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Abstract Expression of the human atrial myosin light chain 1 (hALC-1) in the cardiac ventricle in vivo as well as in
primary cultivated adult cardiomyocytes caused a pronounced positive inotropic effect. Therefore, it is one of the most
promising candidate gene to treat congestive heart failure (CHF). In this work, we investigated, whether hALC-1
expression also modifies the energetic state of cardiomyocytes. Primary cultivated neonatal rat hearts cells (NRHC) were
infected with adenoviral vectors (Ad vectors) containing a hALC-1 cDNA (AdCMV.hALC-1) or a control Ad vector.
Infection efficiency of NRHC reached 100% at 50 multiplicity of infection (MOI). Interestingly and in contrast to primary
cultures of liver cells, there were no cytotoxic side effects or induction of apoptosis up to MOI 50 in Ad vector infected
NRHC. NRHC expressed large amounts of hALC-1 upon infection with AdCMV.hALC-1 which could easily been
detected by protein staining and Western blot analysis. Analysis of intracellular hALC-1 localization by double-labeling
immunofluorescence of AdCMV.hALC-1 infected cardiomyocytes revealed the typical myofibrillar striation pattern,
as well as co-localization of hALC-1 with myosin heavy chains. There was no difference in the oxygen consumption
between controls and AdCMV.hALC-1 infected NRHC. These data suggest that first: adenoviral vectors could be used as
a safe and effective tool for gene transfer to cardiomyocytes, and second: that a positive inotropic effect of hALC-1 is not
associated with enhanced oxygen consumption. J. Cell. Biochem. 86: 422–431, 2002. � 2002 Wiley-Liss, Inc.
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Contractile function of myocytes is triggered
by the molecular motor type II myosin which
consists of two myosin heavy chains, each asso-
ciated with one essential and one regulatory
myosin light chain [Lowey and Risby, 1971].
The level of gene expression of individual myo-
sin subunits in cardiomyocytes varies in differ-
ent physiological circumstances and is altered
in pathological states [Schiaffino and Reggiani,
1996]. Thus, expression of the human ALC-1

(hALC-1) is tissue specific and developmentally
regulated [Barton and Buckingham, 1985].
Embryos express large amounts of hALC-1 both
in thewholeheartand inskeletalmuscle.hALC-
1 levels decreased in the ventricle to undetect-
able levels during early postnatal development
but persist throughout the whole life in the
atrium as well as in the hypertrophied right
ventricle of children with congenital heart
diseases [Auckland et al., 1986]. Similarly, the
hypertrophied left ventricle of patients with
valvular heart diseases and hypertrophic ob-
structive cardiomyopathy expressed large am-
ounts of hALC-1 [Schaub et al., 1984; Morano
et al., 1996; Ritter et al., 1999a]. Surgical inter-
vention and subsequent normalization of the
hemodynamic state decrease hALC-1 expres-
sion in these patients [Sütsch et al., 1992].
Patientswith end stage congestive heart failure
(CHF) express no or only small amounts of
hALC-1 [Morano et al., 1996].
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Recently, the functional role of the hALC-1 in
the human heart could be resolved: maximal
shortening velocity, rate of tension redevelop-
ment, isometric force generation, and Ca2þ

sensitivity of force generation rose upon partial
replacement of the ventricular myosin light
chain 1 by hALC-1 in the ventricle [Morano
et al., 1996, 1997]. In addition, there was a
significant positive correlation betweenhALC-1
expression and dP/dtmax of patients with hyper-
trophic obstructive cardiomyopathy (HOCM)
in vivo [Ritter et al., 1999b]. Furthermore,
transgenic overexpression of the mouse ALC-1
in the mouse ventricle caused a pronounced
positive inotropic effect of the whole heart and
an enhanced contractile reserve [Fewell, 1998].
These results demonstrate, that expression
of ALC-1 in all species investigated increased
power output of the sarcomericmotormolecules
and improved cardiac contractility.Hence, ther-
apeutic upregulation of hALC-1 represents a
reasonable strategy to treat end-stage CHF.
One of the most potent vector systems are
adenovirus based gene transfer vectors (Ad
vector) [Rosenzweig, 1999]. Therefore, we gen-
erated an Ad vector carrying the cDNA of the
hALC-1 (AdCMV.hALC-1) which was able to
induce a pronounced positive inotropic effect
of electrically stimulated primary cultivated
adult rabbit cardiomyocytes [Kögler et al.,
2001].
Onemajor concern in the treatment ofCHF is,

