 pm?/pm?® myocyte volume) [36].
Moreover, a 40-55% reduction of Cx43 per myocyte volume
observed in our patients with heart failure of different origins
falls within the range of values previously reported from
quantitative immunoconfocal analysis of intraoperative bi-
opsies from ischemic (47% reduction), hypertrophied ventri-
cles (40% reduction) [22, 47], and hibernating myocardium
(33% reduction of Cx43 per intercalated disc) [25], or from
quantitative immunoblotting analysis of Cx43 in explanted
hearts of patients with ICM and DCM (50% reduction of
the Cx43 protein) [29]. Significantly decreased levels of
Cx43 have also been reported in animal models of decom-
pensated heart failure induced by chronic pressure overload
[23, 48].

Our novel finding of decreased levels of Cx43 per myo-
cyte in patients with inflammatory heart disease are in good
agreement with the observations of reduced GJ conductance
and immunohistochemically detectable Cx43 in a culture
model of infected myocytes with Trypanosoma cruzi—a causa-
tive agent of inflammatory cardiomyopathy (Chagas disease)
[21]. Furthermore, it has recently been reported that myocar-
dial inflammation in cardiac allograft rejection is also asso-
ciated with a marked down-regulation of Cx43 [49].

Taken together, the present study demonstrates that heart
failure is associated with reduced expression of Cx43, the

143

major intercellular coupling protein between ventricular myo-
cytes, which may contribute to arrhythmias and sudden death
in this clinical setting. That reduced levels of Cx43 can re-
sult in slowed conduction and ventricular arrhythmia has been
demonstrated in studies carried out in mice heterozygous for
a null mutation of the Cx43 gene with an ~50% reduction in
Cx43 content [28, 50], that is comparable to the degree of
reduction of Cx43 observed in our patients. Furthermore, a
significant slowing in ventricular conduction and the occur-
rence of sudden arrhythmic death has recently been reported
in another model of mice with cardiac-restricted inactivation
of the Cx43 gene [51].

In conclusion, focal disorganization of GJ distribution and
down-regulation of Cx43 are typical features of myocardial
remodeling that may play an important role in the develop-
ment of an arrhythmogenic substrate in the human failing
hearts.
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Abstract

Cardiomyocytes express several isoenzymes of protein kinase C (PKC), which as a group have been implicated in the induc-
tion of left ventricular hypertrophy (LVH) and its transition to heart failure. Individual PKC isoenzymes also require
transphosphorylation and autophosphorylation for enzymatic activity. To determine whether PKC isoenzyme expression
and autophosphorylation are altered during LVH progression in vivo, suprarenal abdominal aortic coarctation was performed
in Sprague-Dawley rats. Quantitative Western blotting was performed on LV tissue 1, 8 and 24 weeks after aortic banding,
using antibodies specific for total PKCa, PKCS and PKCe, and their C-terminal autophosphorylation sites. Aortic banding
produced sustained hypertension and gradually developing LVH that progressed to diastolic heart failure over time. PKCe levels
and autophosphorylation were not significantly different from sham-operated controls during any stage of LVH progression.
PKCa expression levels were also unaffected during the induction of LVH, but increased 3.2 + 0.8 fold during the transition
to heart failure. In addition, there was a high degree of correlation between PKCa. levels and the degree of LVH in 24 week
banded animals. However, autophosphorylated PKCo was not increased at any time point. In contrast, PKCS autophosphorylation
was increased prior to the development of LVH, and also during the transition to heart failure. The increased PKC$ auto-
phosphorylation in 1 week banded rats was not accompanied by an increase in total PKC3, whereas total PKCS levels were
markedly increased (6.0 £ 1.7 fold) in 24 week banded animals. Furthermore, both phosphorylated and total PKC6 levels were
highly correlated with the degree of LVH in 24 week banded rats. In summary, we provide indirect evidence to indicate that
PKC8 may be involved in the induction of pressure overload LVH, whereas both PKC3 and PKCa may be involved in the
transition to heart failure. (Mol Cell Biochem 242: 145—152, 2003)

Key words; signal transduction, heart failure, autophosphorylation, cardiomyocytes

Introduction for specific intracellular signaling kinases in regulating car-

diomyocyte hypertrophy involves studies of the protein ki-

During the induction of cardiac hypertrophy and its transi-
tion to heart failure, cardiomyocytes rely on a cascade of
protein kinases to transmit mechanical and neurohormonal
signals from the cell surface to the nucleus and other organ-
elles [1]. At present, the most compelling evidence for a role

nase C (PKC) family of serine-threonine protein kinases. Our
knowledge of the structure and function of PKCs has in-
creased dramatically since publication of the first experiments
investigating load- and neurohormonally-induced PKC ac-
tivation in hypertrophic signal transduction [2—7]. There are
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at least 12 different PKC isoenzymes divided into three sub-
families based on their lipid and Ca* requirements. The
‘classic’ subfamily of PKCs includes a, 31, B2 and vy, which
require diacylglycerol (DAG), phosphatidyl serine, and Ca*
for activation. The ‘novel’” subfamily includes 3, €, 1, y, and
0, and differ from cPKCs in that they do not require Ca*" for
activation. Less is known about the “atypical” aPKCs, except
that they include C, 1, and A and are not activated by either
Ca? or DAG. Of these, the main isoenzymes found in rat car-
diomyocytes are a, J, €, and { [8, 9]. Each isoenzyme may
have distinct subcellular locations, biological substrates, and
differential responses to hypertrophic stimuli.

Translocation of cPKCs and nPKCs from the soluble to
particulate fraction of cell or tissue homogenates is a stand-
ard technique that has been used to assess PKC activation [1].
This translocation is due to association of active PKCs with
isoenzyme-specific binding proteins present within distinct
subcellular compartments. However, not all of the potential
PKC binding proteins are localized to typical membrane com-
ponents, calling into question the validity of the translo-
cation assay to detect activation of all PKC isoenzymes
[10]. Adding to this complexity is the fact that individual
PKC isoenzymes require transphosphorylation and auto-
phosphorylation for enzymatic activity (for review, see [11]).
Three serine phosphorylation sites within the classical and
novel PKCs have been identified. One site within the activa-
tion loop is transphosphorylated by 3-phosphoinositide-de-
pendent protein kinase-1 (PDK1), and this phosphorylation
facilitates subsequent PKC autophosphorylation at two ad-
ditional sites within the C-terminus. Phosphorylation of all
three sites is required for activation of PKCs by second mes-
sengers [12]. Recently developed antibodies that detect in-
dividual PKC isoenzymes only when phosphorylated on
specific residues should therefore prove useful as another tool
to detect PKC activation in complex cell or tissue homoge-
nates.

Few studies have addressed how PKC isoenzyme expres-
sion and/or phosphorylation change during the induction of
cardiac hypertrophy and its progression to heart failure. Gu
and Sanford [13] demonstrated that PKC activity and con-
centration increased during the induction of pressure over-
load-induced left ventricular hypertrophy (LVH) in a rat
model of ascending aortic banding. The increased PKC iso-
enzyme concentration in LV tissue homogenates was mainly
limited to PKCP, ,, and PKCe. Similarly, PKCa., PKC, and
PKCy protein abundance were increased in a continuous fash-
ion from compensated LVH to heart failure in tissue extracts
of guinea pig LV myocardium following descending thoracic
aortic banding [14]. In contrast, Bowling et al. [15] showed
that the expression levels of the Ca**-dependent PKC iso-
enzymes PKCp, , and PKCa were markedly increased in
failing human LV cardiomyocytes, whereas PKCe levels re-
mained unchanged. Using differential centrifugation and

Western blotting, these studies also attempted to analyze
which PKC isoenzymes might be activated during the induc-
tion of LVH and its transition to heart failure. However no
study to date has evaluated PKC autophosphorylation dur-
ing LVH progression.

In the present report, we examined PKCo., PKC8, and PKCe
isoenzyme expression and serine autophosphorylation in an
in vivo rat model of pressure overload-induced LVH. This
model of suprarenal aortic coarctation has been extensively
characterized in our laboratory [16—19] and consists of three
stages. During the first stage, banded animals develop con-
centric LVH slowly over an 8 week period, followed by an
established phase of compensatory LVH. Once established,
LVH progresses to heart failure (1624 weeks), with inter-
stitial and perivascular fibrosis, slowed isovolumic relaxa-
tion, and increased LV end-diastolic pressure. Characteristic
alterations in LV collagen content, and 3-myosin heavy chain,
ANF, and SERCA2 mRNA and protein levels are evident
during disease progression [16, 17, 19]. Thus, this model is
useful for examining in vivo PKC isoenzyme expression and
autophosphorylation in relation to the induction of LVH and
its transition to heart failure. Our results indicate that there
are distinct differences in the expression and autophos-
phorylation levels of the three PKC isoenzymes examined,
and suggest that each PKC isoenzyme may have different
roles in LVH progression.

Materials and methods

Reagents

Antibodies specific for PKCg, PKC3, and PKCo were ob-
tained from Transduction Laboratories (Lexington, KY,
USA). Anti-phospho-PKCa (pPKCa) antibody, specific for
PKCa phosphorylated at Serine 657, was obtained from
Upstate Biotechnology (Lake Placid, NY, USA). Anti-
phospho-PKC3 (pPKC$), specific for PKCS phosphorylated
at Serine 643, was obtained from Cell Signaling Technology
(Beverly, MA, USA). Anti-phospho-PKCe (pPKCg) anti-
body, specific for PKCe phosphorylated at Serine 719, was
also obtained from Upstate. All three serine residues repre-
sent C-terminal autophosphorylation sites for their respec-
tive PKCs. All other reagents were from Sigma Chemical
(St. Louis, MO, USA), or Baxter S/P (McGaw Park, IL,
USA).

Experimental animals

Animals used in these experiments were handled in accord-
ance with the National Institute of Health Guide for the Care
and Use of Laboratory Animals (DHHS Publication No.



(NIH) 85-23, Revised 1985). Male Sprague-Dawley rats
weighing 160-170 g (Harlan Industries, Indianapolis, IN,
USA) were anesthetized with an intramuscular injection of
ketamine (90 mg/kg) and xylazine (10 mg/kg). Constriction
of the suprarenal abdominal aorta was produced using a tan-
talum hemoclip (Edward Weck and Co.). The applicator was
modified to allow passage of a 25-gauge needle through the
hemoclip when completely closed. Sham-operated animals
underwent dissection of the abdominal aorta without appli-
cation of the suprarenal band. Postoperatively, all animals
received food and water ad libitum. Prior to sacrifice, arte-
rial blood pressure was recorded by carotid artery catheteri-
zation. There was a minimum of 4 animals in each group.

Western blotting

LV tissue was homogenized in lysis buffer (50 mM HEPES
pH 7.4, 150 mM NaCl, 10% glycerol, 1.5 mM MgClL, 1.0 mM
EGTA, 1.0 mM Na,VO,, 10 mM Na pyrophoshate, 100 mM
NaF, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
10 pg/ml leupeptin and aprotinin, and 1 mM Pefabloc). Equal
amounts of extracted protein (200 pg) were separated on 10%
SDS-polyacrylamide gels with 5% stacking gels. Proteins
were transferred to PVDF membrane using the recommended
transfer buffer. Western blots were probed with antibodies
specific for PKCa, PKCS, or PK Cg, or the autophosphorylated
forms of each isoenzyme (i.e. pPKCa, pPKC8, or pPKCe).
Primary antibody binding was detected with horseradish-
peroxidase-conjugated goat anti-mouse or anti-rabbit second-
ary antibody and visualized by enhanced chemiluminescence
(Amersham, Arlington Heights, IL, USA). Band intensity was
quantified using laser densitometry.

Data analysis

Results were expressed as means * S.E.M. Normality was as-
sessed using the Kolmogorov-Smirnov test. Data were com-
pared using unpaired -test, rank sum test, or linear regression
analysis, where appropriate. Differences among means were
considered significant at p < 0.05. Data were analyzed using
SigmaStat Statistical Software (Ver. 1.0, Jandel Scientific,
San Rafael, CA, USA).

Results

Suprarenal aortic coarctation produced sustained
hypertension and LVH

As documented in our previous studies [16—19], suprarenal
aortic coarctation produced sustained hypertension and LVH
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which progressed to diastolic heart failure. Heart weight to
body weight (HWBW) ratios were similar in 1-week sham
and banded animals (3.9 £ 0.1 vs. 4.0 £ 0.1 g/kg for 1-week
sham vs. 1-week banded rats) during the induction phase of
LVH. During the established phase of LVH, HWBW ratios
were significantly increased (3.1 £ 0.1 vs. 3.9 £ 0.4 g/kg in
8-week sham vs. 8-week banded rats; p < 0.05). However,
the degree of LVH did not further increase during the transi-
tion to heart failure (2.9 £ 0.04 vs. 3.8 £ 0.1 g/kg in 24-week
sham vs. and banded animals; p < 0.05).

PKCe expression and phosphorylation were unaffected
during LVH progression

We first examined PKCe expression levels during each stage
of LVH progression. As seen in Figs 1A and 1B, PKCs lev-
els were not significantly increased in LV tissue extracts of
banded rats. We also did not detect a disproportionate increase
in the level of pPKCeg during LVH progression (Fig 1C and
1D). Furthermore, there was no correlation between the de-
gree of hypertrophy (as assessed by HWBH ratio) and either
pPKCe or total PKCs concentration at any time point during
the development of LVH and its transition to heart failure
(data not shown).

PKCe expression but not phosphorylation was increased
during the transition to heart failure

As was the case with PKCe, neither the level of expression,
nor the phosphorylation state of PKCo was increased dur-
ing the induction and compensatory phases of LVH progres-
sion (Figs 2A and 2B). However, in agreement with previous
studies involving guinea pigs [14] and humans [15] with heart
failure, PKCa. expression was markedly increased (3.2 0.8
fold) during the transition to heart failure. Further analysis
of this group of animals indicated that PKCo expression was
highly correlated with the degree of LVH. Animals in the
transition phase with the greatest degree of LVH had the
greatest increase in PKCo expression (Fig. 2C). Despite the
increase in PKCa levels, however, there was no significant
increase in pPK Ca tissue levels during any phase of LVH pro-
gression (Figs 3A and 3B).

Alterations in PKCS expression and phosphorylation
during LVH progression

As seen in Figs 4A and 4B, total PKCS levels were not sig-
nificantly increased in LV tissue homogenates of 1-week or
8-week banded rats. However, as was the case for PKCa, total
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Fig. 1. PKCe expression and phosphorylation during LVH progression. LV tissue extracts from 1, 8, or 24 week-sham or banded animals were separated by
SDS-PAGE followed by Western blotting with anti-PKCe mAb. (A) Representative Western blots for PKCe (200 pg tissue protein) are depicted. The posi-
tion of molecular weight markers is indicated to the left of the Western blot. (B) The quantitative analysis of Western blotting experiments from 1, 8, and 24
week animals is depicted. PKCe levels were normalized to the levels observed in time-matched, sham-operated controls. Data are means + S.E.M. for 4-13
animals in each group. (C) The same LV tissue extracts from 1, 8, or 24 week-sham or banded animals were probed with a pAb specific for PKCe phospho-
rylated at Serine 719 (pPKCe). Representative Western blots for pPKCe (200 pg tissue protein) are depicted. The position of molecular weight markers is
indicated to the left of the Western blots. (D) The quantitative analysis of Western blotting experiments from 1, 8, and 24 week animals is depicted. pPKCe
levels were normalized to the levels observed in time-matched, sham-operated controls. Data are means + S.E.M. for 413 animals in each group.

