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Abstract

Molecular dissection of mechanisms that govern the differen-
tiated cardiac phenotype has, for cogent technical reasons,
largely been undertaken to date in neonatal ventricular myo-
cytes. To circumvent expected limitations of other methods, the
present study was initiated to determine whether replication-
deficient adenovirus would enable efficient gene transfer to
adult cardiac cells in culture. Adult rat ventricular myocytes
were infected, 24 h after plating, with adenovirus type 5 con-
taining a cytomegalovirus immediate-early promoter-driven
lacZ reporter gene and were assayed for the presence of 6-ga-
lactosidase 48 h after infection. The frequency of lacZ + rod-
shaped myocytes was half-maximal at 4 x i05 plaque-forming
units (PFU) and approached 90%at 1 X 108 PFU. Uninfected
cells and cells infected with lacZ - virus remained colorless.
fi-galactosidase activity concurred with the proportion of lacZ +
cells and was contingent on the exogenous lacZ gene. At 108
PFU/dish, cell number, morphology, and viability each were
comparable to uninfected cells. Thus, adult ventricular myo-
cytes are amenable to efficient gene transfer with recombinant
adenovirus. The relative uniformity for gene transfer by adeno-
virus should facilitate tests to determine the impact of putative
regulators upon the endogenous genes and gene products of
virally modified adult ventricular muscle cells. (J. Clin. Invest.
1993. 92:381-387.) Key words: adenovirus * -tgalactosidase.
cardiac myocyte * gene transfer * heart

Introduction

The molecular basis for myocardial differentiation and for
modulation of the cardiac phenotype by various trophic signals
is understood, in large part, through the use of neonatal cardiac
myocytes in culture, which are relatively amenable to introduc-
tion of plasmids encoding exogenous reporter genes ( 1-6) and
putative regulators (7, 8). Developmental regulation of the
properties of myocardium is not complete at birth, however,
and numerous discrepancies are known between neonatal and
adult ventricular muscle cells. Among these are qualitative or
quantitative dissimilarities in expression of contractile protein
isoforms, the sarcoplasmic reticulum calcium ATPase, atrial
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natriuretic factor, transcription factors including c-, N-, and
L-myc (9) and the basic-helix-loop-helix protein Id (10),
adrenergic receptors ( 1), G-proteins ( 12), and endogenous
growth factors and their receptors ( 13) (reviewed in references
13 and 14). Despite the utility of gene transfer into neonatal
ventricular myocytes, the extent of these differences has raised
concern regarding extrapolation of mechanistic schemes to the
adult phenotype itself. Furthermore, even if plasmid-based
procedures for gene transfer, using electroporation, DEAE-
dextran, calcium-phosphate precipitates, or lipofectin, could
be implemented for adult ventricular myocytes with success
equal to that obtained in neonatal ones, the low efficiency for
transient transfection, taken together with the inability to iso-
late stable transfectants using postmitotic cells, might preclude
any effort to modify adult ventricular myocytes with relative
uniformity.

Experimental approaches alternative to transfection exist,
permitting the analysis of foreign genes within intact adult
myocardium. However, direct injection of DNAin situ ( 15,
16) is limited by the meager number of ventricular cells that
take up and express injected genes. Conversely, despite its
emerging importance for cardiovascular biology ( 17-20),
transgenic technology is limited by the need for specialized
equipment, by cost, especially when applied to large mammals,
by the lag time between gene injection and the establishment of
inbred lines, and by positional effects resulting from variation
in the sites of DNAintegration, which complicate the system-
atic comparison of promoter mutations in vivo and necessitate
construction and testing of independent pedigrees. Conse-
quently, it would be advantageous to complement these strate-
gies with a means to manipulate the genome of adult ventricu-
lar myocytes more uniformly than by direct injection, but re-
taining the rapid turnaround, unrestricted accessibility to
agonists, and freedom from innervation and hormonal effects
that are characteristic merits of primary cell culture. To obviate
the anticipated limitations of conventional procedures for
transfection into terminally differentiated ventricular myo-
cytes, this study was undertaken to determine whether replica-
tion-deficient adenovirus can direct efficient gene transfer into
adult cardiac myocytes in culture.