that the induction of positive inotropic effects
increases energy consumptionwhich couldhave
deleterious side-effects on the heart. To test,
whether expression of the positive inotropic
protein hALC-1 influences the energetic state
of cardiomyocytes, we investigated oxygen con-
sumption as a measure of the energetic state of
cardiomyocytes. However, those studies cannot
be performed with electrically stimulated adult
cardiomyocytes, since oxygen is produced at the
electrodes during electrolysis. We, therefore,
infected NRHC with AdCMV.hALC-1, because
cardiomyocytes in NRHC preparations spon-
taneously pulsate, i.e., without external elec-
trical stimulation. Interestingly, although
AdCMV.hALC-1 infectedNRHCexpressed large
amounts of hALC-1, whichwas co-localized with
myosin in themyofibrils, there was no enhanced
oxygen consumption between untreated and
AdCMV.hALC-1 infected cardiomyocytes.
Furthermore, Ad vectormediated gene trans-

fer itself may induce cytopathic effects and cell

cycle dysregulation [Yang et al., 1994; Teodoro
and Branton, 1997; Wersto et al., 1998].
Whereas several studies demonstrated the
general consequences of Ad vector mediated
gene transfer into the cardiovascular system
and myocardium, no data about cytopathic
effect and cell cycle dysregulation on cardio-
myocytes are published. We, therefore, infected
cultured NRHCwith AdRSV.bgal and analyzed
cell cycle distribution and levels of cytopathic
marker enzymes. AdRSV.bgal infection of neo-
natal rat hearts cells (NRHC) resulted in an
efficient gene transfer and transgene expres-
sion without cell cycle dysregulation and no
elevated levels of cytopathic marker enzymes.

RESULTS

Characterization of Primary Cultures
of Neonatal Heart Cells

We characterized the cell types present in our
primary cultivated NRHC by immunofluores-
cence labeling at day 2 and 8 of culture (Fig. 1).
After 2 days of culture, labeling of the cells with
a specific antibody raised against cardiac myo-
sin heavy chain, revealed that 69.0� 9.3%
(n¼ 10) of the total population were cardiomyo-
cytes. Double labeling with antibodies raised
against cellular fibronectin and smooth-muscle
myosin heavy chain identified 19.7� 10.5%
(n¼ 10) of the cultivated cells as myofibroblasts
and 10.6� 4.5% (n¼ 10) as smooth muscle cells
(not shown). Labeling with CD31 antibody
revealed that 5.0� 1.3% of the cells were
endothelial cells. After 8 days of culture, the
number of cardiomyocytes remained constant
(72.0� 16.2%; n¼ 10), as well as the number
myofibroblasts (20.0� 3.3%; n¼ 10), smooth
muscle cells (8.6� 5.5%; n¼ 10), and endothe-
lial cells (4.5� 1.5%; n¼ 10).

Efficiency of Ad Vector Mediated Gene
Transfer to NRHC

To analyze the efficiency of Ad vector
mediated gene transfer to NRHC, two different
constructs containing the cDNAs of either
b-galactosidase (AdRSV.b-gal) or hALC-1
(AdCMV.hALC-1) were used. All cell types
could be easily infected with both Ad vectors.
Analysis of X-Gal staining revealed that with a
multiplicity of infection (MOI) of 50 already
100% of the AdRSV.b-gal infected NRHC
expressed b-galactosidase as transgene, while
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MOI 10 was enough for half-maximal infection
efficiency (Fig. 2). Similar results could be
observed using the AdCMC.hALC-1 vector
(data not shown).