PKCS5 levels were markedly increased (6.0 + 1.7 fold) dur-
ing the transition to heart failure. Similarly, animals in the
transition phase with the greatest degree of LVH had the
greatest increase in PKCS expression (Fig. 4C). Despite the
lack of a significant increase in total PKC5 levels within the
first week following abdominal aortic coarctation (Fig. 4B),
pPKC3 were found to be significantly increased by 2.8 + 0.8
fold as compared to sham-operated control animals (Figs SA
and 5B). This increase in pPKCS preceded the onset of sig-
nificant LVH. Once established, pPKCS levels returned to
control levels, only to increase again (along with the increase
in total PKC3 levels) during the transition to heart failure. As
was the case with total PKCS expression, animals in the tran-
sition phase with the greatest degree of LVH had the great-
est increase in pPKCd (Fig. 5C).

Discussion

LV pressure overload causes a marked increase in systolic
wall stress, which is a potent stimulus for the induction of
cardiomyocyte hypertrophy [20]. The ensuing increase in
contractile protein mass provides a means to increase LV
systolic pressure in order to compensate for the increased
afterload, thus maintaining cardiac output at near normal
levels for several months. Despite this compensatory growth,
a variety of alterations in cardiomyocyte structure and func-
tion develops over time that ultimately leads to the failure of
the LV to maintain normal cardiac output without signifi-
cantly elevated filling pressures (i.e. diastolic heart failure).
Clearly, investigators interested in the induction of LVH and
its transition to heart failure have focused on identifying the
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Fig. 2. PKCa expression during LVH progression. (A) LV tissue extracts
from 1, 8, or 24 week-sham or banded animals were separated by SDS-
PAGE followed by Western blotting with anti-PKCa mAb. Representative
Western blots for PKCo (200 pg tissue protein) are depicted. The position
of molecular weight markers is indicated to the left of the Western blot. (B)
The quantitative analysis of Western blotting experiments from 1, 8, and
24 weck animals is depicted. PKCa levels were normalized to the levels
observed in time-matched, sham-operated controls. Data are means £ S.E.M.
for 4-13 animals in each group. *p < 0.05 vs. sham-operated controls. (C)
Normalized PKCa expression levels are plotted vs. HWBW ratios in 24
week-sham (open circles) and banded (closed circles) animals. Data were
analyzed by linear regression for 9—13 animals in each group.

signaling pathways that are responsible for converting me-
chanical stimuli (i.e. increased wall stress) into biochemical
signals resulting in adaptive cardiomyocyte hypertrophy.
However, it is conceivable that additional signaling pathways
may herald the transition from compensated hypertrophy to
contractile dysfunction. In this report, we provide indirect
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Fig. 3. pPKCa levels during LVH progression. LV tissue extracts from I,
8, or 24 week-sham or banded animals were probed with a pAb specific for
PKCa phosphorylated at serine 657 (pPKCa). (A) Representative West-
ern blots for PKCat (200 pg tissue protein) are depicted. The position of mo-
lecular weight markers is indicated to the left of the Western blots. (B) The
quantitative analysis of Western blotting experiments from 1, 8, and 24 week
animals is depicted. pPKCua levels were normalized to the levels observed
in time-matched, sham-operated controls. Data are means + S.E.M. for 4—
13 animals in each group.

evidence to indicate that PKC3 may be involved in the in-
duction of pressure overload LVH, whereas both PKC8 and
the PKCa may be involved in the transition to heart failure.

Surprisingly few studies have interrogated the role of
PKCS3 in cardiomyocyte hypertrophic signaling. Recently,
Chen et al. [21] described a transgenic mouse with sustained
activation of PKC8 due to cardiac-specific overexpression of
a pseudoRACK (Receptor for Activated C Kinase) peptide
activator of PKCS (w8RACK mice). These animals devel-
oped LVH with normal LV systolic function, which was
similar to another line of mice (weRACK mice) with car-
diac-specific overexpression of a pseudoRACK peptide ac-
tivator of PKCe [22]. Thus, sustained activation of either
novel PKC was sufficient to induce cardiomyocyte hypertro-
phy. We previously showed that relatively modest activation
of PKC3 in the absence of substantial activation of PKCe was
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Fig. 4. PKCS expression during LVH progression. LV tissue extracts from
1, 8, or 24 week-sham or banded animals were separated by SDS-PAGE
followed by Western blotting with anti-PKCS mAb. (A) Representative
Western blots for PKCS (200 pg tissue protein) are depicted. The position
of molecular weight markers is indicated to the left of the Western blot. (B)
The quantitative analysis of Western blotting experiments from 1, 8, and
24 week animals is depicted. PKCS levels were normalized to the levels ob-
served in time-matched, sham-operated controls. Data are means = S.E.M.
for 4-13 animals in each group. *p < 0.05 vs. sham-operated controls. (C)
Normalized PKC8 expression levels are plotted vs. HWBW ratios in 24
week-sham (open circles) and banded (closed circles) animals. Data were
analyzed by linear regression for 9—13 animals in each group.

sufficient to induce hypertrophy in cultured cardiomyocytes
[23]. Similarly, overexpression of a constitutively active
mutant of PKCe was sufficient to induce some features of
pressure overload-induced LVH in neonatal cardiomyocyte
cultures [24, 25], and in transgenic mice [26]. However, we
also showed that PKCe activation may not be necessary for
this response when PKC3 is also activated [24]. As indicated

C . 1 week

220
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66
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Fig. 5. pPKCS levels during LVH progression. LV tissue extracts from 1,
8, or 24 week-sham or banded animals were probed with a pAb specific for
PKC& phosphorylated at serine 643 (pPKC3). (A) Representative Western
blots for pPKCS (200 pg tissue protein) are depicted. The position of mo-
lecular weight markers is indicated to the left of the Western blots. (B) The
quantitative analysis of Western blotting experiments from 1, 8, and 24 week
animals is depicted. pPKC3 levels were normalized to the levels observed
in time-matched, sham-operated controls. Data are means = S.E.M. for 4—
13 animals in each group. p < 0.05 vs. sham-operated controls. (C) Nor-
malized pPKC& expression levels are plotted vs. HWBW ratios in 24
week-sham (open circles) and banded (closed circles) animals. Data were
analyzed by linear regression for 9—13 animals in each group.

above, we did not detect a substantial increase in PKCsg ex-
pression or autophosphorylation during any stage of LVH
progression, whereas PKCd expression and phosphorylation
were markedly affected. Thus, we provide additional evi-
dence to suggest that there is substantial crosstalk in the
PKCe- and PKCd-dependent pathways that are involved in
hypertrophic signal transduction.



Whereas the novel PKCs have long been considered to be
important in hypertrophic signaling, the Ca**-dependent PKC
isoenzymes have been implicated in the development of
heart failure. Most attention has been focused on the PKCf
isoenzymes, although normal adult rat cardiomyocytes ex-
press very little, if any PKCP [8, 27, 28]. However, PKCf,
and PKCp, concentrations may increase somewhat in dis-
eased tissue [15]. Wakasaki et al. [29] have shown that car-
diac-specific overexpression of constitutively active PKCp,
induced dilated cardiomyopathy and overt heart failure in
transgenic mice, whereas both PKCa and PKCB, , levels
were increased in failing hearts of patients with ischemic or
dilated cardiomyopathies [15]. Again, considerably less is
known about the role of PKCa:. in the induction of hypertro-
phy and its transition to heart failure. PKCa does not appear
to be activated by most stimuli which induce hypertrophy in
cultured cardiomyocytes [23, 30, 31], but it should be em-
phasized that these activation studies were conducted using
differential sedimentation and Western blotting to measure
PKC activation. Total PKCa levels were markedly increased,
and PKCa (but not PKCg) was enriched in the membrane
fraction of failing human hearts [15]. A similar pattern of
translocation was observed in mice with LVH and heart fail-
ure induced by overexpression of L-type Ca** channels [32].
It would be particularly interesting to examine whether PKCa
autophosphorylation was also enhanced under these condi-
tions. In our study, we identified a 3.2-fold increase in PKCa
expression, but no increase in PKCo autophosphorylation
during the transition to heart failure. These results suggest that
PKCo was not substantially ‘primed’ and signaling at this
time point in LVH progression. However, it is conceivable
that PKCa autophosphorylation would also increase as the
animals developed worsening heart failure over time. Further-
more, it is unclear whether the increased PKCa (or PKC0)
abundance originated from cardiomyocytes, or from prolif-
erating cardiac fibroblasts [16]. Indeed, a detailed analysis
of PKC isoenzyme expression, translocation, and phospho-
rylation (at the activation loop as well as the C-terminal auto-
phosphorylation sites of each enzyme) in pure populations
of cardiomyocytes isolated during each stage of LVH pro-
gression would be required to further elucidate the signifi-
cance of these changes.
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Abstract

The myocyte enhancer factor-2 (MEF2) family of transcription factors regulates transcription of muscle-dependent genes in
cardiac, skeletal and smooth muscle. They are activated by calcium/calmodulin (CaM)-dependent protein kinases I and IV and
silenced by CaM KIISC. MEF2 is held in an inactive form by the class II histone deacetylases (HDAC) until phosphorylated
by either CaM kinase I or IV. Upon phosphorylation, HDAC is transported out of the nucleus via a 14-3-3 dependent mechanism
freeing MEF2 to drive transcription. The 14-3-3 chaperone protein exists as a homodimer. In the region of homodimerization,
there are two canonical CaM kinase II phosphorylation sites (ser60 and ser65). In vitro phosphorylation assay results indicate
that 14-3-3p is indeed a substrate for CaM kinase 1I. We hypothesize that CaM kinase 1I3C phosphorylation of 14-3-3f will
disrupt homodimer formation resulting in the return of HDAC to the nucleus and their reassociation with MEF2. To test this,
we mutated serines 60 and 65 of 14-3-3f to aspartates to mimic the phosphorylated state. In MEF2 enhancer-reporter assays
in smooth muscle cells, expression of the 14-3-3B double mutant attenuated MEF2-enhancer activity driven by CaM kinase I
or IV. The intracellular fate of HDAC4 was followed by transfection of smooth muscle cells with an HDAC4-Green Fluores-
cent Protein fusion hybrid. The 14-3-3B double mutant prevented HDAC4 cytoplasmic localization in the presence of active
CaM kinase I or IV. These data suggest that the mechanism of CaM kinase II3C silencing of MEF-2-dependent genes is by
phosphorylation of 14-3-3B, which allows HDAC to return to the nucleus to reform a complex with MEF2, thereby silencing
MADS box-dependent gene induction in smooth muscle. (Mol Cell Biochem 242: 153-161, 2003)

Key words: CaM kinase 11, 14-3-3, HDAC, transcriptional silencing, vascular smooth muscle, MEF2

Introduction

The myocyte enhancer factor-2 (MEF2) family of transcrip-
tion factors is known to be involved in the transcriptional
regulation of skeletal, cardiac and vascular smooth muscle-
specific gene expression. The MADS box domain, CTA(A/
T),TAG, is found in the proximal promoter regions of the
majority of muscle-specific genes. In vascular smooth mus-
cle, MEF2 has been demonstrated to regulate expression of
Smooth Muscle Myosin Heavy Chain (SM-MHC) [1] and is
required for differentiation of smooth muscle cells in vivo [2].

MEF2 transcription factors have been demonstrated to be
regulated by Class II Histone Deacetylases (HDACs) [3-5].
HDAC4, HDACS5 and HDAC?7 bind to MEF2 transcription
factors within the nucleus thereby repressing MEF2-depend-
ent gene transcription. In addition, activation of the CaM
kinase kinase cascade (specifically CaM KI and CaM KIV),
which is known to activate MEF2-dependent transcription,
results in the destabilization of the transcriptionally inactive
MEF2/HDAC complex [6]. Release of MEF2 from this com-
plex, through a CaM kinase dependent phosphorylation, ac-
tivates MEF2 as a transcription factor, thereby allowing

Address for offprints: S.R. Grant, Laboratory of Cardiac and Vascular Molecular Genetics, Cardiovascular Research Institute and Department of Integrative
Physiology, University of North Texas Health Science Center at Fort Worth, 3500 Camp Bowie Boulevard, Fort Worth, TX 76107, USA
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MEF2-dependent transcription to occur. Unbound HDAC is
sequestered by the chaperone protein 14-3-3, which actively
exports the HDAC out of the nucleus and into the cytoplasm
[7, 8]. The cytoplasmic sequestering of class Il HDACs by
14-3-3 attenuates class II repression of MEF2-driven mus-
cle-specific gene expression.

Our laboratory has recently demonstrated that another mem-
ber of the CaM kinase family, CaM kinase II, silences the
activation of MEF2-dependent transcription mediated by
CaM KI or CaM KIV. Interestingly, there are two CaM KII
consensus phosphorylation motifs (Arg-X-X-Ser/Thr) within
the amino acid sequence of 14-3-3 (serines 60 and 65).
These consensus phosphorylation motifs lie within the
dimerization region of 14-3-33 monomers immediately ad-
jacent to glutamate residues in the partnering dimer. In or-
der to function as an efficient nucleocytoplasmic chaperone,
14-3-3 must exist as a dimer whereby one monomer serves
to bind a protein to be transported and the other binds an
anchored ligand such as CRM1, which would dictate com-
partmentalization [8—12]. We have hypothesized that the
phosphorylation of these serine residues by CaM KII3C in
the cytoplasm will result in (i) the destabilization of the 14-
3-3f dimer, (ii) a block in cytoplasmic sequestration of class
II HDACs by 14-3-3p, and (iii) re-entry of class Il HDACs
into the nucleus. Re-entry of the HDACs will promote se-
questration of MEF2 transcription factors, and thus silence
MEF2-dependent transcription. In the present study, we ex-
amined the existence of the CaM kinase-MEF2 signaling
pathway in a vascular smooth muscle cell line, PAC-1. We
provide evidence that CaM KI and IV activate expression of
a prototypical smooth muscle specific gene, SM-MHC. In
addition, we demonstrate that CaM KII can silence the acti-
vation of this promoter. In addition, we provide data dem-
onstrating that CaM KII directly phosphorylates 14-3-3f.
Finally, we investigated the affects of a conservative amino
acid substitution of serine 60 and 65 (two putative CaM KII
phosphorylation motifs of 14-3-3) for aspartate residues. We
anticipated that this substitution would mimic the negative
charge of phosphorylation of these residues by CaM KII.
Indeed, the 14-3-33 double mutant blocks CaM KI, CaM KIV
and PE-mediated activation of MEF2-dependent transcrip-
tion. In addition, we demonstrate that the 14-3-3 double
mutant alters the subcellular localization of HDAC4 allow-
ing it to re-enter the nucleus where it would silence MEF2-
dependent transcription.

Materials and methods

Cell culture and reagents

Rat pulmonary arterial smooth muscle (PAC-1) cells [13]
were cultured in monolayers using medium 199 supple-

mented with 10% fetal bovine serum (FBS). Fetal bovine
serum, Lipofect AMINE™ transfection solution, and medium
199 were purchased from Life Technologies, Inc. (Rockville,
MD, USA); Medium 199 consists of Earle’s salts, L-glutamine,
and 2.2 grams of sodium bicarbonate per liter; Luciferase sub-
strate was purchased from Promega (Madison, WI, USA);
Phenylephrine was purchased from Sigma (St. Louis, MO,
USA); y[P*2] ATP was obtained from Perkin Elmer Life Sci-
ences (Boston, MA, USA).

In vitro CaM kinase 1I phosphorylation of the chaperone
protein 14-3-3

Confluent monolayers of PAC-1 cells were cultured ina 100
mm culture dish and incubated at 37°C in a humidified at-
mosphere of 5% CO, until 70% confluency. The cells were
then transfected with CMV driven 14-3-3f3 plasmid DNA us-
ing the Lipofect AMINE™ commercial protocol. The cells
were lysed 24 h post transfection and 14-3-33 was immuno-
precipitated using a c-myc antibody (Upstate Biotechnology).
Purified CaM KII, 14-3-3f3, y[P3?] ATP, Ca?* and calmodulin
were co-incubated in a 5 mL tube at 37°C for 30 min in the
presence and absence of EGTA, a Ca** chelating agent. The in
vitro kinase reactions were run on a 4-12% gradient NuPage
SDS polyacrylamide gel (Invitrogen) along with a molecu-
lar weight standard. The results were visualized by autora-
diography.