Methods

Isolation of adult ventricular myocytes. Calcium-tolerant adult rat ven-
tricular myocytes were obtained by a modification (21 ) of the method
of Bihler et al. (22). Male Sprague-Dawley rats weighing 250-300 g
were injected with sodium heparin (1,000 U/kg) and killed after 1 h.
Hearts were excised and mounted on a modified Langendorff perfu-
sion apparatus which allowed for switching between single-pass and
recirculating perfusion at 37°C. The perfusate consisted of a modified
Joklik's calcium-free minimum essential medium, pH 7.4, supple-
mented with 60 mMtaurine, 8 mMglutamic acid, 2 mMDL-carnitine
HC1, 3.4 mMMgCI2, 15 mMglucose, and 0.1% fatty acid-free bovine
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serum albumin (A-6003; Sigma Chemical Co., St. Louis, MO) (22).
After a brief wash-out period, the perfusion system was switched to the
recirculating mode for 20 min with Joklik buffer containing 25 Mm
CaCI2, 0.1 %albumin, 0.1 %collagenase (CLS2; Worthington Biochemi-
cal Corp., Freehold, NJ) and 0.1% hyaluronidase (H3506; Sigma
Chemical Co.). Right and left atrial appendages and extraneous tissues
were removed, and hearts were incubated in the same buffer for 20 min
with intermittent shaking. The tissue and cell suspension was gently
triturated through pipettes with progressively smaller tip diameters,
and filtered through 200-,Mm nylon mesh. The resulting cell suspension
was centrifuged three times at 30 g for 2 min, and resuspended succes-
sively in buffer containing 30 mMKCI and 1, 2, or 4%albumin. The
final cell pellet was resuspended in medium supplemented with 4%
fetal bovine serum. The medium for cell culture consisted of medium
199 (400-1200; GIBCO BRL, Gaithersburg, MD) with Hanks' salts,
1.4 mMCaCl2, 0.68 mMglutamine, 1 Mug/ml insulin, 5 Mtg/ml trans-
ferrin, 1 nM LiCl, 1 nMNa2SeO4, 25 ng/ml ascorbic acid, 1 nMT3,
100 U/ml penicillin, and 100 Mg/ml streptomycin (1, 2, 23).

Primary cell culture. Adult rat ventricular myocytes were submit-
ted to primary culture by a modification of methods of Piper and col-
leagues (24). In brief, 35-mm plastic dishes were coated with 20/Mg/ml
laminin at 37°C 24 h before cell plating (25). Laminin purified from
Engelbreth-Holm Swarm murine tumor cells was kindly provided by
T. K. Borg (University of South Carolina, Columbia, SC). Cells were
preplated for 2 h at a density of 1 X 105 cells per dish in medium
supplemented with 4% fetal bovine serum. For the duration of the
experimental protocol, the medium then was changed to serum-free
medium supplemented with 5 mMcarnitine, 5 mMtaurine, 5 mM
creatine, and 0.2% bovine serum albumin (24). Cell viability was de-
termined by trypan blue exclusion, scoring at least 250 cells (n = 3
plates,, for each experimental condition). Cell number and morphol-
ogy were determined by examination of 30 random microscope fields,
scoring at least 600 cells (n = 8 plates, for each experimental condi-
tion).

