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Electroporation is a new gene delivery method to in-
crease gene transfer and expression in vivo. Starburst
polyamidoamine dendrimers have been demonstrated
to augment gene expression in vitro and in vivo. We
hypothesized that the combination of electroporation
and dendrimer could enhance the gene transfer and
gene expression in cardiac transplants. After immer-
sion in DNA/dendrimer complexes or intracoronary
transfer of DNA/dendrimer complexes, both nonvascu-
larized and vascularized syngeneic cardiac grafts, re-
spectively, were subjected to serial electrical pulses
before transplantation. b-Galactosidase reporter gene
expression in the graft was determined by X-Gal stain-
ing. Gene expression was enhanced 10- to 45-fold in
grafts immersed in DNA/dendrimer complexes, or after
intracoronary transfer of DNA/dendrimer complexes,
and subjected to 20 square wave 25-ms pulses with a
strength of 200 V/cm. The combination of electropor-
ation and DNA/dendrimer complexes may provide a
novel approach to enhance gene transfer and gene ex-
pression ex vivo.
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Introduction

Efficient delivery of target genes into cardiovascular tissues
may provide a new therapeutic modality for the treatment of
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various heart diseases and heart allograft rejection. Various
strategies have been investigated to transfer genes to organs,
and many studies have demonstrated that a variety of tech-
niques using plasmid or viral vectors can deliver and express
exogenous genes to cardiovascular tissues (1–14). In 1982,
Neumann et al. (15) demonstrated that in vitro electropor-
ation of cells in the presence of plasmid DNA resulted in DNA
transfer and expression. Since then, this method has been
widely used for gene delivery to increase gene transfer and
expression in vitro and, more recently, in vivo (16–24). The
mechanism of electroporation-mediated gene transfer is
thought to be based on formation of membrane pores fol-
lowed by DNA electrophoresis into the cells (25). Muscle, as
an electrically conductive organ, may be particularly amen-
able to permeation by electrical shocks. Indeed, electropor-
ation to skeletal muscle is very effective (21–23), and the
feasibility of its use in embryonic chick myocardium has been
demonstrated (19).

A class of synthetic, highly branched, spherical, polyami-
doamine (PAMAM) dendrimer polymers has a structural ad-
vantage for gene transfer. These molecules are uniform in
size, have a high density of charged primary amino groups
restricted to the surface, are highly soluble, and are stable in
aqueous solution. Recent studies have shown that Starburst
dendrimers are nonimmunogenic and can mediate and en-
hance gene transfer and gene expression in vitro and in vivo

(26–29). Our recent studies demonstrated that dendrimer
significantly increased the efficiency of plasmid-mediated
gene transfer and expression in murine heterotopic, nonvas-
cularized and vascularized cardiac grafts. Direct injection or
intracoronary delivery of DNA/dendrimer complexes consti-
tuted with the fifth generation of ethylenediamine (EDA) core
dendrimer (G5EDA) increased the efficiency of plasmid gene
transfer (1,29). In this study, we investigated the combination
of electroporation and DNA/dendrimer complexes to in-
crease gene transfer efficiency and gene expression in both
murine nonvascularized and vascularized cardiac transplan-
tation model.

Methods

Materials

C57BL/6J mice were purchased from the Jackson Labora-
tories (Bar Harbor, ME). Plasmid source and preparation, den-
drimer source and preparation, and histologic procedures
have been described in detail previously (1,29).
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Gene transfection

The plasmid pMP6A-b-gal, encoding b-galactosidase (b-Gal)
under the control of a CMVie promoter, was mixed with the
fifth generation of ethylenediamine core dendrimers in PBS
to form complexes. For nonvascularized cardiac transplan-
tation, the whole hearts were removed from neonatal C57BL/
6 mice and individually placed in an electroporation cuvette
(0.4cm electrode gap) containing 100 mL of cold DNA/den-
drimer solution, or DNA alone, and subjected to electropor-
ation with a conventional electroporation apparatus (Gene
Pulser, BioRad, Hercules, CA). This apparatus delivers
square wave pulses with a duration of 25ms and variable
voltage. The hearts were then transplanted subcutaneously
to the ear pinnae of adult C57BL/6 recipients. Graft function
and survival were evaluated by electrocardiography every
other day.