PAC-1 transfection assays

PAC-1 cells were seeded in 12-well plates at a density of 2.8
x 10° cells per plate and cultured until 60—70% confluent. The
cells were then transfected for 16 h with varying treatments
of DNA using the LipofectAMINE™ commercial protocol.
The cells were washed with serum free 199 media and refed
with 0.2% FBS in 199 media. After 24 h of incubation at
37°C, the cells were washed with 1 x PBS (Life Technolo-
gies, Inc.) and lysed with 1 x lysis buffer (Promega). The
lysed cells were scraped from the well bottom and placed into
a luminometer cuvette. Luciferase substrate was added and
relative luciferase activity was analyzed using a Turner TD20e
luminometer.

HDACH4 subcellular localization

PAC-1 cells were cultured as previously described. Cells were
transfected (using Lipofect AMINE™) with GFP alone, GFP-
HDAC4 alone or GFP-HDAC4 in the absence or presence
of active CaM KI, CaM KIV, CaM KII, 14-3-3f wild type,
14-3-3 mutant or combinations of these enzymes. Twenty-



four hours post transfection, cells were washed twice with
1X PBS and treated with 3.5% formaldehyde for 30 min at
room temperature. Cells were again washed twice with 1X
PBS and incubated with 300 nM DAPI stain for 10 min. Cells
were rinsed with 1X PBS 3 times and mounted onto glass
slides using Prolong antifade reagent (Molecular Probes).
Fluorescence was visualized using a Nikon Microphot FXA
microscope.

DNA constructs

The plasmids containing GFP-HDAC4 and c-myc tagged 14-
3-3B were gifts from Stuart L. Schreiber (Harvard Univer-
sity, MA, USA) and were described previously [11]. The
constitutively active constructs for CaM KI (pSRa/CaM KI
(1-294)) and CaM KIV (pSG5/CaM KIV (1-313)) were pro-
vided by Thomas Soderling (Vollum Institute, Oregon Health
Science Center, OR, USA) and were described previously
[14, 15]. CaM KII constructs were provided by Howard
Schulman (Stanford School of Medicine, CA, USA) and were
described previously [16]. A 1.2 Kb SM-MHC promoter-re-
porter construct was provided by Gary Owens (University of
Virginia School of Medicine, VA, USA) and was described
previously [17]. In order to quantify MEF2 mediated gene
transcription, a luciferase-based MEF2 enhancer-reporter
plasmid construct, containing three MADS box repeats up-
stream from a minimal promoter and structural luciferase
gene, was provided by Eric Olson (University of Texas South-
western Medical Center, TX, USA) and was previously de-
scribed [18]. 14-3-3pB was conservatively point mutated at
serine 60 and serine 65 to aspartate using a commercial
mutagenesis kit (QuickChange™, Stratagene).

Results

CaM KI and CaM K1V activate the 1.2 Kb SM-MHC
promoter-reporter in PAC-1 cells

Recent studies by us [19, 20] and others [6, 7] have shown
that activation of the CaM kinase kinase signaling cascade
in myocytes leads to the induction of MEF2-dependent tran-
scription of muscle-specific genes. Activation of MEF2 was
shown to be the direct result of phosphorylation of the tran-
scriptionally inactive HDAC/MEF2 complex resulting in the
sequestration of HDAC in the cytoplasm by the chaperone
protein, 14-3-3 [7, 11]. In other studies from our laboratory
using both constitutive and inducible expression vectors
harboring an active form of the cytoplasmic enzyme CaM
KII, results have demonstrated that promoter-reporter activ-
ity for MEF2-dependent transcription can be completely si-
lenced in rat neonate primary cardiomyocyte cultures. While
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this cascade has been characterized in cardiac and skeletal
muscle, it has yet to be established in vascular smooth mus-
cle.

In this study, we set out to investigate if MEF2-dependent
gene expression in the smooth muscle cell line, PAC-1, could
be controlled in a positive manner by CaM kinase kinase
signaling and silenced by CaM KII&C activity. SM-MHC pro-
moter-reporter activity was measured in transiently trans-
fected PAC-1 cell cultures. Results of this experiment are
shown in Fig. 1. In the absence of either active CaM Kinase
I or CaM Kinase 1V, SM-MHC reporter activity was quite low
(empty vector control). When active CaM KI or active CaM
KIV was over-expressed, reporter activity was increased 8-
fold (CaM K1) and 4-fold (CaM KIV) over baseline values.
Exogenous expression of active CaM KIISC silenced reporter
activity well below control values. When active CaM KI or
CaM KIV was co-expressed with active CaM KII8C, reporter
activity was decreased 4-fold below CaM Kl induced values
and decreased approximately 2.5-fold below CaM KIV val-
ues. These results verify that the expression of active forms
of either CaM KI or CaM KIV in smooth muscle cell cultures
strongly up-regulated SM-MHC promoter-reporter activity.
The data support the argument that CaM KI and IV will in-
duce transcription of this predominant smooth muscle con-
tractile protein. Importantly, these results also demonstrate
that the expression of active CaM KIISC silenced CaM KI-
or CaM KIV-mediated induction of SM-MHC promoter-re-
porter activity in PAC-1 cultures.
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Fig. 1. Activation of the SM-MHC promoter by CaM Kl and 1V in PAC-
1 cells. Cells were transiently transfected with active CaM KI, CaM KIV,
and CaM KII and assayed as previously described under ‘Materials and
methods’. The results are reported as relative luciferase activity of the
1.2 Kb SM-MHC promoter-reporter. (Means + S.E. of 6 separate treatment
groups). *Indicates a significant increase from control (p < 0.0001). **In-
dicates a significant decrease from CaM Kl or IV (p <0.0001) respectively.
+ indicates a significant decrease from control (p < 0.01).
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CaM kinase II phosphorylation of 14-3-33

It has been well documented that MEF2-dependent transcrip-
tion is tightly regulated through the phosphorylation of the
MEF2/HDAC complex by CaM kinase kinase signaling.
Phosphorylation disrupts the complex, resulting in the export
of HDAC mediated by chaperone protein, 14-3-3. However,
it is unknown how HDACS are released from 14-3-3 in the
cytoplasm to re-establish class Il HDAC repression of MEF2-
dependent transcription.

Interestingly, there are three CaM KII phosphorylation
consensus motifs (Arg-x-x-Thr/Ser) in the primary amino
acid sequence of the nuclear chaperone protein, 14-3-3f3. Two
of these phosphorylation motifs lie within the dimerization
region of 14-4-33 and when phosphorylated, should disrupt
its dimerization. In order to determine whether 14-3-3f is a
substrate for CaM KII, it was immunoprecipitated from PAC-
1 cells and subjected to an in vitro phosphorylation assay
using purified wild-type CaM KII under conditions optimal
for CaM KII activity. The chaperone protein was analyzed
for incorporation of radiolabeled phosphate. The results of
the phosphorylation of 14-3-3f by active CaM KII is shown
in Fig. 2. A distinct radioactive band of phosphorylated 14-
3-3f protein was observed at approximately 30 kDa. In the
presence of EGTA (a Ca?* chelating agent and thus an inhibi-
tor of CaM KII activity) the incorporation of phosphate on
14-3-3 protein was dramatically decreased, demonstrating
that the phosphorylation of 14-3-3f was indeed dependent
upon a calcium-dependent kinase. These results provide the
first evidence that endogenous 14-3-3f3 may be a natural sub-
strate for CaM KII activity in the smooth muscle cell.

14-3-3f double mutant silences CaM kinase I and IV
induction of MEF2- mediated transcription in PAC-1 cells

CaM kinase I and IV have been shown to activate MEF2-de-
pendent transcription and CaM KII silences this activity in

+ EGTA

= EGTA

Fig. 2. Phosphorylation of 14-3-3 by CaM kinase II. 14-3-3f was phospho-
rylated in-vitro by co-incubation with wild-type CaM KII in the presence of
[y**P]-ATP, calcium and calmodulin. A chelating agent, EGTA, was used to
nullify the activation of CaM kinase II by Ca®. The phosphorylated bands
detected were verified by a molecular weight standard to be 14-3-3 at 30 kDa.
Radioactivity of the phosphorylated bands was detected by autoradiography.

myocytes [6]. Activation of MEF2 as a transcription factor
requires 14-3-3 export and sequestration of class Il HDACs
in the cytoplasm. Since 14-3-3f3 is a substrate for CaM KII
(as shown in Fig. 2) and these proteins reside in the same
subcellular compartment, we were interested to determine if
CaM KII phosphorylation of 14-3-3 would result in re-es-
tablishing class Il HDAC repression. Each of the two serine
residues (serine 60 and 65) in the putative CaM KII phospho-
rylation motifs within the dimerization region of 14-3-3f3
were changed to aspartate through conservative amino acid
substitution by site-directed mutagenesis. To assess activity
of these 14-3-3f3 mutants, a MEF2-luciferase based enhancer-
reporter (containing three MEF2 consensus binding sites
upstream of a minimal promoter) was employed. PAC-1 cell
cultures were co-transfected with active CaM KI or CaM KIV
in the absence or presence of the 14-3-33 double mutant and
relative luciferase activity was measured. Transient transfec-
tion of PAC-1 cells with active CaM kinase I showed induc-
tion of MEF2 enhancer-reporter activity well above baseline
values (Fig. 3A). However, when PAC-1 cells were co-trans-
fected with active CaM KI and the 14-3-3(3 double mutant,
MEF2 enhancer-reporter activity was reduced to baseline
values (Fig. 3A). Similarly, transient transfection of PAC-1
cells with active CaM KIV also showed an induction of MEF2
reporter (Fig. 3B). Again, when the 14-3-33 double mutant
was co-transfected with active CaM KIV, MEF2 reporter ac-
tivity was returned to baseline values (Fig. 3B). These in situ
experiments suggest the 14-3-3[3 double mutant protein may
no longer sequester HDAC in the cytoplasm, resulting in the
silencing of MEF2-dependent gene transcription. These data
also argue that phosphorylation of 14-3-3p by CaM KII
destabilizes the 14-3-3/HDAC complex and may provide a
mechanism for re-establishing class I HDAC repression.

14-3-3B blocks phenylephrine stimulation in PAC-1 cells

Phenylephrine (PE) is an o -agonist that activates CaM ki-
nase kinase signaling, leading to the induction of MEF2-
mediated transcription [21, 22]. To verify that the 14-3-3f3
double mutant may re-establish class Il HDAC repression,
we have assessed the activity of these mutants on PE-stimu-
lated MEF2-enhancer activity. PAC-1 cells were co-trans-
fected with either the 14-3-3f single mutant (serine 60 only)
or double mutant along with the MEF2-luciferase enhancer-
reporter. Following transfection, cells were stimulated with
10 uM PE for 24 h and assayed for luciferase activity. The
results show PE induction of reporter activity was reduced
to baseline values by co-transfection of 10 ng/well of 14-3-
3f3 double mutant. Furthermore, co-transfection of 20 ng/well
of 14-3-3p double mutant reduced PE-stimulated reporter
activity well below baseline values (Fig. 4). In contrast, cells
transfected with 14-3-3f3 single mutant did not alter PE in-
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Fig. 3. Silencing of CaM KI and IV induced MEF-2 mediated luciferase activity by 14-3-3p double mutant. Luciferase activity was determined as described
under ‘Materials and methods”. (A) CaM KI was transiently transfected either alone or co-transfected with 14-3-3B double mutant. (B) CaM KIV was trans-
fected alone or with 14-3-3p double mutant. The results are presented as MEF-2 enhancer-reporter activity (means + S.E. of 3 separate treatment groups).

*Indicates a significant increase from control (p < 0.01) in both A and B.

duced reporter activity (Fig. 4). These results are consistent
with those from our previous reporter assays demonstrating
that the 14-3-3p double mutant was able to silence MEF2-
mediated gene transcription. Taken together, the results ar-
gue that mutation of 14-3-3p on the CaM KII consensus
phosphorylation motifs may disrupt its ability to retain class
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Fig. 4. 14-3-3p double mutant blocks the stimulation of PAC-1 cclls by
phenylephrine. Cells were cultured as previously described and transfected
with either empty vector, 14-3-3p single mutant or 14-3-3(3 double mutant.
After 16 h of transfection the PAC-1 cells were stimulated with phenyle-
phrine at a 10 uM for 24 h in the re-feeding 199 media supplemented with
0.2% FBS. The results are presented as MEF-2 enhancer-reporter activity
(means = S.E. of 3 separate trcatment groups). *Indicates a significant in-
crease from control (p < 0.01).

11 HDACS in the cytoplasm, thereby re-cstablishing HDAC
repression of MEF2-dependent transcription.

14-3-3 double mutant is unable to sequester HDAC4 in
the cytoplasm of PAC-1 cells

The results from Figs 3 and 4 argue that CaM KII phospho-
rylation of 14-3-3B may re-establish class II repression. We
next evaluated whether over-expression of the 14-3-3f dou-
ble mutant would prevent class 11 HDAC sequestration in
the cytoplasm by endogenous 14-3-3 and promote their re-
location to the nucleus. To assess this, we followed the sub-
cellular localization a HDAC4/GFP chimeric fusion protein
(a generous gift of S. Schreiber, Cambridge, MA, USA).
HDAC4/GFP was transiently co-transfected with active CaM
kinase and/or 14-3-3p wild type or double mutant, into PAC-
1 cells and its subcellular distribution was established. Under
control conditions where only HDAC4/ GFP was transfected,
HDAC4 was localized predominantly within the nucleus
(Fig. 5A, panel A). When wild-type 14-3-3 was co-trans-
fected with HDAC4/GFP, HDAC4 shifted to a predominantly
cytoplasmic localization (Fig. 5A, panel B). When HDAC4/
GFP was co-transfected with the 14-3-3p double mutant,
HDAC4 accumulated in the nucleus (Fig. 5A, panel C). Co-
transfection of active CaM KI or CaM KIV resulted in sig-
nificant cytoplasmic localization of HDAC4 (Fig. 5A, panels
D and E, respectively). However, when active CaM Kl or IV
was co-transfected with 14-3-3 double mutant, there was a
significant shift toward nuclear localization of HDAC4 (Fig.
SA, panels G and H, respectively) compared to CaM KI or
CaM K1V alone. Interestingly, increased nuclear localization
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of HDAC4 was seen when 14-3-3f wild type and CaM KII
were co-expressed (Fig. 5A, panel F compared to panel B).
When the 14-3-3B double mutant was co-expressed with 14-
3-3B wild-type, the mutant prevented wild-type sequestration
of HDAC4 in the cytoplasm, and re-established significant
nuclear localization (Fig. SA, panel I).

Quantification of HDAC4/GFP subcellular localization,
observed in Fig. 5A, were compiled from 4 independent ex-
periments and are represented in Fig. 5B. Total fluorescent
cells were counted for each treatment and quantified as the
ratio of the percent cytoplasmic versus nuclear HDAC4/GFP.
Clearly, results from Fig. 5 establish that wild-type 14-3-3(3
sequesters HDAC4 in the cytoplasm and that active CaM KII
or 14-3-3B double mutant disrupts this endogenous interac-
tion. As expected, CaM KI and IV promote sequestration
of HDAC4 in the cytoplasm. This process requires 14-3-3f
dimerization. When 14-3-3 double mutant was co-expressed
in the presence of active CaM KI or IV, cytoplasmic seques-
tering was diminished and nuclear entry was re-established.
Surprisingly, 14-3-3B wild-type sequestering of HDAC4
into the cytoplasm was completely blocked by co-expres-
sion of 14-3-3 double mutant. This data is consistent with
our model of CaM KII mediated activation of class Il HDAC
repression.