Adenovirus vectors and infection in vitro. The recombinant, replica-
tion-deficient adenoviral vectors used in this study were generously
provided by Frank L. Graham (McMaster University, Hamilton, Can-
ada). The control virus, AdFG140, was produced by transfection of
AdS-transformed human 293 embryonic kidney cells with pFG140
(26). This bacterial plasmid contains the adenovirus type 5 (Ad5)
d1309 genome, harboring mutations in region E3 at 79 and 85 map
units, circularly ligated to a plasmid origin of replication and ampicillin
resistance gene via the XbaI site at 3.7 map units (27). E1A and E1B
sequences, deleted in the recombinant adenoviruses described here, are
complemented in trans by propagation of the virus in human 293 cells
which host the El region, and E3 is not required for viral replication.
The fl-galactosidase (lacZ) reporter virus was generated by homolo-
gous recombination in 293 cells between plasmid pJM 17, a 40.3-kb
modification of pFG140 too large to be packaged into adenoviral cap-
sids, and plasmid pHCMVsplLacZ, which contains the human cyto-
megalovirus immediate-early promoter, Escherichia coli lacZ gene,
and SV40 polyadenylation signal flanked by AdS map units 0.0-1.0
and 9.8-15.8 (A. Bett and F. Graham, personal communication). The
resulting recombinant virus, designated AdHCMVsplLacZ, integrates
the eukaryotic expression cassette into the El region, in lieu of E1A and
E1B sequences between 1.0 and 9.8 map units.

The firefly luciferase reporter virus was generated by homologous
recombination in 293 cells between the plasmids JM17 and pXCJL. 1 /
RSV/Luc, which contains the Rous sarcoma virus long terminal re-
peat, the firefly luciferase cDNA, and the SV40 small-t intron/poly-
adenylation signal, flanked by Ad5 map units 0.0-1.3 and 9.2-15.8.
The resulting virus, designated AdRSVLuc, contains a substitution of
the expression cassette bearing the luciferase reporter gene in place of
El sequences between 1.3 and 9.2 map units (Mazur, W., and B. A.
French, unpublished observations). For details regarding the design,
assembly, rescue, titration, and propagation of the adenoviral con-
structs see reference 28. After 24 h in culture, the adult ventricular
myocytes were incubated for an additional 48 h with medium alone or

medium containing up to 2 X 108 plaque-forming units (PFU)' of
AdFG140, AdRSVLuc, or AdHCMVsplLacZ.

(3-Galactosidase expression. The infection efficiency of AdHCMV-
sp I LacZ in adult ventricular myocytes was determined by histochemi-
cal staining for fl-galactosidase activity and was compared with quanti-
tative analysis of fl-galactosidase in the cardiac myocyte extracts, 48 h
after infection with AdHCMVsplLacZ or control virus. As the pH
optima for bacterial and mammalian fl-galactosidases differ substan-
tially (7.0-7.5 and 3-6, respectively), E. coli lacZ activity can be as-
sayed in recipient cells in isolation from any contribution by endoge-
nous fl-galactosidases (29). For histochemical analysis, ventricular
myocytes were fixed in 0.5% glutaraldehyde-phosphate buffered saline,
pH 7.2, for 5 min at 370C, then were stained with 5 mMK4Fe(CN)6, 5
mMK3Fe(CN)6,2 mMMgCl2, 1 mg/ml 5-bromo-4-chloro-3-indolyl-
fl-D galactopyranoside (X-gal; Boehringer Mannheim Corp., India-
napolis, IN) in phosphate buffered saline, pH 7.2, for 24 h at 370C
(29). The proportion of cells that expressed fl-galactosidase was calcu-
lated for - 70 rod-shaped ventricular myocytes, at each concentration
of virus examined. For colorimetric determination of (l-galactosidase
activity, cells were harvested in 150 Ml of 0.25 MTris-HCl, pH 7.4. Cell
lysates (80 Ml) were incubated with 4.85 mg/ml chlorophenol red-fl-D-
galactosidase (Boehringer Mannheim), 62.3 mMNa2HPO4, 1 mM
MgC2, 45 mMfl-mercaptoethanol for 30 min at 37°C (30). ,B-galacto-
sidase activity was measured as absorbance at a wavelength of 575 nm
and was corrected for the protein content of cell lysates, assayed by the
method of Bradford (31) . Results were compared by Scheffe's multiple
comparison test for analysis of variance and the unpaired two-tail t test,
using a significance level of P < 0.05.