Assessment of Apoptosis and Cell Cycle
Distribution by FACS Analysis

The overall cell vitality was analyzed by
staining of the nuclei with crystal violet (citric
acid). We found no significant difference in the
percentage of living cells between mock and
Ad vector treated cells (mock treated NRHC:
85.5� 7.8%; MOI 50 AdRSV.b-gal infected
NRHC 79.0� 2.8%). Consistent with the analy-
sis of the overall viability, there was no signi-
ficant difference in Annexin V-positive staining
betweenmock treated and AdRSV.b-gal treated

cardiomyocytes (mock treated cardiomyocytes:
19, 20, and 22%; AdRSV.b-gal infected cardio-
myocytes: 17, 20, and 16%). Moreover, the ana-
lysis of cell cycle distribution of mock and
AdCMV.b-gal treated NRHC did not show any
cell cycle dysregulation (Table I) as known from
Ad vector infected hepatocytes.

Analysis of Cytopathic Effects After
Ad Vector Infection

To assess in more detail potential cytopathic
effects of Ad vector infection on cardiomyocytes,
we measured levels of glutamic oxaloacetic
transaminase (SGOT) and lactate dehydrogen-
ase (LDH) in the medium of AdRSV.bgal in-
fected NRHC and compared them with human
primary hepatocytes (HPHC). As expected,
HPHC responded to AdRSV.bgal infection with
elevated levels of the marker enzymes SGOT

Fig. 1. Double-labeling immunofluores-
cence of primary cultivated NRHC from
ventricular tissue of Sprague–Dawley rats
after 2 days of culture. Cells were character-
ized by incubation with two specific anti-
bodies raised against cardiac myosin heavy
chain (red) and smooth muscle myosin
heavy chains (green). Bar indicates 50 mm.
[Color figure can be viewed in the online
issue, which is available at www.inter-
science.wiley.com.]

Fig. 2. Infection efficiency of primary cultivated NRHC after
infection with AdRSV.b-gal. Infection efficiency is expressed as
the fraction of infected cells in percent (%) of the total number of
cells; MOI¼multiplicity of infection.

TABLE I. Effect of Ad Vector on Cell Cycle
Distribution

Treatment

Annexin� Annexinþ

G0/G1 S G2M G0/G1 S G2M

Mock infected
84 3 13 87 3 10
85 3 12 88 3 10
85 3 12 87 3 10

AdCMV.b-gal
85 2 12 86 2 11
86 3 12 85 3 10
87 2 10 86 3 9
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and LDH in the medium, leading to a 3-fold
increase of SGOT (72 IU/L) as compared tomock
infected HPHC (24 IU/L) and to a 8-fold rise of
LDH (449 IU/L) as compared to mock infected
HPHC (57.5 UI/L) (Fig. 3a,c). In contrast,
NRHC did not respond to AdRSV.bgal infection
with cytopathic effects (normal levels of SGOT
and LDH). Both mock treated and AdRSV.bgal
treated groups showed comparable enzyme
expression profiles (Fig. 3b,d).

Analysis of hALC-1 Expression in NRHC
After Ad Vector Mediated Gene Transfer

The analysis of hALC-1 expression and
localization in NRHC, after Ad vector mediated
gene transfer, was performed by Western blot
and double-labeling immunofluorescence using
specific antibodies raised against cardiac myo-
sin heavy chain and hALC-1. We infected
NRHC with 50 MOI of AdCMV.hALC-1. After
24 h of infection, cells were homogenized,
subjected to SDS-page, and blotted onto a nitro-
cellulose membrane. Ponceau staining of the

nitrocellulose membrane revealed an increas-
ed intensity of a 28 kDa protein band in
AdCMV.hALC-1 infected NRHC as compared
to control (AdRSV.b-gal) infected NRHC. The
ratio between the 28 and 40 kDa actin bandwas
1.56 and0.8 in theAdCMV.hALC-1 infected and
control infected cells, respectively. As de-
monstrated by specific antibody binding in
ECL, this 28 kDa band contained hALC-1 in
the infected but not in the control cells (Fig. 4).