Discussion

The 14-3-3 family of proteins is ubiquitous and plays a key
regulatory role in signal transduction pathways, cell cycle
regulation and apoptosis [23, 24]. 14-3-3 has been shown
to be intimately involved in regulation of the activity of the
MEF2 family of transcription factors through CaM kinase
signaling [6, 7). In this work, we have explored the role of
14-3-3B in MEF2 signaling in PAC-1 smooth muscle cells
with respect to cytoplasmic CaM kinase II8C activity. The
sequestration of class I HDACs by 14-3-3f3 upon CaM ki-
nase I and IV signaling is paramount to the ability of MEF2
to function as a viable transcription factor. CaM kinase II8C,
when co-expressed with either CaM kinase I or IV, com-
pletely silenced MEF2-driven transcriptional events (data not
shown). Inspection of the primary amino acid sequence of
14-3-3p revealed two CaM kinase II phosphorylation sites
(Ser60 and Ser65) in the homodimerization domain. Here,
we use a mutant form of 14-3-3f whereby Ser60 and Ser65
were conservatively substituted with aspartate, which presum-
ably rendered 14-3-3 monomers unable to homodimerize and
would therefore be unable to function effectively as a chaper-
one protein. Previous work has focused on rendering 14-3-3
ligands unable to bind 14-3-3 [25, 26]. Here, we render 14-3-
3 unable to dimerize and function as a class Il HDAC chaper-
one, an event that we show accounts for CaM kinase II5C’s
ability to silence MEF2-driven transcriptional events.
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Expression of SM-MHC was previously shown to be de-
pendent on MEF2 activation [1]. In the present study, trans-
fection of PAC-1 cell cultures with active CaM kinase I or
IV resulted in the up-regulation of the SM-MHC promoter-
reporter (Fig. 1). Similarly, transfection of PAC-1 cells with
active CaM kinase I and IV up-regulated the MEF2 en-
hancer-reporter (Figs 3A and 3B). When CaM KII&C was
co-transfected with either CaM kinase I or IV, SM-MHC
promoter-reporter activity was completely silenced (Fig. 1).
These data serve to validate the ability of the CaM kinases
to function in the same manner in smooth muscle myocytes
as was previously observed in other myocyte cell types with
respect to MEF2-dependent transcription.

The intriguing issue of the ability of cytoplasmic CaM
kinase IISC to silence the induction of muscle cell specific
genes led us to search for a target protein that could explain
this activity. Recent work revealed that MEF2 is complexed
with class IT HDACs in the nucleus and is transcriptionally
inactive in cardiac and skeletal myocyte [7]. Upon CaM ki-
nase I and IV activation, the HDAC component of the com-
plex is phosphorylated and shuttled to the cytoplasm via
14-3-3, resulting in the activation of MEF2 [3]. When we ex-
amined the amino acid sequence of 14-3-3f, we discovered
two tandem CaM kinase II phosphorylation sites (Ser60 and
Ser65) in the region critical for 14-3-3 homodimerization.
We hypothesized that phosphorylation of 14-3-3f at these ser-
ine residues would result in electrostatic repulsion too great
to allow dimer formation due to adjacent glutamic acid resi-
dues on the partnering monomer. We first set out to determine
whether or not 14-3-3 was a substrate for CaM kinase II.
Here we show that indeed, 14-3-3 can be phosphorylated
by CaM kinase Il in vitro (Fig. 2).

In order to determine the effect of CaM kinase II-phospho-
rylated 14-3-3B on MEF2 signaling in situ, we conservatively
substituted Ser60 and Ser65 with aspartate residues. This
substitution is commonly used to mimic the steric and charge
characteristics of a phosphorylated serine residue [27-31].
When we co-transfected the aspartate substituted 14-3-3(3
double mutant with either CaM KI or IV, MEF2 enhancer-
reporter activity was silenced (Figs 3A and 3B). Phenyle-
phrine (PE) is an o -adrenergic agonist that is known to
activate CaM kinase I and IV [21, 22]. We show that PE is
able to stimulate MEF2 enhancer activity in PAC-1 cells and
more importantly, the double mutant 14-3-3f3 can completely
silence PE induction of the MEF2 enhancer-reporter (Fig. 4).

With this, we hypothesized that the MEF2 enhancer-re-
porter was silenced due to the inability of the 14-3-3f3 dou-
ble mutant to sequester class Il HDACs in the cytoplasm even
in the presence of active CaM KI or IV. To test this, we used
HDAC4/GFP (Green Fluorescent Protein) fusion hybrids to
follow the cellular fate of the class Il HDACs during CaM
kinase signaling (Fig. 5). In the absence of signal, HDAC4
is predominantly nuclear. Addition of CaM KI or IV causes
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Fig. 6. Proposed model of CaM kinase II transcriptional silencing of MEF2-dependent transcription through the destabilization of the 14-3-3/HDAC com-

plex in the cytoplasm.

cytoplasmic localization of HDAC4 as was observed pre-
viously in other muscle cell types. However, the 14-3-38
double mutant diminishes cytoplasmic sequestration in the
presence of active CaM KI or IV and attempts to re-estab-
lish HDAC4 in the nucleus. HDAC4 is predominantly cyto-
plasmic when co-expressed with wild-type 14-3-3f alone,
however, when co-expressed with both 14-3-3f wild-type
and active CaM KII8C, HDAC4 nuclear localization was in-
creased. When both 14-3-3f3 wild-type and double mutant
were co-expressed, we were surprised to find that the 14-3-
3B double mutant completely prevented 14-3-38 wild-type
sequestration of HDAC4 in the cytoplasm and shifted its lo-
calization to the nucleus.

The data presented here allowed us to construct a model
that we believe accounts for the ability of CaM kinase II8C
to silence SM-MHC reporter activity and MEF2 enhancer ac-
tivity in PAC-1 cells (Fig. 6). As previously reported, MEF2
is bound by class I HDACs in a transcriptionally inactive
complex. Upon phosphorylation by active CaM Kl or IV, the
HDAC is shuttled to the cytoplasm by 14-3-3. Our model
provides the reverse mechanism in which CaM kinase I16C
phosphorylates 14-3-3 monomers, prevents dimerization,
re-localizes class I HDACs to the nucleus and re-activates

class Il HDAC repression of MEF2-dependent transcription.
To the best of our knowledge, this is the first evidence de-
lineating the mechanism for myocyte activation of class II
HDAC repression.
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Abstract

We investigated the activation of mitogen-activated protein kinases (MAPKs) pathways by purinergic stimulation in cardiac
myocytes from adult rat hearts. ATPyS increased the phosphorylation (activation) of the extracellular signal regulated kinase
1 and 2 (ERK1/2) and p38 MAPK. ERK1/2 and p38 MAPK activation was differential, ERK1/2 being rapid and transient while
that of p38 MAPK slow and sustained. Using selective inhibitors, activation of ERK1/2 was shown to involve protein kinase
C and MEK 1/2 while that of p38 MAPK was regulated by both protein kinase C and protein kinase A. Furthermore, we show
that purinergic stimulation induces the phosphorylation of the MAPK downstream target, mitogen- and stress-activated pro-
tein kinase 1 (MSK1), in cardiac myocytes. The time course of MSK 1 phosphorylation closely follows that of ERK activation.
Inhibitors of the ERK and p38 MAPK pathways were tested on the phosphorylation of MSK1 at two different time points. The
results suggest that ERKSs initiate the response but both ERKs and p38 MAPK are required for the maintenance of the com-
plete phosphorylation of MSK 1. The temporal relationship of MSK1 phosphorylation and cPLA, translocation induced by
purinergic stimulation, taken together with previous findings, is an indication that cPLA, may be a downstream target of MSK1.
(Mol Cell Biochem 242: 163—171, 2003)

Key words: purinergic agonists, mitogen-activated protein kinases, ERKs, p38 MAPK, MSK1, rat cardiomyocytes

Abbreviations: ERK — extracellular signal-regulated kinase; MAPK —mitogen-activated protein kinase; MSK1 —mitogen- and
stress-activated protein kinase-1; PKA — protein kinase A; PKC — protein kinase C; PKI — cAMP dependent protein kinase
inhibitor; PLA, — phospholipase A,

Introduction systems and thereby elicits diverse responses in the heart. ATP
increases contractility [2] and slows down the sinus pace-

Extracellular purines have been recognized for many years maker resulting in a negative chronotropic and dromotropic

to exert various and potent actions on the cardiovascular
system [1]. ATP is released by both sympathetic and para-
sympathetic nerve terminals under physiological conditions,
as well as by cardiomyocytes and various vascular cell types
in cardiac ischemia. ATP modulates several ionic channels
and exchangers; it acts on a number of intracellular effector

effect on the sinoatrial node. In ischemic hearts, ATP could
also be a source of arrhythmia [1, 3].

Extracellular ATP exerts its effects by binding to two classes
of P, receptors, the metabotropic receptor (P,,) and those
receptors that are intrinsic inotropic channels (P,,) [4, 5]. In
most cell types including cardiomyocytes, the metabotropic
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purinoreceptors of the P, subclass initiate their biological
actions by G protein dependent activation of phospholipase
C leading to IP, formation and subsequent elevation of in-
tracellular calcium levels. P, receptors have also been shown
to be linked to the activation of PKA [6] PKC, MAPK and
tyrosine kinases [1, 7].

It has been recently shown that, in isolated rat cardiac
myocytes, extracellular ATP activates a TREK-like K* via the
activation of cPLA, and the release of arachidonic acid [8].
The purinergic-induced cPLA, activation was suggested to
require the simultaneous activation of both ERK1/2 and p38
MAPK, probably mediated by another downstream kinase,
the mitogen- and stress-activated kinase-1 (MSK1). Consid-
erable efforts have been made in recent years to study the
mechanism of activation of cPLA, and the subsequent release
of AA. cPLA, activity is regulated both by phosphorylation
and by increase in intracellular calcium which drive its trans-
location from the cytosol toward phospholipid membranes.
In a variety of cell types, cPLA, phosphorylation is achieved
by p42/p44 mitogen activated protein kinases (ERK1/2)
and/or p38 MAPK [9-11]. The MAPKSs are a superfamily of
proline directed Ser/Thr protein kinases, which are compo-
nents of a critical signaling pathway linking membrane re-
ceptors to cytoplasmic and nuclear effectors. Three distinct
MAPK subfamilies are best characterized in mammals: the
extracellular signal regulated kinases (ERKs), the c-Jun N-
terminal kinases (JNKs) and the p38 MAPK. MAPK path-
ways can be activated by a wide variety of different stimuli
acting through diverse receptor families and including hor-
mones, growth factors, vasoactive peptides, inflammatory
cytokines and environmental stresses such as osmotic shock
and ionizing radiation [12, 13]. The nature of these cascades
allows considerable potential for signal integration and am-
plification as well as the possibility for cross talk between
pathways because of the apparent overlapping substrate
specificities of some of the components and of the upstream
signaling molecules. There is considerable evidence of the
immense potential significance of the regulation of MAPK
pathways in the myocardium with respect to its reactions to
pathological stresses (e.g. hypoxia, ischemia, reperfusion in-
jury). However, little is known about the regulation of this
signaling pathway by P, receptors. In contrast to receptor
tyrosine kinases, it is believed that the intermediate steps link-
ing G protein coupled receptors to the activation of MAPKs
vary among cell types and individual receptors [14].

In this study, we sought to further elucidate the molecu-
lar mechanisms whereby purinergic stimulation activates
MAPK signaling cascades in adult rat cardiac myocytes. We
show that ATP differentially activates ERKs and p38 MAPK,
which in turn phosphorylate MSK 1. Although ERKs seem to
initiate MSK 1 phosphorylation, both ERKs and p38 MAPK
are required to maintain complete phosphorylation.

Materials and methods

Materials

ATPyS, RpcAMP, dimethyl sulfoxide, dithiothreitol, leupeptin,
trans-epoxy succinyl-L-leucylamido-(4-guanidino)butane
(E64) and phenyl methyl sulphonyl fluoride (PMSF) were
obtained from Sigma Chemical Co. (St. Louis, MO, USA).
SB203580, PD98059, GF109203X, U0126 and H89 were
obtained from Calbiochem (La Jolla, CA, USA). Bradford
protein assay reagent was from Bio-Rad (Hercules, CA, USA).
Nitrocellulose (0.45 um) was obtained from Schleicher &
Schuell (Keene N.H. 03431, USA). Rabbit polyclonal antibod-
ies specific for the phosphorylated MSK1 (Ser376) and the
dually phosphorylated p38 MAPK were obtained from Cell
Signaling (Beverly, MA, USA). A mouse monoclonal anti-
body to phosphorylated ERK 1/2 was also from Cell Signaling
(Beverly, MA, USA). Antibody to cPLA, and Western blot-
ting chemiluminescence reagent kit were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Prestained molecu-
lar mass markers were from New England Biolabs (Beverly,
MA, USA). Secondary antibodies were from DAKO (High
Wycombe, Buckinghamshire, UK). X-OMAT AR film was
purchased from Eastman Kodak Co. (New York, USA). Gen-
eral laboratory reagents were from Sigma Chemical Co. (St.
Louis, MO, USA) or Merck (Darmstadt, Germany).

Cell isolation

Ventricular cardiac myocytes were isolated from 200-250 g
adult male Wistar rats by retrograde aortic perfusion as pre-
viously described [15], with minor modification. Briefly, the
hearts were perfused for 5 min with Krebs-Henseleit medium
(hereafter referred to as incubation medium) containing in
mM: 25 NaHCO,, 4.7 KCl, 118.5 NaCl, 1.2 MgSO,7H,0, 1.2
KH,PO,, 10 glucose and 5 uM added Ca** as CaCl,. Perfu-
sion continued for 40 min with incubation medium contain-
ing 0.5 mg/ml collagenase (CLS1, Biochrom KG) and 50 pM
Ca?". The heart was gently dissociated through the bore of a
large-tip pipette, followed by two decantations to separate
dead cells. Cells were finally resuspended in incubation
medium, in which added Ca’" was gradually increased to 1
mM. Preparations were considered satisfactory only if the
yield of rod-shaped cells was more than 70%.

Cell treatment and lysis

Freshly isolated ventricular myocytes were bathed at 37°C
in incubation buffer containing ATPyS, inhibitors or vehicle
for various times, lysed in ice-cold buffer (lysis buffer) con-



taining 20 mM HEPES, pH 7.5, 20 mM B-glycerophosphate,
50 mM NaF, 2 mM EDTA, 0.2 mM Na,VO,, 5 mM dithio-
threitol (DTT), 10 mM benzamidine, 200 uM leupeptin, 10 uM
trans-epoxy succinyl-L-leucylamido-(4-guanidino)butane
(E64), 300 uM phenyl methyl sulphonyl fluoride (PMSF),
1% (v/v) Triton X-100) and extracted on ice for 30 min. Cell
lysates were centrifuged (10,000 g, 5 min, 4°C) and the
supernatants were boiled with 0.33 vol of SDS/PAGE sam-
ple buffer (0.33 M Tris/HCI, pH 6.8, 10% (w/v) SDS, 13%
(v/v) glycerol, 133 mM DDT, 0.2% (w/v) bromophenol blue).
For the preparation of subcellular fractions, cells were
lysed in lysis buffer without Triton X-100 and extracted on
ice for 5 min. Extracts were centrifuged (10,000 g, 15 min,
4°C) to separate the membranous from the cytosolic fractions.
The pellet was washed with lysis buffer and resuspended in
lysis buffer containing 1% Triton X-100. Protein concentra-
tions were determined using the BioRad Bradford assay.

Immunoblot analysis

Proteins were separated by SDS-PAGE on 10% (MAPKs) or
8% (w/v) (MSK1, cPLA)) acrylamide, 0.275% (w/v) bis-
acrylamide slab gels and transferred electrophoretically
onto nitrocellulose membranes (0.45 pm). Membranes were
blocked with TBS-T (20 mM Tris-HCl, pH 7.5, 137 mM
NaCl, 0.1% (v/v) Tween 20) containing 5% (w/v) nonfat milk
power for 30 min at room temperature, and then incubated
with the appropriate antibody (1:1000 dilution in TBS-T con-
taining 5% w/v BSA) at 4°C overnight. Proteins were detected
with horseradish peroxidase (HRP) conjugated secondary anti-
body (1:5000 dilution in TBS-T containing 1% (w/v nonfat
milk powder, 1 h, room temperature) and were visualized by
enhanced chemiluminescence. Scanning densitometry was
used for semiquantitative analysis of the data.