Luciferase expression. Luciferase activity was monitored as oxida-
tion of luciferin in the presence of coenzyme A (32). Cells were lysed
with 150,ul of 25 mMTris-phosphate, 2 mMDTT, 2 mMEDTA, 10%
glycerol, and 0.1% Triton X-100. 20-MAl aliquots of each lysate were
mixed with 100 Ml of 20 mMtricine, 1.07 mMMgC03.4 Mg(OH)2* 5
H20, 2.67 mMMgSO4, 0.1 mMtrans-1,2-diaminocyclohexane-
N,N,N',N'-tetraacetic acid, 33.3 mMDTT, 270 MMcoenzyme A
(Pharmacia Fine Chemicals, Piscataway, NJ), 470 MuM D-luciferin
(Boehringer Mannheim Corp.), and 530 MMATP. Samples were as-
sayed in duplicate using a luminometer (model 2010; Analytical Lumi-
nescence Laboratories, San Diego, CA), and luminescence was
corrected for protein content (n = 4 plates, for each experimental con-
dition).

Results
After isolation from adult ventricular myocardium, resuspen-
sion in the presence of 1.4 mMCa2+, and preplating for 2 h to
remove nonadherent rounded cells, > 80%of the resulting car-
diac cells displayed the rod-shaped morphology and sarco-
meric cross-striations characteristic of myocardium in situ. In
agreement with the outcome of related protocols described by
Volz (24) and Lundgren (25), the morphological phenotype
after overnight incubation (67±2% rods) was stably main-
tained for at least 96 h-(63±3%). To overcome the potential
limitation that gene transfer into adult cardiac myocytes might
occur preferentially or exclusively in the subpopulation of struc-
turally altered, dedifferentiated cells (33, 34), ventricular myo-
cytes were infected after 24 h in culture and were analyzed 48 h
later by histochemical staining for lacZ activity, confining the
experiment to early intervals and permitting direct identifica-
tion of lacZ + cells. Adult rat ventricular myocytes that were
infected with lacZ-encoding adenovirus at high titer (2 x 108
PFU per 35-mm culture dish) efficiently expressed the exoge-
nous lacZ gene, as indicated by the prevalence of blue chroma-
gen in characteristic rod-shaped cells (Fig. 1. A-C). To obviate

1. Abbreviation used in this paper: PFU, plaque-forming units.
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Figure 1. Recombinant type 5 adenovirus mediates efficient gene transfer to adult rat ventricular muscle cells. Representative fields are shown for
cells assayed for E. coli lacZ activity 48 h after infection with 2.0 x 108 PFUof (A, BA C) AdHCMVspllacZ or (D) the control virus, AdFG140.
Bar, (A, B) 40 pm; (C, D) 100 pm. Incubations for the histochemical reaction were 24 h; uninfected and AdFG140-infected ventricular myocytes
remained colorless even after incubation for an additional 3 days.
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Figure 2. (A) The percentage of lacZ +

/7
ventricular myocytes and (B) lacZ content

/ (microgram per milligram protein) are

shown as a function of viral concentration.
Results in A are calculated for the morpho-

* logically differentiated, rod-shaped ventric-
ular muscle cells. (Black)

7 8 AdHCMVsplLacZ; (grey) AdFG140;
(white) no virus.

concern that the procedures for cell isolation and culture might
induce endogenous f3-galactosidase activity in ventricular myo-

cytes, as suggested for injured canine arteries (35), and to rule
out the further possibility that adenovirus itself might induce
the endogenous mammalian f3-galactosidase genes, AdFG140-
infected ventricular myocytes and uninfected cells were ana-

lyzed histochemically, at the same stage of cell culture. f3-galac-
tosidase activity was detected exclusively in ventricular myo-
cytes infected with AdHCMVsplLacZ, and was never

observed in cardiac myocytes infected with the control virus

(Fig. I D) or in uninfected ventricular cells. Comparable re-

sults were obtained in each of two independent experiments.
To eliminate uncertainties arising from the questionable