For vascularized cardiac transplantation, the donor heart was
arrested by infusion of 0.5mL of University of Wisconsin
(UW) solution into the inferior vena cava. The aortic root was
flushed with 0.1mL of UW solution to expel intracoronary
blood thoroughly, and 0.2mL of the DNA/dendrimer com-
plexes (containing 20 mg DNA plus 260 mg dendrimer) were
then infused into the aortic root with a 30-gauge needle. The
heart was removed from the chest and placed into 200mL
UW solution in an electroporation cuvette (0.4cm electrode
gap). After electroporation, the heart was removed from the
cuvette and implanted. The donor aorta and pulmonary artery
were joined end-to-side to the recipient aorta and vena cava,
respectively, using 10-0 nylon suture. After the completion
of the anastomoses, the abdomen was closed with a single
running suture to all layers. The total cold ischemic time, in-
cluding incubation time, was 1h. The recipient mouse was
then warmed for a few hours during recovery from anes-
thesia and had free access to water and food. The function
of the transplanted hearts was assessed daily by abdominal
palpation (29).

Histology

Transplanted hearts were obtained, frozen, and sectioned at
10mm for b-Gal determination by X-gal staining on postopera-
tive day 7 (1,29). For quantitative analysis of gene expression,
the total number of cells positively staining for X-gal was
counted per section under magnification (¿40), and a mean
value was calculated for five sections per graft, and two to
four grafts per group. The overall mean values were deter-
mined for each group, and numbers are expressed as
mean∫standard deviation of the number of stained cells ob-
served. The significance of the difference in gene expression
for the groups was determined using Students’ t-test. The
level of significance was accepted as p , 0.05.

Results

In the syngeneic, nonvascularized, cardiac transplants, we
compared the combination of electroporation with either di-
rect injection of DNA/dendrimer complexes into the graft or
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immersion of the graft in DNA/dendrimer complexes. The
dose of DNA, the method of DNA/dendrimer complex deliv-
ery, number of electrical pulses, and volts/cm (V/cm) were
all determined to be critical factors for efficient gene transfer.
In our previous studies, we determined that 0.31mg DNA
complexed with 10mg dendrimer (1:50 DNA:dendrimer
charge ratio) and injected into the graft in a 10mL volume
resulted in optimal gene expression (1,29). The combination
of electroporation (12 pulses, 200V/cm) with intragraft injec-
tion of DNA/dendrimer complexes improved gene expression
in this group several-fold (Figure 1, group 2 vs. group 1, p
,0.05). However, this was not better than electroporation
plus direct injection of naked DNA without dendrimer (group
3), while naked DNA alone without electroporation resulted
in predictably poor gene expression (group 4).

While the DNA:dendrimer charge ratio of 1:50, and 0.31mg
of DNA injected into the graft were previously found to be
optimal for nonvascularized grafts (1), the modality of elec-
troporation allowed us to examine the alternative method of
DNA delivery by immersing the graft in the vector during the
treatments. Direct immersion in 100mL of DNA:dendrimer
solution (1:50 charge ratio) plus electroporation resulted in
markedly increased gene expression compared with direct
injection plus electroporation (group 2 vs. 9, p ,0.01).
Further dose–response analysis showed that higher DNA
doses, while holding the DNA:dendrimer charge ratio con-
stant, could further improve gene expression (groups 6, 9 vs.
8, p ,0.01). This enhancement of gene expression clearly
depended on both the presence of dendrimer (group 5 vs.
8, p ,0.01) and electroporation (group 7 vs. 8, p ,0.01).
The evaluation of other variables demonstrated that 12 pulses
resulted in improved reporter expression compared with five
pulses (group 11 vs. 8, p ,0.01), and were equivalent to 20
pulses (groups 8 vs. 10, p Ω NS). Pulse strength was optimal
at 200 V/cm (groups 13 vs. 8, 12, p ,0.01). Histologically,
reporter gene expression was seen throughout the myocar-
dium (Figure 2), suggesting that electroporation allowed ac-
cess of the DNA to distant or deep cells and tissues. This
histologic analysis did not reveal cardiac myocyte necrosis as
a result of the in vitro electroporation treatments. Likewise,
gross anatomic study also did not reveal any changes or ab-
normalities of the transplant site.