Statistics

Data are presented as mean *+ S.E.M. of n independent ex-
periments. Statistical analyses (ANOVA with Dunnet post-
test or two-tailed Student’s t-test where appropriate) were
performed using Instat (Graph Pad Software, San Diego, CA,
USA) with significance taken as being established at p <0.05.

Results

Extracellular ATP-stimulated ERK1/2 and p38 MAPK
activation in cardiac myocytes

To investigate the activation of ERK1/2 and p38 MAPK by
purinergic receptors in cardiac myocytes, we determined the
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phosphorylation of these kinases by immunoblotting with
antibodies specific for the dually phosphorylated forms of
each of the subfamilies after exposure to ATPyS over a 0.5—
20 min period. ATP stimulated the rapid and transient acti-
vation of ERK1/2 (Figs 1A and 1B). Maximal activation
¢ 6-fold compared with the controls) of ERK1/2 was ob-
served within 2 min of ATP addition and returned to basal
levels within 20 min. A different time-course was observed
for the phosphorylation and activation of p38 MAPK (Figs
1C and 1D). p38 MAPK phosphorylation by ATP was of simi-
lar magnitude but delayed compared to that of ERK1/2,
showing a maximal increase (~ 6.5-fold compared with the
controls) at 10 min and remaining considerably elevated up
to 20 min.

Mechanisms of ATP-induced ERK1/2 and p38 MAPK
activation

To investigate the mechanism of purinergic activation of
ERK /2 we first examined the effect of a specific inhibitor
of MEK 1/2, PD98059 [16]. The ERK activation is believed
to proceed through Raf, which phosphorylates and activates
MEK 1/2. PD98059 inhibits the activation of MEK1 and to a
lesser extent MEK2, both of which are involved in ERK1/2
activation. As shown in Figs 2A and 2B, PD98059 (10 uM)
completely abolished ERK1/2 activation by ATP suggesting
that MEK 1/2 are involved in ATP-induced ERK1/2 activa-
tion. Similar results were obtained when another structurally
distinct inhibitor of MEK1/2, U0126 [17], was used (data not
shown). SB203580, a p38 MAPK inhibitor, had no effect on
ERK1/2 phosphorylation by ATP.

To assess the involvement of PKC in ATP-induced ERK1/
2 activation, cardiac myocytes were pretreated with the spe-
cific PKC inhibitor GF109203X [18]. GF109203X at a con-
centration of 1 uM completely blocked ATP-induced ERK1/
2 phosphorylation. When RpcAMP, a known PK A inhibitor,
was used, ERK1/2 phosphorylation was not affected. In all
cases, controls with the inhibitors alone were included (Figs.
2A and 2B).

We also examined the effects of these drugs on the activa-
tion of p38 MAPK to determine whether the same upstream
mechanisms are involved in the activation of ERKs and p38
MAPK in cardiac myocytes. GF109203X markedly reduced
p38 MAPK phosphorylation induced by ATP (Figs 2C and
2D). In contrast to its lack of effect on ERK1/2 phosphoryla-
tion, the PKA inhibitor RpcAMP partially inhibited p38
MAPK phosphorylation reducing it to 50% of its control
ATP-stimulated value at 10 min. This was further confirmed
using two other PKA inhibitors, H89 and PKI, which both
showed similar partial inhibition (data not shown). Further-
more, pre-exposure of cardiac myocytes to SB203580 com-
pletely abolished the p38 MAPK increase in phosphorylation.
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Fig. 1. Phosphorylation of MAPKs by ATPyS. Cardiac myocytes were exposed to 30 pM ATPyS for the times indicated. Extracts were subjected to SDS/
PAGE and immunoblotted with an antibody selective for phospho-ERK1/2 (A) or phospho-p38 MAPK (C). Immunoblotted ERK1/2 and p38 MAPK were
quantified by laser scanning densitometry (B and D). Results are means + S.E.M. of 3 independent experiments.
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Fig. 2. Effect of various inhibitors on MAPK phosphorylation by ATPyS. Cardiac myocytes were either left untreated or preincubated with SB203580
(10 uM), PD98059 (10 pM), GF109203X (1 uM) or Rp-cAMP (100 pM). Then they were incubated in the absence of agonists or in the presence of 30 pM
ATPYS, for 5 min (A, B) or 10 min (C, D). Cell extracts were immunoblotted for phosphorylated ERK1/2 (A) or p38 MAPK (C). These experiments were
repeated 3 times with comparable results. ERK1/2 and p38 MAPK phosphorylation was quantified by laser scanning densitometry and plotted (B, D). The
results are presented as mean + S.E.M. of 3 independent experiments. *Significant inhibition of ERK1/2 or p38 MAPK phosphorylation (p < 0.05, ANOVA
with Dunnet post-test) when compared with identically treated cells in the absence of inhibitors.



Although it was originally reported that SB203580 inhibition
is through the binding to the ATP pocket, thus inhibiting the
activity of the kinase [19], this finding was not unexpected.
There are a number of recent reports where it is shown that
SB203580 also inhibits the phosphorylation of p38 MAPK
[20, 21].

Extracellular ATP stimulates MSK1 phosphorylation

The MAPKSs regulate a variety of different biological proc-
esses through their actions in the cell cytoplasm and nucleus.
Recently MSK1 has been identified as a downstream target
of ERK and p38 MAPK pathways [22]. We therefore exam-
ined the time course of phosphorylation of MSK1 in response
to ATP stimulation. Exposure of cardiac myocytes to ATP, in-
creased the phosphorylation level of MSK1 as assessed by
immunoblotting with an antibody specific for the kinase when
phosphorylated at Ser376 (Fig. 3). The activation was rapid
and maximal levels (~ 7-fold compared with the controls) were
attained at 5 min after exposure to agonist. MSK 1 phosphor-
ylation was no more detected 20 min after stimulation.

Temporal differences in MSK1 response to inhibitors

Because both ERK1/2 and p38 MAPK are capable of phos-
phorylating and activating MSK1 [22] we used the MEK
(PD98059 and U0126) and p38 MAPK (SB203580) inhibi-
tors whose specificity is demonstrated in Fig. 2, to evaluate
the relative roles of these MAP kinases in MSK 1 activation in
cardiac myocytes. We also used the PKC inhibitor GF109203X
and the PKA inhibitor RpcAMP. Since we established that
the time course of the ATP-induced activation was different
for ERK1/2 and p38 MAPK (Fig. 1), the effects of the inhibi-
tors were assessed 5 and 10 min after the purinergic stimula-
tion. Interestingly, the effects of SB203580 and RpcAMP on
the phosphorylation level of MSK1 varied with the time of
stimulation (Fig. 4). After 5 min, phosphorylation was almost
completely inhibited by PD98059 or U0126, but it was only
partially prevented by SB203580 (Figs 4A and 4B). Similarly,
prior treatment of cardiac myocytes with GF109203X re-
sulted in a marked reduction of MSK1 phosphorylation.
When both PD98059 and SB203580 were included in the
incubation medium, the phosphorylation of MSK 1 was com-
pletely inhibited. However, at this time point RpcAMP (or
H89) had no effect on the activation of MSK1. After 10 min
of stimulation with ATP, SB203580 inhibited to a greater
extent the phosphorylation of the kinase; however to a value
not significantly different from the extent of inhibition by
PD98059 (Figs 4C and 4D). Similarly, preincubation of car-
diomyocytes with Rpc AMP before ATP stimulation, resulted
in 82% inhibition of MSK1 phosphorylation.
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Fig. 3. Phosphorylation of MSK1 by ATPyS. Cardiac myocytes were ex-
posed to 30 uM ATPyS for the times indicated. Cell extracts were subjected
to SDS/PAGE and immunoblotted with an antibody which detects phospho-
rylated MSK1 (Ser376) (A). Phosphorylation of MSK 1 by ATPyS was quan-
tified by laser scanning densitometry (B). Results are means £ S.E.M. of 4
independent experiments.

Time course of the ATP-stimulated cPLA, activation

MSK1 was recently implicated as the responsible kinase for
the phosphorylation and activation of cPLA, after purinergic
stimulation of cardiac myocytes [8]. In view of the temporal
differences in the maximal activation of ERK1/2, p38 MAPK
and MSK1 (Figs 1 and 3), we sought to establish the time-
course of the ATP-induced cPLA, activation and compare it
with that of the kinases. cPLA, is fully activated by both
phosphorylation and increases in intracellular calcium that
drive its translocation from the cytosol toward the mem-
branes. The reduced electrophoretic mobility of the enzyme
due to its phosphorylation on Ser505, has also been used to
assess activation of cPLA,. We could not detect any change
in electrophoretic mobility of cPLA, in response to pur-
inergic stimulation of cardiomyocytes (data not shown).
However, it has been recently shown that cPLA, can also be
phosphorylated at other sites, in particular Ser727, without
impact on its gel mobility [23]. We thus determined the re-
distribution of cPLA, from the cytosol to membranes in re-
sponse to ATP in order to assess cPLA, activation. As shown
in Fig. 5, purinergic stimulation triggered a rapid transloca-
tion of cPLA, with the maximal effect being observed at 10
min. These results fit with the time course of MSK1 activa-
tion. This type of temporal relationship suggests a cause and
effect relationship between the activation of MSK1 and that
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Fig. 4. Effect of various inhibitors on MSK|1 phosphorylation by ATPyS. Cardiac myocytes were either left untreated or preincubated with SB203580 (10
uM), PD98059 (10 uM), GF109203X (1 uM), or Rp-cAMP (100 pM). They were incubated in the absence of agonists or in the presence of 30 uM ATPyS for
5 min (A, B), or 10 min (C, D). Proteins were separated by SDS/PAGE and phospho-MSK1 was detected via Western blot analysis (A, C). Blots were quan-
tified by laser scanning densitometry (B, D). Results are means + S.E.M. of 3 independent experiments. *Significant inhibition of MSK1 phosphorylation (p
<0.05, ANOVA with Dunnet post-test) when compared with identically treated cells in the absence of inhibitors. *Significant difference in MSK1 phospho-
rylation when compared with cells treated with SB203580. ~Significant difference in MSK1 phosphorylation when compared with cells treated with RpcAMP.

of PLA,. Further support for this conclusion had been ob-
tained by the inhibition of ATP induced PLA, and AA release
by R0312080, which inhibits MSK1 activation [8].

Discussion

Extracellular ATP has a diverse range of biological effects in
the cardiovascular system both in physiological and patho-
logical conditions. ATP is released from the nerve terminals
as a cotransmitter with norepinephrine and acetylcholine and
affects both the choronotropy and inotropy of the heart. In
addition, high extracellular ATP concentrations, such as those
found locally during ischemia modulate the activity of ex-
changers and various transmembrane ionic currents lead-
ing to acidosis, Ca?* overload and cell depolarization. These
mechanisms could account for the early electrical distur-
bances observed under this pathologic condition. Recent
studies in other cell systems also suggest that extracellularly
applied ATP may trigger more slowly acting signal transduc-
tion cascades to mediate changes in cellular proliferation,
growth and differentiation and apoptosis [24, 25]. Further-
more, in cardiac myocytes, ATP increases the expression of

immediate-early genes such as c-fos and jun-B although it
does not induce cell hypertrophy [26]. In fact, it has been
shown that ATP inhibits adrenergic agonist induced hyper-
trophy in neonatal cardiac myocytes [27]. Activation of
MAPK pathways could be important in the regulation of tran-
scriptional events. MAPKSs are activated in response to a
variety of different stimuli and participate in various intrac-
ellular signaling pathways that control a wide spectrum of
cellular processes including cell growth, differentiation and
stress responses. It has been shown that ATP activates ERKs
in neonatal cardiac myocytes although this activation has
been dissociated from the hypertropic response [28]. In ad-
dition ERKs and p38 MAPK are activated in adult rat car-
diac myocytes [8, 28] leading to the activation of PLA, and
arachidonic acid release.

In the present study we demonstrate that, although both
ERKs and p38 MAPK were phosphorylated to about the same
extent in adult rat cardiac myocytes in response to purinergic
stimulation, the pattern of activation of these two kinases is
different. Phosphorylation of ERK1/2 is rapid and transient
whereas p38 MAPK phosphorylation is induced more slowly
and is sustained for at least 20 min. Specific inhibitors of ERK
and p38 MAPK pathways have been a powerful tool in the
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Fig. 5. ¢PLA, translocation to membranes after exposure of adult rat cardiac myocytes to ATPyS. Cardiac myocytes were exposed to 30 uM ATPyS for the
time indicated. Cytosolic and membrane fractions were subjected to SDS/PAGE and immunoblotted with anti-cPLA, antibody (A, C). cPLA, from cytosolic
(B) and membrane fractions (D) were quantified by laser scanning densitometry. Each point represents the mean £ S.E.M. of 5 independent experiments.

delineation of MAPK signaling in response to numerous stim-
uli. PD98059 and U0126 are selective inhibitors of MEK1/2
[16, 17] and have been used extensively to implicate MEK 1/
2 inregulating ERK1/2. Both drugs completely inhibited phos-
phorylation and activation of ERK1/2 (Figs 2A and 2B) im-
plicating that the kinase is phosphorylated predominantly via
the Raf/MEK pathway. Furthermore, the use of the specific
PKC inhibitor, GF109203X, revealed that activation of both
ERKSs and p38 MAPK by ATP is PKC-dependent (Fig. 2).
However, it is not clear whether the effect of PKC is independ-
ent of Raf activation or not. Similar results have been reported
with o, -adrenergic stimulation of neonatal cardiac myocytes
where activation of both ERK1/2 and p38 MAPK by phenyle-
phrine was PKC-dependent [29, 30].

Purinergic stimulation of cardiomyocytes increases cAMP
content through a Gs-mediated activation of adenyl cyclase
isoform V [31]. Here we confirm previous results [8] that the
PKA inhibitor has an inhibitory effect on p38 MAPK phos-
phorylation while it does not affect ERK phosphorylation
(Fig. 2). These results are further supported by the use of two
other PKA inhibitors H89 and PKI. In the case of H89, the
inhibitor at the concentration used (10 uM), had a slight
stimulatory effect on ERKSs. This is consistent with the no-
tion that cAMP has a stimulatory and inhibitory effect on B-
Rafand c-Raf-1, respectively [32] and previous findings that
only c-Raf is present in rat neonatal cardiomyocytes [33].

To date, little is known on the regulation of the downstream
molecular targets of ERK1/2 and p38 MAPK in the adult
heart. Recently a new MAPK target protein, MSK 1, has been
identified [22]. In HEK293 cells, MSK 1 is activated in an
ERK-dependent manner by stimulation with phorbol esters
or EGF whereas activation induced by UV irradiation, oxi-
dative stress and other cell damaging stimuli is mediated
through p38 MAPK. Here, we show that purinergic stimula-
tion, which activates both ERKs and p38 MAPK in cardiac
myocytes, also induces the phosphorylation of MSK1 (Fig.
3). The different temporal patterns of activation of ERKs and
p38 MAPK by ATP would seem to indicate a distinct role for
each of these MAPKs in MSK1 activation. Activation of
MSK1 is rapid and closely follows the phosphorylation of
ERK1/2. The parallel kinetics of ERKs and MSK 1 phospho-
rylation could imply that phosphorylation by this MAPK is
compulsory for MSK1 activation. This is further supported
by the observation that the MEK inhibitors, PD98059 and
U0126, almost completely inhibited MSK1 phosphorylation
(Fig. 4). However, the inhibition of MSK1 phosphorylation
observed in the presence of SB203580 (Fig. 4) implies that
activation of the kinase may not be solely maintained by
ERKs but by p38 MAPK as well. It is of interest that after
10 min stimulation with ATP, when p38 MAPK is fully acti-
vated, MSK1 phosphorylation was greatly reduced in the
presence of SB203580 or RpcAMP. These results clearly
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indicate that p38 MAPK plays a role in MSK1 phosphoryla-
tion. However, at 20 min after purinergic stimulation, when
p38 MAPK activation is still quite high but ERK activity has
returned to basal levels (Fig. 1), MSK 1 phosphorylation can-
not be detected (Fig. 3) indicating that p38 MAPK alone
cannot maintain phosphorylation of MSK1. Taken together
the above results suggest that ERK1/2 act to trigger the phos-
phorylation of MSK1 and that both ERK1/2 and p38 MAPK
appear to be required for full activation of MSK1 in cardiac
myocytes in response to purinergic agonists.