Localization of hALC-1 in the contractile
apparatus of cardiomyocytes was analyzed by
double labeling-immunofluorescence after in-
fection of NRHCwith 50MOI of AdCMV.hALC-
1.After 48h ofAdvectormediated gene transfer
of hALC-1, staining of infected cells with an
antibody raised against hALC-1 showed a
strong staining preferentially of the myofibrils,
leading to a typical striation pattern (Fig. 5).
Control infected (AdRSV.bgal) cells remained
without signal (data not shown). Moreover,
double-labeling immunofluorescence of the
infected cells revealed that hALC-1 co-localized

Fig. 3. Characterization of cell integrity of primary cultivated NRHC and primary cultivated human
hepatocytes (HPHC). Enzyme levels (IU/I) in the medium were measured during 8 days after infection with
AdRSV.b-gal. a and c: Levels of SGOT. b and d: Levels of LDH. dpi¼days past infection;
MOI¼multiplicity of infection; MOCK¼mock-infected.
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in the contractile apparatus with cardiac myo-
sin heavy chains (Fig. 5).

Analysis of Oxygen Consumption of NRHC
After Infection With AdCMV.hALC-1

To investigate theeffects ofhALC-1onoxygen
consumption of cardiomyocytes, we infected
NRHC with AdCMV.hALC-1 (MOI 50) at day 2
of culture. Analysis of oxygen consumption was
performed 48 h later.

The beating frequency varied between dif-
ferent preparations of NRHC. This provided
the opportunity, to investigate the frequency-
dependence of oxygen consumption in NRHC.
Oxygen consumption rose with increasing beat-
ing frequencies. Measurements of oxygen con-
sumption of mock-infected NRHC revealed
a significant (P< 0.001) linear positive correla-
tion between oxygen consumption and beating
frequency (Fig. 6a).

There was also a significant positive linear
correlation between oxygen consumption and
beating frequency (P< 0.05) in NRHC over-
expressinghALC-1uponAdCMV.hALC-1 infec-
tion (Fig. 6b). Although there was a tendency to
a reduced oxygen consumption, especially at
high beating frequencies, oxygen consumption
in AdCMV.hALC-1 infected NRHC was not
significantly different frommock treatedNRHC
(Fig. 6b).

Fig. 4. Western Blot of primary cultivated NRHC 48 h
following infection with AdCMV.hALC1 (MOI 50). a: Ponceau
staining of the nitrocellulose membrane, b: ECL signal obtained
following reaction with an antibody raised specifically against
human ALC-1. Control cultures were infected with AdRSV.b-gal
(MOI 50).

Fig. 5. Double-labeling immunofluorescence micrograph of a primary cultivated neonatal rat
cardiomyocyte 48 h after infection with AdCMV.hALC-1 (MOI 50). a: Staining with a specific antibody
raised against cardiac myosin heavy chains (green), b: staining with an antibody raised against human
ALC-1 (red), and c: merged signals. Bar indicates 5 mm. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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DISCUSSION

Expression of the atrial myosin light chain 1
(ALC-1) increased cross-bridge cycling kinetics
and the inotropic state of the human, mouse,
and rat heart [Morano et al., 1996, 1997; Fewell
et al., 1998; Baltas et al., 2001]. Furthermore,
primary cultivated adult rabbit cardiomyocytes
overexpressing the human isoform of ALC-1
(hALC-1) upon infection with an Ad vector
containing the hALC-1 cDNA increased their
shortening amplitude and calcium sensitivity of
contraction [Kögler et al., 2001].
It is well known that induction of a positive

inotropic effect, for example, by treatment with
conventional drugs like digitalis or catechola-
mines, also increased oxygen consumption
which, in turn, could have deleterious side-
effects especially in the failing state of the heart.