The combination of electroporation and dendrimer delivery
of plasmid DNA was also studied in vascularized, syngeneic
cardiac transplants. Our previous studies demonstrated that
optimal gene transfer and expression with the dendrimer-
based system for reporter genes in a vascularized graft oc-
curred with intracoronary delivery of 20mg DNA plus 260mg
dendrimer (1:20 charge ratio) plus 10ª5 M serotonin in the
aortic flush solution (29). We first determined if vascularized
cardiac graft function could recover if the grafts were ex-
posed to the pulses of electroporation. Initial studies showed
that graft function was recoverable and the hearts survived
for the observation period of several weeks when 20 or fewer
pulses, at 200 V/cm, were administered. A greater number
of electric pulses and/or higher voltages lead to almost 100%
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Figure 1: Electroporation
enhances gene expression
in nonvascularized, syn-
geneic cardiac grafts. Indi-
cated conditions and vari-
ables for gene transfer are
noted. Grafts were harvested
7d after transplantation,
frozen sections prepared,
stained for b-gal, and gene
expression quantitated as the
number of cells staining per
high powered field (hpf)∫
standard deviation of the
mean, with five sections per
graft and two to four grafts for
each group.

Figure 2: Enhanced expression of b-galactosidase in electroporated nonvascularized grafts. A. Graft treated as in group 12, Figure
1. B. Graft treated as in group 4, Figure 1. Original magnification ¿40.

graft failure within 24h. At laparotomy, these grafts appeared
necrotic and thrombosed. Therefore, the combination of elec-
troporation and intracoronary delivery of DNA/dendrimer was
examined, comparing five to 20 pulses and 50–200 V/cm
for each pulse. The results in Figure 3 show that 20 pulses
at 200V/cm provided optimal reported gene expression
(group 4 vs. 1, 2, 3, p ,0.01). Histologic and gross analysis
did not show evidence of myonecrosis or inflammation (not
shown).

Discussion

Gene transfer and gene therapy approaches for application
to transplantation have received significant attention recently
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(30–35). A variety of viral and nonviral vectors have success-
fully been used to introduce reporter genes into syngeneic
grafts, and immunologically active genes into allografts, in
order to suppress the local immune response and prolong
allograft survival (31–34). Numerous problems remain in the
field of gene delivery, including effective ways to introduce
genes into allografts. The direct injection of vectors into grafts
limits the physical distribution of the vector (4,5). Likewise,
vascular perfusion of grafts with vectors likely limits distri-
bution of the vector to the vascular endothelium and perhaps
to some cells lying immediately underneath the vessels (6,9).
In addition, there remain problems of vector entry into cells,
promoter activity and regulation, and innate and adaptive im-
mune responses incited against the various types of vectors.
The approach adopted here of electroporation may solve



Gene Transfer in Cardiac Transplants

Figure 3: Electroporation enhances gene expression in vascu-
larized syngeneic cardiac grafts. Indicated conditions and vari-
ables for gene transfer are noted, as in Figure 1.

some of these problems by allowing plasmid vectors to enter
directly a multitude of cell types, including cells far from the
vascular endothelium. Furthermore, the results here show
that electroporation is compatible not only with naked
plasmid DNA vectors, but also with plasmid DNA coupled to
carriers such as the dendrimer. The dendrimer further en-
hances cell entry and may also protect the plasmid DNA from
nucleases and further enhance translocation of the DNA from
the cytoplasm to the nucleus of the cell (26–28).

While electroporation has been practiced for decades in vitro

with single cells, it has only recently been applied in vivo for
cell transfection (16–24). It has been shown to be particularly
effective for skeletal myocyte gene transfer (21–23), possibly
because of the intrinsic electrical properties of myocytes and
muscle units (25). Previous reports have shown electropor-
ation into muscle to be effective in achieving expression from
reporter and other genes (21–23). This, however, is the first
publication to show that viable mammalian myocardium may
be successfully transfected with electroporation methods ex

vivo and transplanted to achieve syngeneic graft survival.
Given the extensive knowledge and experience with electrical
stimulation of the myocardium, it can be anticipated that
many more advances in the application of electroporation to
the myocardium may be achieved in order to express genes
relevant not only for allotransplantation, but also for athero-
sclerotic and ischemic disease.

It will be important to extend these observations to other as-
pects of gene transfer and gene therapy. Thus, it will be inter-
esting to determine not only if electroporation facilitates the
transfer of DNA into the cytoplasm, but also if it contributes
to nucleic acid transport from cytoplasm to nucleus. Second,
it will be important to understand how electroporation influ-
ences promoter function, and whether constitutive or regulat-
able promoters are influenced positively or negatively by the
electroporation process. Third, since it is now clear that innate
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immune responses are a major influence in the interaction of
viral and nonviral transfer vectors with cells, it will be import-
ant to determine how electroporation affects these inflam-
matory effects. Lastly, it will be important to examine the in-
fluence of immunoregulatory genes transferred via elec-
troporation into allografts and determine if that influences the
local and systemic immune responses and allograft survival.
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