The physiological role of activated MSK1 in cardiac myo-
cytes is unknown. In other cell types, activated MSK1 has
been shown to phosphorylate nucleosomal components such
as histone H3/HMG-14 [34] as well as transcription factors
such as cAMP-response element binding protein (CREB) and
ATF1 [22, 35], indicating that it may play a role in the regu-
lation of gene expression. In a previous study [8], it has been
shown that Ro318220, a specific MSK1 inhibitor [22] mark-
edly reduced cPLA, translocation and 1., activation in
adult rat cardiac myocytes, as did inhibition of ERKs and p38
MAPK. These results suggest that MSK1 integrates signals
from ERKs and p38 MAPK and then activates cPLA,. In this
study, we showed that the temporal increase in cPLA, trans-
location to the membranes (Fig. 4) closely followed MSK1
phosphorylation. These results further support the notion that
cPLA, is a downstream target of MSK1.

In conclusion, we showed that purinergic stimulation of
rat cardiomyocytes activates ERKs and p38 MAPK with a
distinct temporal pattern. ERKs activation proceeds through
the Raf/MEK pathway and its is PKC-dependent whereas
both PKC and PKA regulate p38 MAPK signaling. We also
demonstrated that under ATP stimulation of cardiomyo-
cytes, MSK1 is phosphorylated with kinetics parallel to that
of ERKs phosphorylation. The results from the use of vari-
ous inhibitors of the ERK and p38 MAPK pathways on the
phosphorylation of MSK1 suggest that ERKs initiate the re-
sponse but both types of MAP kinases, ERKs and p38 MAPK,
are required for the maintenance of the MSK1 phosphoryla-
tion. The temporal relationship of MSK 1 phosphorylation and
cPLA, translocation to the membranes, taken together with
previous findings [8], is an indication that cPLA, may be a
downstream target of MSK1.
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Abstract

It has been recently shown that long-term thyroxine administration increases the tolerance of the heart to ischaemia. The present
study investigated whether thyroxine induced cardioprotection involves alterations in the pattern of p38 mitogen activated protein
kinase (p38MAPK) and c-Jun NH,-terminal kinases (JNKs) activation during ischaemia-reperfusion. L-thyroxine (T4) was
administered in Wistar rats (25 pg/100 g/day, subcutaneously) for 2 weeks (THYR), while normal animals served as controls
(NORM). NORM and THYR isolated rat hearts were perfused in Langendorff mode and subjected to 10 or 20 min of zero-
flow global ischaemia only and also to 20 min of ischaemia followed by 10, 20 or 45 min of reperfusion. Postischaemic recov-
ery of left ventricular developed pressure at 45 min of reperfusion was expressed as % of the initial value. Activation of p38
MAPK and JNKs was assessed at the different times of the experimental setting by standard Western blotting techniques using
a dual phospho p38MAPK and phospho JNKs (p46/p54) antibodies. Activation of p38 MAPK was significantly attenuated
during ischaemia and reperfusion in thyroxine treated hearts compared to normal hearts. JNKs were found to be activated only
during the reperfusion period. The levels of phospho JNKs were found to be lower in thyroxine treated hearts as compared to
untreated hearts, though not at a statistically significant level. Postischaemic functional recovery was higher in THYR as com-
pared to NORM, p < 0.05. In summary, in hearts pretreated with thyroxine, p38 MAPK was attenuated during ischaemia and
at reperfusion and this was associated with improved postischaemic recovery of function. (Mol Cell Biochem 242: 173180,

2003)

Key words: thyroid hormone, ischaemia, p38 MAPK, JNK, rat heart, ischaemic preconditioning

Introduction shown to be one of the most powerful means of protection
currently available [1].
Over the past years various therapeutic approaches have been Thyroid hormone has been recently found to play an im-
suggested for the protection of the heart against ischaemic portant role in the adaptive response of the heart to various
injury. Interventions targeting the preischaemic period are ischaemic insults. In fact, long-term thyroxine pretreatment
thought to be an effective therapeutic strategy that potentially renders the heart more resistant to sustained ischaemic injury
can be applicable in clinical practice. Ischaemic precondition- [2] and this effect was found to be potentiated by cardiopro-
ing and pharmacological mimicking of this phenomenon are tective means such as ischaemic preconditioning [3]. Several
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studies show that the heart is one of the most thyroid hor-
mone-responsive tissues in the body and therefore it is expected
that thyroxine treatment could potentially exert various physi-
ological effects on the myocardium [4]. It is already known
that thyroxine administration can regulate the transcription
of a variety of myocyte specific genes and it has been sug-
gested that thyroxine could be a suitable inotropic agent that
can be used in various clinical conditions [4]. Furthermore,
recent studies have demonstrated that thyroxine can also reg-
ulate cardiac metabolism as well as intracellular molecules
that are found to be involved in cardioprotection, effects that
potentially could alter the adaptive response of the heart to
ischaemia [2, 5, 6]. In fact, long-term thyroxine administra-
tion was found to be associated with increased induction of
hsp70 mRNA and attenuation of p38 Mitogen Activated Pro-
tein Kinase (p38MAPK) activity in response to ischaemia and
reperfusion [2]. Such intracellular changes could potentially
account for the cardioprotection conferred by thyroxine pre-
treatment. However, the exact mechanisms of thyroxine in-
duced cardioprotection is a topic that remains to be further
investigated.

Recent research concerning the underlying mechanisms of
the adaptive response of the heart against various ischaemic
insults has emphasized the important role of the mitogen
activated protein kinases in that response. In fact, it has been
shown that part of the cellular response to ischaemic stress
involves activation of several members of the mitogen acti-
vated protein kinase family such as p38 MAPK and c-Jun
NH, terminal kinases (JNKs) [7]. In the isolated perfused
heart, p38 MAPK can be activated by global ischaemia and
this activation is maintained during reperfusion [8, 9]. In the
same model, INKs are not found to be activated by ischae-
mia, whereas they can be activated by reperfusion following
ischaemia [8—10]. However, it remains unclear whether ac-
tivation of these kinases is detrimental for cell survival or
it is a part of a protective mechanism against ischaemia or
ischaemia and reperfusion. Current evidence indicates that
the duration and/or intensity of the stimulus possibly deter-
mines the pattern of their activation and their effect, benefi-
cial or deleterious, on cell survival against various stresses
[11, 12]. In fact, transient activation of p38 MAPK was
found not to have a deleterious effect on the cell, whereas
sustained activation of p38 MAPK induces apoptosis that
can be attenuated by inhibition of p38 MAPK activation
[12]. Along with these lines, a few studies have shown that
in cardioprotective manipulations such as ischaemic and
pharmacological preconditioning, the activation of p38 MAP
kinase during the following prolonged ischaemia is found
to be attenuated [ 13, 14]. Furthermore, recent studies showed
that interventions that could interfere with intracellular events
not only during the preischaemic or ischaemic period but
also during the reperfusion phase can determine the extent
of ischaemic injury [14, 15]. However, the pattern of acti-

vation of p38 MAPK and JNKs particularly and its possi-
ble correlation to protection has been poorly investigated
in the context of cardioprotective interventions targeting the
preischaemic period.

In the present study, we extended our previous work on
thyroxine induced cardioprotection by examining the activa-
tion pattern of p38 MAPK and JNKs during ischaemia and
reperfusion in thyroxine pretreated and normal hearts as well
as in ischaemically preconditioned hearts and its possible
correlation to postischaemic functional recovery.

Materials and methods
Animals

Eighty Wistar male rats (280—320 g) were used for this study.
The rats were handled in accordance with the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health (NTH Publication No 85-23,
revised 1985).

Thyroxine administration

L-Thyroxine (T4) (Sigma Chemicals, St. Louis, MO, USA)
(25 pg/100 g body wt) was given subcutaneously once daily
for 14 days. This treatment results in a long-term moderate
hyperthyroidism. Normal rats were treated with normal sa-
line given once daily for 14 days [2, 3, 6, 16, 17].

Isolated heart preparation

A non-gjecting isolated rat heart preparation was perfused at
constant coronary flow according to the Langendorff tech-
nique, as previously described [2, 3, 6, 17]. In this model,
coronary flow per gram of cardiac tissue was similar in all
the experimental groups. Rats were anaesthetized with in-
traperitoneal injection of ketamine hydrochloric acid and
heparin 1000 IU/kg was given intravenously before thora-
cotomy. The hearts were perfused with oxygenated (95% O,/
5% CO,) Krebs-Henseleit buffer at a constant temperature of
37°C and were paced at 320 bpm with a Harvard pacemaker.
The pacemaker was turned off during the period of ischae-
mia. Postischaemic function was assessed by the recovery of
the left ventricular developed pressure that was measured at
the end of the reperfusion period and was expressed as % of
the initial value (LVDP%). Severity of ischaemic contracture
(increase in minimal value of ventricular pressure during
ischaemia) was assessed by the time to peak contracture, T
in min and by the magnitude of peak contracture, C__ in
mmHg [2, 3, 6, 17].



Total protein preparation, SDS-PAGE and immunoblotting

Protein analysis was performed as previously described [2].
Briefly, 0.2 g frozen tissue was homogenized in ice-cold Tris-
sucrose buffer (0.35 M sucrose, 10 mM Tris-HCI pH = 7.5,
1 mM ethylenediaminetetraacetic acid (EDTA), 0.5 mM di-
thiothreitol (DTT), 0.1 mM phenylmethylsulfonylfluoride
(PMSF)) and the resulting homogenate was centrifuged at
15000 g for 20 min at 4°C. Protein concentrations were de-
termined by the bicinchoninic acid (BCA) method using
bovine serum albumin (BSA) as a standard.

After boiling for 5 min in Laemmli sample buffer, protein
aliquots (40 pg) were loaded onto 12% (w/v) acrylamide gels
and subjected to SDS-PAGE. After Western blotting, filters
were probed with specific antibodies against dual phospho-
p38 MAPK, total p38 MAPK (1:1000, New England Biolabs,
Hitchin, Herts, UK), phospho-JNK, total INK (1:1000, New
England Biolabs, Hitchin, Herts, UK) and phospho-MKK3/
6 (1:1000, New England Biolabs, Hitchin, Herts, UK) and
immunoreactivity was detected by enhanced chemilumines-
cence. Immunoreactivity was expressed as ratio of the opti-
cal densities of dual phospho-p38 and phospho-JNK to total
p38 MAP kinase and JNK optical densities, respectively.
Phospho-MKK3/6 immunoreactivity was expressed as ratio
of the optical density of phospho-MKK3/6 to total JNK op-
tical density.

Experimental protocol

Normal and thyroxine treated hearts were stabilized for 20 min
without being subjected to any ischaemic stress and were used
for baseline measurements: NORM(base), n =4 and THYR-
(base), n=5.

Normal and thyroxine treated hearts after initial stabiliza-
tion period were subjected to (i) 10 min of zero-flow global
ischaemia; NORM(10I),n=4, THYR(10I), n =5, (ii) 20 min
of zero-flow global ischaemia; NORM(20I), n = 4, THYR-
(201), n = 4, and (iii) 20 min of zero-flow global ischaemia
followed by 10 min of reperfusion; NORM(201/10R), n =5,
THYR(20I/10R), n = 5, (iv) 20 min of zero-flow global is-
chaemia followed by 20 min of reperfusion; NORM(20V/
20R), n =5, THYR(20I/20R), n =5, (v) 20 min of zero-flow
global ischaemia followed by 45 min of reperfusion; NORM-
(20I/45R), n = 9, THYR(20I/45R), n = 6.

Normal hearts after initial stabilization period were sub-
jected to four cycles of brief episodes of ischaemia and re-
perfusion consisting of 3 min of zero-flow global ischaemia,
5 min of reperfusion, and three cycles of 5 min of ischaemia
and 5 min of reperfusion followed by (i) 10 min of zero-flow
global ischaemia; NORM-P¢(101), n =5, (ii) 20 min of zero-
flow global ischaemia; NORM-Pc(20I), n = 4, (iii) 20 min
of zero-flow global ischaemia followed by 10 min of reper-
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fusion; NORM-Pc(201/10R), n = 5, (iv) 20 min of zero-flow
global ischaemia followed by 20 min of reperfusion; NORM-
Pc(201/20R), n = 5, (v) 20 min of zero-flow global ischae-
mia followed by 45 min of reperfusion; NORM-Pc(201/45R),
n==6.

Statistical analysis

Values are presented as mean (S.E.M). Unpaired ¢-test and
Mann-Whitney test were used for differences between groups.
A two-tailed test with a p value less than 0.05 was consid-
ered significant.

Results

Parameters of cardiac function

Left ventricular developed pressure at the end of the sta-
bilization period (LVDP) and at the end of reperfusion
(LVDP45), left ventricular end diastolic pressure at 45 min
of reperfusion (LVEDP45), LVDP%, T and C__ for all
groups are shown in Table 1.

Activation of p38 MAPK during sustained ischaemia

Activation of p38 MAPK during sustained ischaemia was
assessed by the dual phosphorylation of p38 MAPK and the
levels of phospho-p38 at different time points of the ischae-
mic phase are shown in Fig. 1A. In normal hearts, p38 MAPK
was found to be activated at 10 min of ischaemia and this
activation was further increased at the end of ischaemia (Fig.
1A). In thyroxine treated hearts, p38 MAPK was also found
to be activated at 10 min of ischaemia, whereas returned to
baseline levels at the end of ischaemia. A similar pattern of
activation of p38 MAPK was found in preconditioned hearts
(Fig. 1A).

At 10 min of ischaemia, phospho-p38 MAPK was 1.5 fold
more in NORM(10I) as compared to THYR(10I) hearts, p <
0.05, and 1.2 fold more as compared to NORM-Pc(10D), p =
0.1. At 20 min of ischaemia, phospho-p38 MAPK was found
to be 1.9 fold more in NORM(20I) as compared to THYR-
(201) hearts, p < 0.05, and 2.0 fold more as compared to
NORM-Pc(200), p < 0.05 (Fig. 1A).

In addition, in thyroxine treated hearts, the upstream acti-
vators of p38 MAPK, MKK3/6, were also found to be less
activated during sustained ischaemia as compared to normal
hearts. In fact, phospho-MKK3/6 were 1.5 and 2 fold more
in normal than in thyroxine-treated hearts at 10 and 20 min
of ischaemia respectively, p < 0.05.
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Table 1. Left ventricular developed pressure at the end of the stabilization period (LVDP in mmHG) and at 45 min of reperfusion (LVDP45 in mmHG), left
ventricular end-diastolic pressure at 45 min of reperfusion (LVEDP45 in mmHg), recovery of left ventricular developed pressure (LVDP%), time to peak

contracture (T__ in min) and magnitude of peak contracture (C
values are mean (S.E.M.).

‘max

in mmHg) in NORM(201/45R), THYR(201/45R) and NORM-Pc(201/45R) groups. The

Group LVDP LVDP LVDP LVEDP T, C.u
baseline 45 min reperfusion % 45 min reperfusion

NORM(201/45R) 123.8 54.1 42.9 66.6 - 65.3
n=9) (4.6) 6.5) “.1) 6.3) (2.5)

THYR(201/45R) 117.0 78.6* 67.6* 45.8* 10.5 98.5
(n=6) (4.8) 4.7) (4.2) 4.3) 0.9) (7.8)*

NORM (Pc+20I/45R) 129 97.1% 75.2% 35.7* 14.5 74.4
(n=06) (8.1) (10.9) (8.3) (7.8) (1.9) (11.2)

*p < 0.05 vs. NORM(201/45R).