Therefore, increasing the inotropic state of the
heart without elevating oxygen consumption
would be a desirable therapeutic goal. An
increased inotropic state without additional
energy consumption could theoretically derived
by assuming a two-state model of the myosin
cross-bridge cycle [Brenner, 1988]: force gen-
eration (F) depends not only on the apparent
kinetic rate constants of cross-bridge attach-
ment (f ) and detachment (g), but also on the
tension generation of the single myosin motor
molecule (F0) which equals:

F ¼ F0f=ðf þ gÞ

Since ATP consumption (ATPase) of the myo-
sin motor molecules equals [Brenner, 1988]:

ATPase ¼ fg=ðf þ gÞ

ATP consumption is independent from the
force generated by the single cross-bridge.
Hence, enhanced force generation without ele-
vated ATP, and consequently without elevated
oxygen consumption, could indeed be obtain-
ed by increased force generation per myosin
molecule.

Therapeutic overexpression of hALC-1 may
provide such a strategy, i.e., induction of a
positive inotropic effect without increasing the
oxygen consumption of the heart. In fact, we
recently demonstrated that the force genera-
tion per cross-sectional area of demembranated
(skinned) human heart fibers with hALC-1
increased significantly compared to fibers with-
out hALC-1 [Yang et al., 1994]. In addition,
transgenic rat papillary muscles overexpres-
sing hALC-1 revealed an increased force per
cross-section as well [Baltas et al., 2001]. These
observations provide evidence for an enhanced
F0 (force generation per myosin molecule) in the
presence of hALC-1. If hALC-1 increases F0,
then the positive inotropic effect observed in
AdCMV.hALC-1 infected primary cardiomyo-
cytes expressing hALC-1 should not be asso-
ciated with an enhanced oxygen consumption.

We tested this hypothesis by measurements
of oxygen consumption of primaryNRHCprepa-
rations which expressed hALC-1 upon infection
with AdCMV.hALC-1. NRHC were used in
these experiments because they spontaneously
pulsate, i.e., without electrical stimulation. De-
teriorations of oxygen measurements caused
by oxygen production on stimulation elec-

Fig. 6. Characterization of oxygen consumption of 4-day-old
cultured neonatal rat heart cells at different beating frequencies
48 h after infection. a: Oxygen consumption of 4-day-old mock-
infected heart cells (P<0.0001). b: Oxygen consumption of
heart cells following infection with AdCMV.hALC-1 (MOI 50)
(P<0.05).
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trodes could, therefore, be excluded. We found
large amounts of hALC-1 expressed 48 h after
infectionofNRHCwithAdCMV.ALC-1.Further-
more, expressed hALC-1 co-localized with myo-
sin heavy chains in the sarcomeres, i.e., where
hALC-1 could be functionally effective. It is not
possible to perform reliable measurements of
contractile parameters of NRHCand, therefore,
wehavenodirect evidence for an inotropic effect
of hALC-1 in the cardiomyocytes of NRHC.
However, there is a large body of evidence de-
monstrating the unique positive inotropic effect
of hALC-1: expression of hALC-1 induced an
enhanced contractility in all animal species
(human, rabbit, rat) and muscle preparations
(demembranated fibers, papillary muscles, pri-
mary cultivated cardiomyocytes) so far investi-
gated [Morano et al., 1996, 1997; Fewell et al.,
1998; Baltas et al., 2001; Kögler et al., 2001].
We, therefore, feel justified to suggest that the
expression of hALC-1 also induced a positive
inotropic effect in cardiomyocytes of NRHC.

