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Abstract

The study of muscle physiology has undergone many changes over the past 25 years and has
moved from purely physiological studies to those intimately intertwined with molecular and cell
biological questions. To ask these questions, it is necessary to be able to transfer genetic reagents
to cells both in culture, and ultimately, in living animals. Over the past 10 years, a number of
different chemical and physical approaches have been developed to transfect skeletal, smooth, and
cardiac muscle living systems with varying success and efficiency. This review will provide a
survey of these methods and describe some more recent developments in the field of in vivo gene
transfer to these various muscle types. Both gene delivery for overexpression of desired gene
products and delivery of nucleic acids for downregulation of specific genes and their products will
be discussed to aid the physiologist, cell biologist, and molecular biologist in their studies on
whole animal biology.

The study of muscle physiology has undergone tremendous changes in the last 25 years. In
the 1970s and 1980s, much of the research on skeletal, smooth, and cardiac muscle focused
on defining the biophysical factors governing muscle properties as they related to vascular
resistance, cardiac pacing, and force generation. In the 1990s the emphasis shifted towards
cell biology as the focus moved from the organ to the cellular level. Now, many studies
must deal with the molecular biology of these systems to understand the mechanisms at the
molecular level. At the other extreme, molecular biology has seen a similar evolution over
same time, going from studies on DNA sequence and promoter analysis of muscle-specific
genes in in vitro systems to studying the roles of these genes and their impact on cell biology
in cultured muscle cells. With the advent of the genomic and proteomic revolution, many
researchers have begun to turn their attention to studying the roles of various genes and their
regulation in living systems in the context of the living organisms themselves. With these
transitions in mind, it is clear that we must have ways to study gene function in living tissue.

Perhaps the most powerful way to do this is to utilize gene transfer strategies to deliver
genes and other DNAs or RNAs to cells within tissues to study their roles in the context of
the animal itself. Such approaches can be used to upregulate gene expression, study
transcriptional and post-transcriptional regulation of various genes and gene products, and to
down-regulate expression of desired targets. However, to succeed in all of these studies,
efficient ways to deliver nucleic acids to muscle cells in vivo must be used. This review will
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focus on the techniques used to deliver genes to skeletal, smooth, and cardiac muscle in vivo
and will discuss various approaches to upregulate and downregulate expression in living
systems using gene transfer.

Transfection Strategies

A number of methods have been developed to introduce exogenous nucleic acids into cells.
However, while many of these approaches work to varying degrees on cells in culture, they
are almost always much less effective in vivo. There are two main types of transfection
strategies: chemical and physical. Chemical methods include the use of cationic liposomes
(“lipoplex™), polymers (“polyplex’”), combinations of the two (“lipopolyplex”), calcium
phosphate, and DEAE dextran. In almost all of these chemical methods, the reagents
promote transfection by complexing with the DNA to neutralize the charge, condensing the
DNA, mediating interaction and attachment to the cell membrane, and promoting entry into
the cell, typically via endocytosis and subsequent endosomal escape. In addition to the
chemical methods, a number of physical methods exist that promote the direct entry of
uncomplexed DNA into the cell. These methods can include microinjection of individual
cells, hydroporation, electroporation, ultrasound, and biolistic delivery (i.e., the gene gun).
In the case of hydroporation, recent data from Dexi Liu and colleagues suggest that
hydrodynamic delivery of DNA, at least in the liver, casues transient pores to open in the
cell membrane (hence the term, “hydroporation”), which close within 10 minutes of high
volume injection, and allow entry of DNA into the cytoplasm (135). Similarly,
electroporation, at the appropriate field strength, causes limited and focal membrane
destabilization giving rise to pores that exist for the lifetime of the field (111). Membrane
pores are also induced by high frequency sound waves (“acoustic cavitation”) and can be
amplified by microbubbles using ultrasound (63). In contrast to these techniques, the gene
gun “shoots” DNA-coated particles into cells, breaching the plasma membrane by physical
force. While it is clear that some of these approaches are unsuited for in vivo delivery
(microinjection of individual cells within a tissue could be seen by some as inefficient),
others have had varying success in animals. Out of all of the methods, the most widely used
and effective methods use lipids or polymers, direct injection into bulk tissue, or
electroporation.

Skeletal Muscle

In 1990, Jon Wolff and colleagues performed a simple experiment that resulted in an elegant
and highly effective method for gene delivery to skeletal muscle (127). Purified, protein-free
plasmids expressing f-galactosidase were suspended in saline and directly injected into the
quadricep muscle group of mice. Several days later, the muscles were removed and assayed
for gene expression. Surprisingly, many fibers within the injected muscle expressed high
levels of the gene product. The majority of expressing cells appeared to be adjacent to the
needle injection track, but many cells throughout the muscle expressed the injected gene.
This approach was termed “naked DNA injection” and has been shown by numerous groups
to give extremely high levels of gene expression in vivo (72). In most cases, either strong
viral promoters such as the CMV immediate early promoter (CMViep), the SV40 early
promoter, or the RSV long terminal repeat promoter, or skeletal muscle promoters such as
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the B-actin promoter are used to drive expression of the transgene (47). Relatively low levels
of plasmid are required to achieve robust gene expression (typically 10 to 50 g of plasmid
is injected per muscle in mice, resulting in nanogram to microgram levels of gene product).
Reasonable expression tends to develop within 6 hours and peaks within 2 days, although
expression has been seen as early as 2 minutes following injection (cells around the needle
track express first) (28). Most importantly, the levels of gene expression persist for extended
periods of time. Experiments in mice have detected gene expression out to 19 months
following a single injection of plasmid (126). Long term gene expression has also been
detected in larger animals and non-human primates (71). However, although expression
persists for a very long time, the levels drop from their day 2 peak to about 10 to 20% of this
maximum by 7 to 14 days and remain at this level for extended periods (126). This drop in
expression could be due to combinations of a variety of factors, including promoter choice,
promoter inactivation or downregulation (49), DNA methylation (50), immune responses
generated against the produced transgene (49, 61), or inflammatory responses against CpG
motifs in the plasmids (130, 136). It should also be stressed that the levels and duration of
expression are also dependent on the transgene product being produced. This approach has
been used for many purposes, including the production of secreted proteins using muscles as
bioreactors (e.g., factor V111 for clotting disorders or growth factors to aid growth) and for
DNA vaccines.