Activation of p38 MAPK during reperfusion

In normal hearts, p38 MAPK was found to be activated at 10
min of reperfusion and this activation was further increased
at 20 min of reperfusion, while declined at the end of reper-
fusion (Fig. 1B). In thyroxine treated hearts, p38 MAPK was
also found to be activated at 10 min of reperfusion, further
increased at 20 min of reperfusion but returned to baseline
levels at the end of reperfusion (Fig. 1B). In preconditioned
hearts, the activation of p38 MAPK followed a similar pat-
tern as in thyroxine treated hearts (Fig. 1B).

The levels of phospho-p38 MAPK were not different be-
tween normal, thyroxine-treated and preconditioned hearts
at 10 and 20 min of reperfusion (Fig. 1B). At the end of re-
perfusion, phospho-p38 MAPK was found to be 1.7 fold
more in normal hearts as compared to thyroxine-treated
hearts, p < 0.05 and 1.3 fold more in normal hearts as com-
pared to preconditioned hearts, p = 0.09 (Fig. 1B).

Activation of JNKs during reperfusion

Activation of JNKs during reperfusion was assessed by the
dual phosphorylation of INKs and the levels of p54 and p46
JNK at different time points of reperfusion phase are shown
in Fig. 2. JNKs were not found to be activated during ischae-
mia (data not shown). JNKs were found to be activated at
10 min of reperfusion and this activation was further in-
creased at 20 min, and declined at the end of reperfusion,
though it remained above the baseline levels.

At 10 min of reperfusion, phospho-p54 JNK was found to
be 1.4 fold more in NORM(201I/10R) than in THYR(201/10R)
hearts, p < 0.05 and 1.4 fold more in NORM(20I/10R) than
in NORM-Pc(201/10R) hearts, p < 0.05. Phospho-p46 INK
was found to be 1.6 fold more in NORM(201/10R) than
in THYR(201/10R) hearts, p = 0.05 and 1.9 fold more in
NORM(20I/10R) than in NORM-Pc(20I/10R) hearts, p <

0.05. At 20 min of reperfusion JNKs were found to be equally
activated in all groups. At 45 min of reperfusion, phospho-
p354 JNK was 1.8 fold more and phospho-p46 JNK 1.9 fold
more in NORM(20I/45R) than in NORM-Pc(201/45R) hearts,
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Fig. 1. Phosphorylated p38 MAP kinase protein expression in normal
(NORM), thyroxine-treated (THYR) and ischaemically preconditioned
hearts (NORM-Pc) at different time points during ischaemia (A) and dur-
ing reperfusion (B). Base — baseline; I — ischaemia; R — reperfusion (col-
umns are means of optical ratios, bar = S.E.M.).
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Fig. 2. Phosphorylated p54 JNK (A) and p46 JNK (B) protein expression
in normal (NORM), thyroxine-treated (THYR) and ischaemically precon-
ditioned hearts (NORM-Pc) at different time points during reperfusion. Base
— baselines; I — ischaemia; R — reperfusion (columns are means of optical
ratios, bar = S.E.M.).

p < 0.05 while there was not a statistical difference between
NORM(201/45R) and THYR(201/45R) hearts.

Discussion

In the present study we evaluated the pattern of activation of
two subfamilies of the mitogen activated kinase family, the
p38 MAPK and JNKs throughout the entire experimental
setting of zero-flow global ischaemia and reperfusion in thy-
roxine treated and non treated isolated rat hearts in order to
shed some light on the role of these kinases in thyroxine in-
duced cardioprotection.

Activation of p38 MAPK during sustained ischaemia

Activation of p38 MAPK (as evidenced by the dual phospho-
rylation of this kinase) was found to occur at the early phase
of ischaemia (10 min) in both normal and thyroxine treated
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hearts. The phosphorylated p38 MAPK though was signifi-
cantly less in thyroxine treated hearts than in normal hearts.
Furthermore, at the end of the 20 min of ischaemia, p38
MAPK activation was found to decline and return to base-
line levels in thyroxine treated hearts, whereas activation of
p38 MAPK continued to increase in normal hearts. Thus, the
levels of the phosphorylated p38 MAPK were significantly
less in thyroxine treated than in untreated hearts. Furthermore,
the upstream activators of p38 MAPK, MKK3/6, were also
shown to have a similar pattern of phosphorylation to that of
p38 MAPK. This pattern of activation was associated with
improved postischaemic recovery of function in thyroxine
treated than in non treated hearts. Similar results were also
found for the preconditioned hearts. In fact, p38 activation
was attenuated at the end of ischaemia following a four cy-
cle preconditioning protocol, while it was less but not at a
statistical significance at the 10 min of ischaemia as compared
to normal hearts.

Several studies have clearly demonstrated that attenuation
of p38 activation during sustained ischaemic stress is corre-
lated with increased tolerance of the myocardium against an
1schaemic insult. In cell based models, it has been shown that
during lethal ischaemic stress sustained activation of p38
MAPK occurs and this results in cell death, while inhibition
of p38 MAPK activation during the ischaemic insult by a p38
MAPK inhibitor such as SB203580 was found to increase cell
survival [12, 13]. Furthermore, interventions targeting the
preischaemic period such as 1schaemic preconditioning [14,
18], SB202190 administration [18], isoproterenol adminis-
tration [19], or overexpression of active PKC3 in cell based
models [20] were shown to attenuate ischaemia induced p38
MAPK activation and this was associated with less ischae-
mic injury. On the basis of these data, it could be suggested
that the pattern of p38 MAPK activation that was observed
to occur in thyroxine treated hearts during ischaemia might be
an essential element of thyroxine induced cardioprotection.

Ischaemic contracture and activation of p38 MAPK during
ischaemia

It is known that, during global ischaemia, a rapid decrease
of myocardial contractility occurs, whereas diastolic pressure
is increased, a phenomenon known as ischaemic contracture.
In previous studies as well as in this study we have found that
thyroxine treated hearts display an abnormal pattern of con-
tracture [3, 17]. In fact, ischaemic contracture occurs earlier
in those hearts than in normal hearts. This early occurrence
of contracture has been related to earlier energy depletion
that occurs during ischaemia due to the lower levels of pre-
ischaemic myocardial glycogen that are found in thyroxine
treated as compared to normal hearts [21]. Interestingly, early
occurrence of contracture has been observed in various treat-
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ments that target the preischaemic period such as ischaemic
preconditioning {22], dobutamine [23], norepinephrine [24],
and even the administration of SB202190, a p38 MAPK in-
hibitor [18]. All of these interventions have also been found
to increase the tolerance of the heart to ischaemic stress [18,
22-24].

It is likely that this early energy deprivation that occurs dur-
ing ischaemia and has a profound effect on the mode of the
mechanical function of the heart, could potentially affect
energy dependent intracellular processes such as the acti-
vation of stress-induced mitogen activated kinases. In fact,
Gabai ef al. [25] have recently shown that, in a cell based
model, during ATP depletion, activities of stress kinases are
decreased to almost an undetectable level (because stress
kinase could not be phosphorylated by upstream kinases
without ATP), whereas restoration of ATP increased signifi-
cantly their activity. On the basis of those data one could
suggest that the attenuated and non sustained p38 MAPK
activation that is observed in thyroxine treated hearts during
ischaemia is probably the result of the early energy depriva-
tion that occurs in those hearts as compared to normal hearts.
This is also supported by the fact that a similar pattern of
p38 MAPK activation was found to occur in preconditioned
hearts in which ischaemic contracture was also shown to be
accelerated (Fig. 3).

The effects of reperfusion on p38MAPK and JNKs

The reperfusion phase has been poorly investigated in rela-
tion to preischaemic cardioprotective interventions. More-
over, the importance of the various events that occur during
reperfusion regarding cardioprotection remains largely un-
known. In the present study, in order to identify the possible
role of reperfusion phase in thyroxine induced cardio-
protection, we have investigated the effect of thyroxine pre-
treatment on the pattern of activation of p38 MAPK and JNKs
during reperfusion. This study was also extended to hearts
that were subjected to another means of protection such as
ischaemic preconditioning.

Our study showed that during the early (10 min) and mid-
dle (20 min) phase of reperfusion increased activation of p38
MAPK occurred to almost a similar degree in thyroxine and
in preconditioned hearts as compared to normal hearts. Fur-
thermore, at the end of reperfusion p38 MAPK activation
declined towards the baseline levels more rapidly though in
thyroxine treated hearts than in preconditioned and normal
hearts.

JNKs were also found to be activated at middle reperfusion
to a similar degree in thyroxine and preconditioned hearts as
compared to normal hearts. However, JNKs activation was
found to be delayed in thyroxine treated and preconditioned
hearts at 10 min of reperfusion as compared to normal hearts.

Magnitude of ischaemic A
contracture (mmHg) :

Duration of ischaemia (min)

Fig. 3. (A) Ischaemic contracture profiles of normal (NORM), thyroxine
treated (THYR) and ischaemically preconditioned hearts (NORM-Pc) sub-
jected to 20 min of ischaemia (bar = S.E.M.). (B) Western blots showing
the expression of phospho-p38 MAPK at 10 and 20 min of ischaemia in
NORM, THYR and NORM-Pc.

This finding could probably reflect a delayed energy resto-
ration that might occur at the onset of reperfusion in hearts
that displayed a greater energy deprivation (profound exac-
erbation of ischaemic contracture in preconditioned and thy-
roxine treated hearts) during the ischaemic phase. At the end
of reperfusion, JNKs activation declined but more rapidly in
preconditioned hearts than in thyroxine treated or normal
hearts. Attenuated activation of INK 1 has been also reported
to occur in preconditioned hearts at the end of reperfusion
following sustained ischaemia [26].

It appears that, at reperfusion, preischaemic interventions
such as thyroxine pretreatment as well as preconditioning can
modify the duration of activation of certain types of mitogen
activated kinases probably by altering their dephosphoryla-
tion process. This process is shown to be dependent on the
type of the cardioprotective intervention: increased decay of
p38 MAPK inactivation was more profound in thyroxine-
treated hearts whereas JNKs were more rapidly inactivated
in preconditioned hearts. The contribution though of these
particular changes to cardioprotection remains largely un-
known. However, it is worth noting that pharmacological



interventions that interfere with the dephosphorylation of
MAP kinases, such as vanadate (a phosphatase inhibitor),
were found to increase the tolerance of the cell to ischaemic
stress [27].

The present study shows that a specific pattern of activa-
tion of p38 MAPK occurs during ischaemia and reperfusion
in thyroxine treated hearts that possibly could account for the
conferred protection in those hearts. However, future stud-
ies with pharmacological interventions targeting specifically
the mitogen activated kinases dependent pathways at differ-
ent stages (ischaemia and/or reperfusion) will probably be
needed for better understanding of the underlying mecha-
nisms of thyroxine induced cardioprotection. This would be
of clinical and therapeutical importance since there is ongo-
ing clinical evidence that thyroid hormone alterations can
play an important role in the response of the heart to ischae-
mia. In fact, during acute myocardial infarction thyroid hor-
mone levels were found to be reduced and this was associated
with more severe infarcts and increased mortality [28, 29].
Interestingly, similar results were confirmed by experimen-
tal studies of acute myocardial infarction in which it was
shown that thyroid hormone levels are reduced acutely and
long-term administration of increased dose of thyroxine at
postischaemic period could reverse the extent of ischaemic
injury [30]. Furthermore, thyroid hormones are found to be
altered in other clinical conditions with increased incidence
of coronary events such as diabetes and heart failure [4].

In summary, our results indicate that in thyroxine treated
hearts p38 MAPK activation was attenuated both during is-
chaemia and reperfusion and this was associated with in-
creased postischaemic recovery of function.
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Abstract

Binding of ouabain to Na*/K*-ATPase activated multiple signal transduction pathways including stimulation of Src, Ras, p42/
44 MAPKs and production of reactive oxygen species (ROS) in rat cardiac myocytes. Inhibition of either Src or Ras ablated
ouabain-induced increase in both [Ca**], and contractility. While PD98059 abolished the effects of ouabain on [Ca*] it only
caused a partial inhibition of ouabain-induced increases in contractility. On the other hand, pre-incubation of myocytes with
N-acetyl cysteine (NAC) reduced the effects of ouabain on contractility, but not [Ca**],. Furthermore, 5-hydroxydecanoate (5-
HD) blocked ouabain-induced ROS production and partially inhibited ouabain-induced increases in contractility in cardiac
myocytes. Pre-incubation of myocytes with both 5-HD and PD98059 completely blocked ouabain’s effect on contractility.
Finally, we found that opening of mitochondrial K, , channel by diazoxide increased intracellular ROS and significantly raised
contractility in cardiac myocytes. These new findings indicate that ouabain regulates cardiac contractility via both [Ca*] and
ROS. While activation of MAPKSs leads to increases in [Ca®'], opening of mitochondrial K, channel relays the ouabain sig-

nal to increased ROS production in cardiac myocytes. (Mol Cell Biochem 242: 181-187, 2003)

Key words: Na'/K*-ATPase, ouabain, contractility, [Ca**], Ras/sMAPK, mitochondrial K, , channel, reactive oxygen species

Introduction

Na*/K*-ATPase is an energy-transducing ion pump in most
mammalian cells [1, 2]. It carries out the active transport of
Na* and K* across the plasma membrane using the energy
generated from hydrolysis of ATP. In the heart, this enzyme
also serves as a functional receptor for digitalis compounds
such as digoxin and ouabain [3-6]. Binding of ouabain to
cardiac Na*/K*-ATPase inhibits the ion pumping function of
the enzyme and increases myocyte contractility in the heart.
This effect on cardiac contractility serves as the basis for the
therapeutic use of digitalis drugs in the management of con-
gestive heart failure [3—6].

In recent years we have demonstrated that binding of oua-
bain to the Na*/K*-ATPase can also convert the enzyme into
a signal transducer [7—14]. It appears that ouabain promotes
the interaction of the Na*/K*-ATPase with Src, resulting in
activation of the kinase. The activated Src in turn binds to and
transactivates the epidermal growth factor receptor (EGFR),
leading to recruitment of adaptor protein Shc and subsequent
stimulation of Ras [12, 13]. Downstream from Ras ouabain
stimulates p42/44 mitogen-activated protein kinases (MAPKs)
and increases mitochondrial production of reactive oxygen
species (ROS) [10, 11]. Interestingly, activation of some of
these signal transduction pathways by ouabain is independent
of ouabain-induced changes in intracellular ion concentrations

Addpress for offprints: Z. Xie, Department of Pharmacology, Medical College of Ohio, 3035 Arlington Avenue, Toledo, OH 43614-5804, USA (E-mail:
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as well as in contractility of cardiac myocytes [13]. Signifi-
cantly, we have recently shown that the classic effects of oua-
bain on intracellular calcium ([Ca*'] ) also depend on the signal
transducing function of the Na*/K*-ATPase [14]. Inhibition of
either protein tyrosine kinases or Ras or p42/44 MAPKs, but
not ROS production diminishes ouabain-induced increases
in [Ca™].. These findings led us to extend the above investi-
gation and test the role of the signal transducing function of
the Na*/K*-ATPase in ouabain-induced regulation of contrac-
tility in cardiac myocytes. We report here that the effects of
ouabain on cardiac contraction not only depend on activation
of MAPKSs and the subsequent increase in [Ca®*], but also
require opening of mitochondrial K, , channels (mitoK
which causes an increase in intracellular ROS.