viability or dedifferentiation of cells lacking the rod-shaped
morphology, the efficiency for infection of adult ventricular
myocytes by AdHCMVspI LacZ was separately determined for
characteristic rod-shaped myocytes and for the total cell popu-
lation. The proportion of rod-shaped myocytes expressing
lacZ increased systematically with the concentration of
AdHCMVsplLacZ (P = 0.0282) and was half-maximal at 4
x 101 PFU (Fig. 2 A). Infrequent lacZ-positive cells were ob-
served even at the lowest concentration of virus examined (2
x 103 PFU). The percentage of rod-shaped ventricular myo-
cytes that contained histochemically detectable lacZ activity
approached 80% at 2 X 106 and 90% at 2 X 108 PFU. In con-

trast, myocytes infected with the lacZ-free virus (P = 0.0005)
and uninfected myocytes (P = 0.0008) remained histochemi-
cally negative at all viral titers tested (Fig. 2 A), even with
prolongation of the histochemical reaction for 4 d. The effi-
ciency for adenoviral infection noted above for rod-shaped
myocytes was comparable to that for the total cell population:
given the high proportion of morphologically differentiated
ventricular cells resulting from the culture procedures used
here, rod-shaped ventricular myocytes comprised more than
two-thirds of the lacZ + cells produced at each viral titer. Thus,
the cells that are amenable to adenoviral infection and expres-
sion of the heterologous gene are representative of the adult
ventricular myocytes present in the culture.

To ensure that f3-galactosidase activity was strictly contin-
gent on the exogenous lacZ sequences, parallel cultures of ade-
novirus-infected ventricular myocytes were analyzed more

quantitatively, by a colorimetric assay (Fig. 2 B). fl-Galactosi-
dase activity was readily detected at 4 X 105 PFU and was

maximal at 5 X I07 PFU of AdHCMVsplLacZ, in concor-

dance with the percentage of positive rod-shaped cells. ,B-Ga-
lactosidase activity in ventricular myocytes infected with
AdFG140 was comparable to that in uninfected cells: for each
corresponding concentration ofthe control virus, A575 was simi-
lar to that due to substrate and buffer alone. To establish inde-
pendent evidence that adenovirus infection of adult ventricular
myocytes had occurred, separate cultures were exposed to 108
PFUof adenovirus containing a firefly luciferase reporter gene

driven by the Rous sarcoma virus long terminal repeat (Fig. 3).
Luciferase activity 24 h after infection was 32,651±5,465 light
U/,ug protein, whereas activity in myocytes infected with
AdFG140 was indistinguishable from background lumines-
cence (P = 0.0001 ). Thus, infection of adult ventricular myo-

cytes was validated with two contrasting recombinant viruses
and, in each case, production of the reporter protein was alto-
gether contingent on the respective expression cassette.

To address the potential impact of high titer infection itself
on adult ventricular myocytes, cell number, morphology, and
viability were compared in cultures subjected to 108 PFU of
AdHCMVsp1LacZ versus control cells. In concordance with
the results of others using serum-free conditions and laminin as

substrate (36), cell number at 72 h in control cultures was

AdRSVLuc

AdFG140

32651

1.44

0 0.5 1 1.5 2 2.5 3

Luciferase activity/gg prot (x 10-4)
3.5 4

Figure 3. Luciferase activity in adenovirus-infected adult ventricular
muscle cells. Cells were assayed 48 h after infection with 108 PFU of
(upper bar) AdRSVLuc or (lower bar) AdFG140. Results
(mean±SE) are expressed as light units per microgram protein.
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roughly one-third of the initial inoculum of 105 cells
(35,458±4,458). No deterioration of cell number occurred in
virus-infected cells (36,141±4,317; Fig. 4 A). The proportion
of adult ventricular myocytes retaining the differentiated, rod-
shaped morphology was close to 70% under each of the condi-
tions tested (Fig. 4 B). Virtually all rod-shaped myocytes were

viable, as determined by trypan blue exclusion (96.3±3.2% for
adenovirus-infected cells; 99.3±0.4% for control cells; Fig. 4
C). Thus, under the conditions tested, adenovirus infection by
itself had no obvious effect on the survival or morphology of
adult ventricular muscle cells.