Although levels of O2 consumption of NRHC
rose with increasing beating frequencies (c.f.
[Yamadaetal., 1985;RiehleandBereiter, 1994]),
oxygen consumption of AdCMV.hALC-1 infec-
ted NRHC remained normal at any beating
frequency investigated. Rather, there was a
tendency to a reduced, albeit not statistically
significant, oxygen consumption. A positive
inotropic action of hALC-1 in primary cardio-
myocytes (c.f. [Kögler et al., 2001]) without
enhanced oxygen consumption support the
hypothesis of an increased force generation
per cross-bridge in the presence of hALC-1 (see
above).

Thus, overexpression of hALC-1 could be of
primary interest as a novel gene therapeutic
approach for the treatment of terminal CHF.
Independent of the therapeutic transgene,
potential side-effects caused by the gene trans-
fer vectors themselves are a major concern for
clinical applications of gene therapy appro-
aches. Application of Ad vectors may cause
cytotoxicity by dysregulation of the G2M phase
of the cell cycle of the infected target cell [Wolff
et al., 2002]. Thus, liver cells responded to Ad
vector infection with dysregulation of the cell
cycle, leading to balloning degeneration and
apoptosis of the infected cells [Yang et al., 1994;
Wersto et al., 1998]. In contrast, we demon-
strate herein that cell cycle regulation of car-
diomyocytes of NRHC remained normal after
Ad vector infection. This observation could

be explained by the fact that cardiomyocytes
are postmitotic cells, whereas cell types which
are still capable of cell division, for example,
hepatocytes are vulnerable to cytopathic effects
of Ad vector infection [Teodoro and Branton,
1997; Wolff et al., 2002].

Considering the pronounced positive ino-
tropic effect without increasing oxygen con-
sumption, expression of hALC-1 represents a
powerful new gene therapeutic approach for the
treatment of heart failure. Ad vector mediated
gene transfer to cardiomyocytes seems to be
appropriate, since it is efficient and without
toxic side-effects.

MATERIALS AND METHODS

Preparation and Culture of Neonatal
Rat Heart Cells

Primary neonatal heart cell cultures were
prepared from ventricular tissue of 1–3-day-old
Sprague–Dawley rats (Tierzucht Schönwalde,
Germany) as previously described. [Kott et al.,
1998] Briefly, the ventricles were removed and
were placed into an ice-cold calcium free PBS
solution (120 mMNaCl, 4.56 mMKCl, 0.44 mM
KH2PO4, 0.42 mM Na2HPO4, 25 mM NaHCO3,
5.5 mM glucose, 0.5 mg/ml streptomycin, and
5,000 I.E./ml penicillin G, pH 7.5; Biochrom,
Germany). They were minced into small pieces
of approximately 1 mm2. Then they were
stepwise disaggregated into single cells by
incubation in antibiotics-free PBS that was
supplemented with 0.12% trypsin (Biochrom,
Germany). All cells were pooled and resus-
pended in cell growth medium SM20-I supple-
mented with 10% FCS, 2 mM glutamine,
0.02 mg/ml gentamicine (Biochrom, Germany),
2.76 mM hydrocortisone, and 0.002 mM fluor-
odeoxyuridine (Sigma-Aldrich, Germany). Car-
diomyocytes were seeded and cultured in
different systems (24-well cell plate with ap-
proximate 300,000 cells per well, NUNC, Den-
mark; 50,000 cardiomyocytes on a cover slight,
Menzel, Germany, and 2 million cardiomyo-
cytes in a special cell chamber for oxygen
measurements with a surface of &3.36 cm2,
PTS, Germany, respectively). Daily, cell growth
mediumwas changed in all systems and setups.
The human embryonic kidney cells 293 (HEK
293, ATCC, USA), were maintained in DMEM,
supplemented with 10% FCS and 2 mM gluta-
mine, and grown at 378Cwith 5% CO2 in a fully
humidified atmosphere.
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Preparation and Culture of Human
Primary Hepatocytes