ATP)’

Materials and methods

Materials

Collagenase Type Il was from Worthington (Freehold, NJ,
USA). Indo-1-AM and CM-DCFH diacetate were obtained
from Molecular Probes (Eugene, OR, USA). Diazoxide and
5-HD were from Sigma (Saint Louis, MO, USA). PP2 was
purchased from Calbiochem (San Diego, CA, USA).

Cell preparation and culture

The same protocols were used to prepare Ca**-tolerant adult
rat ventricular myocytes as described in our previous work
[14, 15]. In brief, Sprague—Dawley rats weighing between
250-300 g were anesthetized with sodium pentobarbital
(60 mg/kg i.p.). The hearts were rapidly removed, attached
to an aortic cannula, and retrograde perfused for 15 min with
Joklik medium to wash out the blood, followed by 5 min
perfusion with a nominally Ca?-free Joklik medium supple-
mented with 20 mM creatine and 60 mM taurine. The heart
was then perfused with collagenase type II until the heart
became soft and flaccid. Myocytes were dissociated from the
left ventricle, harvested, and plated onto laminin-coated
coverslips as previously described [14]. Medium was changed
2 h post plating. Over 95% of myocytes were quiescent, and
they were used for the experiments after an overnight cul-
ture.

Fluorescence microscopic measurements of [Ca’*],
contractility and ROS

Myocytes cultured on coverslips were perfused and paced at
0.5 Hz. [Ca*], was measured by indo-1 as previously de-

scribed [14]. Myocytes were loaded with 10 pM indo-1-AM
for 30 min. Indo-1 fluorescence was recorded using a micro-
scope-based fluorescence system (Photon Technology In-
ternational, Monmouth Junction, NJ, USA). The probe was
excited at 365 nm, and fluorescence emitted at 405 and 485 nm
was recorded at 60 Hz in real time. [Ca*"]. was calculated
based on the fluorescence ratio and the Ca**calibration curve
[14]. Myocyte contractility was measured as cell shortening
using an edge detector as previously described [16]. Under
each experimental condition signals were obtained from about
12 single cells from 3—5 different preparations. Intracellular
ROS concentration was measured in cells loaded with 10 pM
CM-DCFH diacetate as previously described [11]. Under
each experimental condition about 15 single myocytes were
imaged with an Attofluor imaging system, and CM-DCF
fluorescence was measured at an excitation wavelength of
480 nm and an emission wavelength of 520 nm.

Preparation of replication-defective adenoviruses and
adenovirus infection of cardiac myocytes

Replication-defective adenoviruses expressing a dominant
negative Asn'’ Ras were generated, amplified, purified, and
used for the infection of myocytes as described before [10].
An identical virus containing the B-galactosidase gene (-
Gal), instead of the Asn!” Ras, was used as the control [10].

Analysis of data

Data are given as the mean + S.E. Statistical analysis was
performed using the Student’s ¢-test, and significance was
accepted at p < 0.05. Each presented immunoblot is repre-
sentative of the similar results from at least three separate
experiments.

Results

Ouabain regulation of cardiac contractility requires
activation of Src, Ras, and MAPKs

We showed previously that binding of ouabain to the Na*/
K*-ATPase activated Src, resulting in transactivation of the
EGFR and subsequent stimulation of the Ras’MAPK cascade
in cardiac myocytes [12, 14]. Inhibition of either Src or Ras
or MAPKs blocked ouabain-induced increases in [Ca*'] [14].
Because increases in [Ca**], are essential for ouabain-induced
rise in contractility [17, 18], we postulated that the effects of
ouabain on myocyte contractility must also be mediated via

the above pathways. As depicted in Fig. 1, ouabain, at non-
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Fig. 1. Effects of ouabain on contractility and [Ca®*], in adult rat cardiac
myocytes. To measure myocyte contractility and [Ca*'], cells were perfused
and paced at 0.5 Hz as described under Materials and methods. Cell con-
tractility was measured as cell shortening using an edge detector, and [Ca*"],
was determined based on the indo-1 fluorescence ratio of 405 and 485 nm.
Panel A shows a representative trace of contractility in a single cell. Oua-
bain (100 uM) was added to the medium at the time as indicated by the
arrow. Panel B shows that ouabain increases both contractility and [Ca®"];
in a dose dependent manner. Values are presented as mean + S.E. of 15
single cells from 4 different experiments. *p < 0.05 and **p < 0.01 vs.
control.

toxic concentrations, increased contractility in cultured adult
rat cardiac myocytes in a time- and dose-dependent manner.
The effects of ouabain on contractility correlated well with
the rise in [Ca®*]. As expected, inhibition of Src by PP2 com-
pletely blocked the effects of ouabain on contractility (Fig.
2). In addition, in cells expressing dominant negative mutant
of Asn'” Ras, ouabain also failed to stimulate myocyte con-
traction (Fig. 2). These data are consistent with the findings
that inhibition of either Src or Ras blocks ouabain-induced
increases in [Ca?*] [14]. Surprisingly, while pre-incubation

i

of myocytes with PD 98059 to inhibit MAPK completely
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Contractility
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Fig. 2. Effects of PP2 and dominant negative Ras on ouabain-induced in-
crease in contractility. Myocytes were pre-incubated with 1 pM PP2 for 20
min or transduced with adenoviruses expressing a dominant negative Ras
for 12 h. (Cells transduced with the same amount of -gal viruses were used
as viral control.) Both treated and control myocytes were then exposed
to 100 uM ouabain for 10 min and contractility was measured as in Fig.
1. Values are presented as mean + S.E. of 10 single cells. *p < 0.05 and
**p < 0.01 vs. control.

abolished ouabain-induced increases in [Ca*'], it only caused
a partial inhibition of ouabain-induced rise in contractility
(Fig. 3). These findings indicate that factors other than in-
creases in [Ca®]. also contribute to ouabain regulation of
cardiac contractility.
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Fig. 3. Effects of PD 98059 on ouabain-induced increases in contractility and
[Ca?].. Myocytes were pre-incubated with 30 uM PD98059 for 30 min, and
then exposed to 100 pM ouabain for 10 min. Contractility and [Ca*"], were
measured as in Fig. 1. Values are presented as mean + S.E. of 15 single cells
from 4 different experiments. *p < 0.05 and **p < 0.01 vs. control.
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Involvement of ROS in ouabain-induced increases in
contractility

Since activation of Ras by ouabain also increased mitochon-
drial production of ROS [13, 14], the above findings led us
to examine whether ROS are involved in ouabain-induced
regulation of cardiac contractility. As depicted in Fig. 4,
ouabain increased ROS production in cardiac myocytes.
Pre-incubation of myocytes with 10 mM NAC abolished
ouabain-induced rise in intracellular ROS (Fig. 4) as pre-
viously noted in neonatal cardiac myocytes. Interestingly,
NAC also caused a significant inhibition of ouabain-induced
increases in contractility.

Involvement of mitoK ., in the effects of ouabain on
contractility

MitoK,, opening plays a pivotal role in cardioprotection by
K, channel openers and ischemic preconditioning [19-22].
In particular, mitoK, , opening is required to trigger cardio-
protective signaling pathways [23], and we have proposed
that this function is mediated by inducing mitochondrial ROS
production [24]. Accordingly, we assessed the role of inhi-
bition of mitoK,_, in ouabain-induced ROS production and
rise in contractility. As depicted in Fig. 5, pre-incubation of
myocytes with 200 uM 5-HD inhibited the effects of ouabain
on intracellular ROS. Interestingly, 5-HD also suppressed
ouabain-induced increases in contractility under the same ex-

Fig. 4. Effects of NAC on ouabain-induced increases in intracellular ROS
and contractility in adult rat cardiac myocytes. Myocytes were loaded with
5- (and 6-)chloromethyl-2',7'-dichlorofulorescin diacetate, and treated with
100 uM ouabain for 10 min in the presence or absence of 10 mM NAC. Both
ROS and myocytes contractility were measured as described under Mate-
rials and methods. Values are mean + S.E. of 12 cells from 4 independent
experiments. *p < 0.05, **p < 0.01 vs. control.

Fig. 5. Effects of 5-HD on oubain-induced increases in intracellular ROS
and myocyte contractility. Myocytes were preincubated with 200 uM 5-HD
for 30 min, and then exposed to 100 uM ouabain. Intracellular ROS and
contractility was measured as in Fig. 4. Values are presented as mean + S.E.
of 10-15 single cells. *p < 0.05, **p < 0.01 vs. control

perimental conditions (Fig. 5). These findings support a pro-
posal that opening of mitoK, , and subsequent rise in ROS
production are involved in ouabain-induced regulation of
cardiac contractility. To gain additional support that mitoK
is involved in regulation of cardiac contraction, myocytes
were exposed to diazoxide, a specific mitoK, , agonist [22],
and monitored for changes in intracellular ROS and con-
tractility. As depicted in Fig. 6, diazoxide increased both
intracellular ROS and contractility in cardiac myocytes.
Interestingly, pre-incubation of myocytes with either 10 mM
NAC or 200 uM 5-HD caused a complete inhibition of
diazoxide-induced increases in both ROS and myocyte con-

Fig. 6. Effects of diazoxide on intracellular ROS and myocytes contractil-
ity. Myocytes were treated with 10 pM diazoxide in the presence or absence
of either 10 mM NAC or 200 pM 5-HD. Intracellular ROS and contractil-
ity were then measured as in Fig. 4. Values are presented as mean * S.E.
*p <0.05, **p < 0.01 vs. control.



traction (Fig. 6). Since activation of MAPKSs and opening of
mitoK _ are required for ouabain-induced increases in [Ca*],
and ROS, respectively, we reasoned that inhibition of these
two pathways should completely abolish the effects of oua-
bain on myocyte contraction. Indeed, as shown in Fig. 7,
pre-incubation of myocytes with both PD98059 and 5-HD
blocked the ouabain-induced increases in contractility.

Discussion

It has been known for long time that cardiac glycosides in-
cluding ouabain increase [Ca*'], and contractility in cardiac
myocytes by binding to the Na*/K*-ATPase [3—6]. In rat car-
diac myocytes we showed that 10—-100 uM ouabain caused
about 20-50% inhibition of Na*/K*-ATPase in a dose-depend-
ent manner [8, 15]. It is important to note that under our ex-
perimental conditions, ouabain at concentrations up to 100 uM
did not cause arrhythmic contraction and Ca** overload in
15 min. It also had no effect on diastolic cell length. On the
other hand, these non-toxic concentrations of ouabain caused
a rapid stimulation of multiple signal transduction pathways
including activation of Ras, p42/44 MAPKs and mitochon-
drial production of ROS (Fig. 4 and [14]). Concomitantly,
it also raised [Ca*"], and contractility in a time- and dose-
dependent manner in these cells. When the relation between
the signal transducing function of the enzyme and the phar-
macological effects of ouabain on [Ca®*]. and contractility
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Fig. 7. Combination of PD98059 and 5-HD abolished ouabain-induced
increases in contractility. Myocytes were simultaneously pre-incubated with
200 pM 5-HD and 30 pM PD98059 for 30 min, then exposed to 100 uM
ouabain for 5 or 10 min and assayed for contractility as in Fig. 1. Values
arc mean * S.E. of 10 measurements from 3 different preparations. *p <
0.05, ¥*p < 0.01 vs. control.
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were determined (Figs 1-5), we showed that inhibition of
either Src by PP2 or Ras by expression of Asn'” Ras ablated
ouabain-induced increases in both [Ca*], and contractility.
Clearly, the factors that relay extracellular ouabain to in-
creases in [Ca®"]. and contractility must be the effectors of
Ras.

It is well established that [Ca*"], is the central regulator of
cardiac contractility [17, 18]. Since ouabain raised [Ca**]. via
a MAPK-dependent pathway, we postulated that inhibition
of MAPKs by PD98059 should abolish the effects of oua-
bain on both [Ca**], and contractility in cardiac myocytes.
Surprisingly, while pre-incubation of myocytes with PD
98059 completely blocked ouabain-induced rise in [Ca*],, it
only caused a partial inhibition of the effects of ouabain on
contractility. These findings led us to propose that factors
other than MAPKSs and [Ca*'], are also involved in ouabain-
induced increases in contractility. Because inhibition of Ras
completely blocked the effects of ouabain on contractility, we
reasoned that the additional regulatory element(s) must be the
other effector(s) of Ras. We showed previously that down-
stream from Ras ouabain also increased mitochondrial pro-
duction of ROS in cardiac myocytes [13, 14]. Early studies
of others also indicated that antioxidant a-tocopherol reduced
the positive inotropic action of digitalis on atria muscle [25].
Therefore, we postulated that ROS might work in concert
with [Ca*], in regulation of contractility in response to oua-
bain. This notion was supported by the experiments shown
in Fig. 4, in which pre-incubation of myocytes with NAC
caused a significant inhibition of the effects of ouabain on
contractility. Since NAC showed no effect on ouabain-in-
duced changes in Na/K-ATPase activity (data not shown),
[Ca*], [14], and c-fos expression [11], its effect on ouabain-
induced increases in contractility strongly suggest an involve-
ment of ROS in ouabain regulation of cardiac contraction.

We showed previously that ouabain stimulated mitochon-
drial production of ROS via a Ras-dependent pathway [13].
We noted that the ouabain signaling pathway [7—14] and the
cardioprotective signaling pathway [26] contain many ele-
ments in common, including mitochondrial ROS production.
Moreover, cardioprotection by diazoxide [19] has been pro-
posed to begin with mitoK, _-dependent stimulation of mito-
chondrial ROS production [23, 24]. Therefore, we reasoned
that opening of mitoK ., might relay the signal from Ras to
ROS production. This hypothesis is supported by the find-
ings shown in Fig. 5 in which inhibition of mitoK _ by 5-
HD blocked ouabain-induced increases in intracellular ROS.
Furthermore, 5-HD also caused a significant inhibition of oua-
bain-induced rise in contractility, and pre-incubation of myo-
cytes with both PD98059 and 5-HD completely abolished the
effects of ouabain on contractility in cardiac myocytes. Inter-
estingly, opening mitoK, ., by incubation of myocytes with
diazoxide was sufficient to raise intracellular ROS concentra-
tion and increase contractility in myocytes. These effects were
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blocked by either 5-HD or NAC (Fig. 6). Clearly, a modest in-
crease in intracellular ROS via opening of mitoK, by either
ouabain or diazoxide can cause a significant rise in contractil-
ity in cardiac myocytes.

Although the mechanism by which ROS regulate cardiac
contractility remains to be resolved, it is appropriate to con-
sider the following two alternatives. First, the effects of ROS
may be mediated through sensitizing myofilament to [Ca*"],
by its direct action on contractile proteins or regulation of pro-
tein phosphorylation via activation of protein kinases such as
PKC [27, 28]. Interestingly, activation of PKC was also found
to be responsible for endothelin-1-induced increases in myo-
filament Ca** sensitivity [29]. In addition, early studies had
suggested a role of PKC in ouabain-induced inotropy in the
heart [30, 31], and we have recently demonstrated that oua-
bain activates multiple isozymes of PKC in cardiac myocytes
under our experimental conditions [32]. Because there is evi-
dence that increases in ROS are sufficient to activate PKC [33],
it is quite possible that ROS may exert its effect on myocyte
contraction by increasing myofilament Ca?" sensitivity through
activation of PKC. Alternatively, since mitoK, , plays an im-
portant role in regulation of mitochondrial energy metabolism
[21], it is also possible that opening of mitoK, , and the sub-
sequent rise in ROS production may prime mitochondria into
a higher working state so that ATP can be delivered more effi-
ciently to the myofibrils for contraction. Interestingly, early
studies did suggest that digitalis affect mitochondrial energy
metabolism [34, 35].

In summary, we demonstrated here that ouabain regulates
cardiac contractility via activation of at least two pathways.
Activation of p42/44 MAPKs and inhibition of the ion pump-
ing function of the Na*/K*-ATPase by ouabain increased [Ca™"],
whereas opening of mitoK, , stimulated the production of
ROS. Both [Ca**]. and ROS, in turn, worked in concert, re-
sulting in increases in contractility in cardiac myocytes.
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