Discussion

For cardiac muscle as for other classes of cells, the introduction
of foreign DNAhas become a virtually indispensable tool for
investigations of the normal and abnormal phenotype. How-

ever, by comparison with other experimental systems, a molec-
ular dissection of the cardiac myocyte has been hampered by
obstacles to the genetic manipulation of adult ventricular mus-

cle cells in vitro. To circumvent the expected inefficiency of
more conventional approaches, we tested the hypothesis that
recombinant adenovirus would provide a means for highly effi-
cient gene transfer to adult ventricular myocytes in culture.
Our results establish that morphologically differentiated, rod-
shaped ventricular muscle cells are competent for uptake of
recombinant adenovirus and expression of the heterologous
genes. Precautions must be taken in the use of 3-galactosidase
as a reporter protein (35, 37). In our study, the histochemical
and quantitative assays to monitor lacZ activity both discrimi-
nate between mammalian and bacterial f3-galactosidases (29),
and spurious activity was never seen in uninfected cardiac
muscle cells or cells infected with control virus. Moreover,
adenoviral infection of adult ventricular myocytes was corrobo-
rated independently, using a second recombinant virus encod-
ing firefly luciferase. The efficiency for genetic modification of
adult ventricular myocytes approached 90% at 108 PFU, ex-

ceeding by 450-fold the reported success rate for adenoviral
gene transfer into mouse myocardium in vivo (38) and ap-
proximating the homogeneity obtained in neonatal ventricular
cells (39). The fact that all rounded myocytes were nonviable
by trypan blue inclusion suggests that lacZ activity in rounded
cells, illustrated in Fig. 1, is likely to reflect rounding caused by
the prolonged incubation for X-gal staining: this interpretation
has been substantiated by an alternative procedure, using brief
incubation with the membrane-permeant, fluorogenic sub-
strate C,2-fluorescein di-f-D-galactopyranoside (40) to image
lacZ activity in living ventricular muscle cells (Kirshenbaum,
L. A., K. A. Angelides, B. A. French, and M. D. Schneider,
unpublished observations).

The procedure for generation of recombinant adenovirus
(41 ) relies on homologous recombination between adenoviral
E1 sequences flanking a eukaryotic expression cassette and a

modified Ad5 genome that exceeds the packaging limitation
for adenoviral capsids. The adenovirus El A protein regulates
numerous viral and cellular genes, at least in part by physical
interaction with nuclear proteins including CREB/ATF, Rb,
cyclin A, Fos, Jun, and THID, the TATA box transcription
factor (42, 43), and can dissociate transcription factor com-

plexes involving the cellular protein E2F (44). In skeletal mus-

cle, E1 A represses differentiation and, more specifically, blocks
trans-activation by myogenic helix-loop-helix proteins (45).
Thus, an aspect of adenovirus itself which bears importantly on

the potential for affecting the cardiac phenotype factitiously is
the absence of E1A, E1B, and E3 activity from the strains of
virus used here. Conversely, adenovirus-mediated gene

transfer would provide an effective means for intentionally
modifying ventricular myocytes with one or more of these pro-

teins. Although there was no obvious impact of adenoviral in-
fection here on myocyte survival or morphology, the present

study does not exclude effects at longer intervals or higher mul-
tiplicities of infection.

Interest in adenovirus-mediated gene transfer has been ac-

centuated by recent demonstrations that replication-deficient
adenovirus can stably modify mouse skeletal muscle in vivo
(46), efficiently infect endothelium of human umbilical veins
(47), and direct the expression of potentially therapeutic pro-
teins in airway epithelium (48). Recognized advantages of ade-
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novirus-based strategies (48, 49) include lack of dependence
on host cell proliferation, broad target range, limited pathoge-
nicity in humans, capacity for foreign DNA (especially if
helper virus is used for propagation), high titer production,
and the ability of adenovirus augmented gene transfer by trans-
ferrin-polylysine conjugates (49). For fundamental studies of
signal transduction and transcriptional control in the heart, the
remarkable uniformity for infection and applicability to adult
ventricular myocytes shown in the present study establish that
replication-deficient adenovirus can complement existing tech-
niques for achieving gene transfer in cardiac muscle.
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