In accordance with institutional guidelines,
human primary hepatocytes (HPHC) were iso-
lated from normal liver wedge resections by
collagenase-P (Roche Diagnostics, Grenzau,
Germany) digestion as recently described.
[Nussler et al., 1992] Briefly, after enzymatic
digestion hepatocyteswere separated fromnon-
parenchymal cells by differential centrifugation
at 50g and then passed over a 30% Percoll
(Pharmacia, Freiburg, FRG) gradient at a
concentration of 106 cells/ml Percoll to obtain a
highly purified cell population. Hepatocyte
purity and viability assessed by microscopy
was greater than 95% and viability consistently
exceeded 90% by trypan blue exclusion [Dorko
et al., 1994]. The primary hepatocytes were
cultured in Williams Medium E, supplemented
with 10% heat-inactivated (90 min at 708C)
FBS, 1% Penicillin/Streptomycin, 15 mM
HEPES Buffer (all Life Technologies, Karls-
ruhe, FRG), 2.0 mg/ml Insulin, and 0.35 nM
Hydrocortisone(bothSigma,Deisenhofen,FRG)
at 378C, 5% CO2 in a humidified atmosphere.

Construction and Propagation of
Adenovirus Vectors

For all experiments, recombinant replication
deficient adenovirus vectors of the first genera-
tion were used which are based on a deletion
of the E1 region of an adenovirus type 5 (Ad
vector). The Ad vector AdRSV.b-gal expresses
Escherichia coli b-galactosidase under the
control of the RSV promoter. The Ad vector
AdCMV.hALC-1 was constructed by cloning a
cDNAof thehumanessential atrial light chain 1
(hALC-1) into an adenovirus backbone of the
AdEasyTM system (Cat. Nr.: AES1000B, QBIO-
gene, Montreal, Canada) as described by the
manufacturer. All vectors were propagated on
HEK 293 cells, purified and stored at�808C, as
previously described. The titers of stocks used
for these studies measured by plaque assays
were 7.7� 1010 pfu/ml, with a particle/pfu ratio
of 30/1. Recombinant adenoviruses were tested
for the absence of wild-type virus by polymerase
chain reaction of the early transcriptional unit
E1 and E1a.

Infection Procedure

Cultured cardiomyocytes were infected as
previously described [Wolff et al., 1998]. Briefly,

2-day-old cardiomyocyte cultures were washed
twice with FCS-free culture medium and trans-
ferred intoOPTIMEM1 (Gibco BRL). Infections
with different amounts of AdRSV.b-gal and
AdRSV-hAAT.2 (MOI 0.01-50) were performed
in the same medium for 90 min on a rocking
platform in a CO2-incubator and were termi-
nated by addition of FCS. Subsequently, cells
were incubated in SM20-I for 24 h.

Analysis of Glutamic Oxaloacetic Transaminase
and Lactate Dehydrogenase

To measure concentrations of the enzymes
glutamic oxaloacetic transaminase (SGOT) and
lactate dehydrogenase (LDH), the supernating
medium (1 ml) of infected or mock treated cell
cultures was harvested and analyzed in a
laboratory system as described by (Synchron
CX5, Beckmann Coulter, USA) and according
to published procedures [Amador et al., 1963].

Assessment of Apoptosis and Cell Cycle
Distribution by FACS Analysis

For experiments using FACS analysis, 8�
105 cells were seeded in triplicates in 10-cm
dishes and cultured overnight to allow adher-
ence. Next morning, cells were infected with Ad
vectors at the indicatedMOI as described [Wolff
et al., 1998]. Cells were harvested by trypsiniza-
tion at the indicated time points. For detection
of apoptosis, cells were stained with FITC-
conjugated Annexin V and propidium iodide
(PI) using the Annexin V kit (Immunotech,
Marseille, France) as indicated by the manu-
facturer. Samples were subsequently analyzed
by flow cytometry (FACScan, BectonDickinson,
San Jose, CA) for the presence of viable
(FITC-negative and PI-negative) and apoptotic
(FITC-positive) cells which include both, pri-
mary (PI-negative) and secondary (PI-positive)
apoptotic subpopulations. For analysis of cell
cycle distribution, FITC-Annexin V-stained
samples were fixed and permeabilized. Briefly,
following two washes with PBS, the cell pellet
wasfixedwith ice-cold70%ethanol for 1hat48C.
After two additional washes, cells were resus-
pended in 0.2 mL PBS containing 1.0 mg/ml PI,
pH 7.5, and 0.5 mg/ml RNase (type I-A; Boeh-
ringer Mannheim, Mannheim, Germany) at
room temperature in the dark for 30 min and
subsequently analyzed by flow cytometry. Cell
cycle analysis was performed using either
CellQuest software (Becton Dickinson, San
Jose, CA) or ModFit LT (Verity, Topsham,
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ME). Cell aggregates were excluded from the
analysis by using the Doublet Discriminating
Module (Becton Dickinson).

Western Blot

Expression of hALC-1 in cultured cardiomyo-
cytes was analyzed by SDS–PAGE 5% sepera-
tion gel, both containing 25% glycerol. Gels
were runovernight at a constant 5mAand158C,
and processed for Western blot. Proteins were
transferred onto a nitrocellulose membrane
which was blocked with 3% ovoalbumin and
incubated with a peptide directed antibody
raised against the amino acid sequence 29 to
43 (PAPEAPKEPAFDPKS) of hALC-1. Mem-
branes were then incubated with the secondary
peroxidase-conjugated antibody. Proteins were
visualized by enhanced chemoluminescence
(ECL; Amersham) and exposure to X-ray film.

Immunofluorescence

Cells were fixed with methanol/acetone (50/
50 v/v) at �208C for 5 min and incubated with
antibodies raised against hALC-1 (see above)
and cardiac myosin heavy chain (monoclonal
antibody 2C9 which recognized both alpha- and
beta-myosin heavy chains; gift from D. Mornet,
Montpellier). Secondary antibodies were con-
jugated with DTAF (anti-rabbit) or Cy3 (anti-
mouse). Fluorescence was detected using an
Axioplan fluorescence microscope and aMC100
automatic camera (Zeiss) using Tmax400 films.

Measurement of Oxygen Consumption

Measurements of oxygen (O2) consumption
of neonatal rat cardiomyocytes was performed
in a commercially available integrated sensor
system(PCM1,PTS,Germany).ThePCM1 sys-
tem was mounted on the stage of an inverted
microscope (Nikon Diaphot 300, Japan) for de-
termination of beating rate of cardiomyocytes
during oxygen consumption measurements. At
the beginning of each experiment, the cell
chamber (150–200 mL volume) with the neona-
tal rat cardiomyocyte monolayer was closed
airtight and perfused with serum-free medium,
SM-20-I, supplemented with 100 mM dexame-
thasone, 200 mM glutamine, 0.5 mg/ml insulin,
0.5 mg/ml transferrin, 10 mg/ml gentamicine
(Biochrom, Germany), and 0.2 mM fluorode-
oxyuridine (Sigma-Aldrich, Germany) with a
peristaltic pump (LKB,Sweden). The pumppro-
vides a constant flow (72 ml/min) of culture
medium in the system. The flow of medium was

controlled by a computermanaged 3-directional
multitube valve. The medium was flowed alter-
nately through the cell chamber (5 min) or
through a bypass (4 min) to a miniature oxygen
sensor. O2 consumption was calculated as the
difference between O2 concentration of the me-
dium in the cell chamber and O2 concentration
in the fresh culture medium of the bypass.
Computer controlled electronic interfaces pro-
vided on-line data acquisition of oxygen con-
centration and temperature, which was held
at 378C. After each experiment, the cells were
lyged, their nuclei were stained with crystal
violet/citric acid, and the total cell number was
counted in a Fuchs-Rosenthal chamber under a
microscope.
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