An approach to increase the efficiency of this method was developed by applying external
electric fields to the injected muscle. Electroporation has been used extensively to transfer
DNA to bacteria, yeast, and mammalian cells in culture for the past 20 years (6, 99). More
recently, it has been applied to intact tissues in living animals, including skeletal, smooth,
and cardiac muscle. Electroporation uses electrical fields to create transient pores in the cell
membrane that exist for the lifetime of the electric field and allow the entry of normally
impermeable macromolecules into the cytoplasm (111). The electric field also results in the
electrophoretic movement of the added DNA, aiding in gene delivery (104). Surprisingly, at
the appropriate field strengths, the application of these fields to tissues results in relatively
little damage or trauma although some low level of necrosis and changes in gene expression
may be detected (8, 39, 81, 88). When a square wave electric field at the appropriate
strength was applied to mouse quadricep muscles following direct injection of the plasmid,
the levels of gene expression jumped between 100 and 1000-fold (2, 81, 86). Both the
distribution of cells taking up and expressing the DNA increases upon electroporation as
does the absolute amount of gene product per cell (this is likely due to increased delivery of
plasmids into each cell)(Figure 1). Indeed, many reports demonstrate that between 50 and
80% of fibers within a given muscle group can be transfected using this approach (29, 81,
86). As with direct injection, gene expression is long lasting. Further, it has been used
successfully in a number of different species, up to non-human primates (93).

The application of the electric field can be accomplished using either plate electrodes placed
on the surface of the leg or using needle electrodes that are inserted into the DNA-injected
muscle (Figure 2). For needle arrays, there are several types, including two- and six-needle
arrays, both of which work very well. For plate arrays, any number of commercially
available or homemade electrodes will work, from two rods placed on either side of the leg,
to “caliper” electrodes which have metal plates attached to calipers so that the gap between
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the electrodes can be accurately measured to set the field parameters. A number of different
pulsing parameters have been used, with both high voltage-short pulse length and low
voltage-long pulse length being effective. Two such combinations that work extremely well
are to apply a set of 6-8 pulses of 20 msec duration each at a field strength of between 100
to 400 V/cm (low voltage, long pulse) or a similar train of 100 psec pulses at 900 to 1000
V/cm (high voltage, short pulse)(87, 120). Briefly, plasmids purified by standard laboratory
techniques (e.g., Qiagen kits, Promega kits, etc) are suspended in physiological saline (140
mM NacCl), typically in a buffer that contains 10 mM Tris, pH8, and 1 mM EDTA., although
any buffer should suffice. Between 10 and 100 pug of plasmid in 50 to 100 pl are injected
into the desired muscle group of the anesthetized mouse so that the tissue bulges slightly
with the injected fluid. For larger animals, increased volumes and amounts of plasmid can
be administered. It has been demonstrated that when small volumes are used, the distribution
of gene expression is more focal around the site of injection and not dispersed evenly
throughout the tissue. Immediately following DNA injection, electrodes are placed on the
skin on either side of the injected muscle and a series of pulses are delivered. Because an
electric field is being applied, the muscles will contract, although no lasting effects have
been observed. However, at higher field strengths with long pulse times, tissue damage can
occur (8, 81, 88).

Electroporation of skeletal muscle has been used extensively to express a number of
therapeutic and physiological genes in multiple animal models (for an excellent review, see
(3). Because direct DNA delivery coupled with electroporation results in such high level
expression, this technique has been used to exploit skeletal muscle as a bioreactor to produce
and secrete a number of proteins that act in an exocrine manner, such as Factor X for
hemophilia (37), Erythropoetin for thalassemia (96, 101), growth hormone-releasing
hormone to increase body weight (30, 31), and various interleukins. Genes that act on
skeletal muscles themselves have also been delivered using this approach, including
dystrophin (36, 90) and IGF-1 (106). Finally, electroporation of skeletal muscle has also
been used to express antigens for development of DNA vaccines, in multiple animal models
(7, 93).

Although electroporation greatly increases gene transfer and expression in skeletal muscle, a
number of studies have evaluated the use of adjunct reagents to increase gene transfer even
further, in both electroporated and non-electroporated muscles. Early studies from Wolff’s
lab, who developed the naked DNA injection technique, demonstrated that injection of the
muscles with bupivacaine at doses that induced limited muscle degeneration, prior to DNA
injection resulted in increased gene transfer and expression (20). More recently, several
groups have shown that injection of hyaluronidase into muscle, prior to DNA delivery and
electroporation, also increased gene transfer and expression (36, 42, 84, 85, 88). In this case,
the enzyme partially degrades the extracellular matrix surrounding the myotubes, and this is
thought to aid in uptake of the DNA into the cells, resulting in up to four-fold higher gene
transfer versus electroporation alone.

Apart from direct DNA injection with or without electroporation, a number of chemical
methods and techniques have been tested for DNA delivery to skeletal muscle in vivo, with
varying degrees of success. Cationic liposomes, such as Lipofectin, DOTAP:DOPE, etc.,
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have revolutionized transfections of cultured cells in the lab due to their ease of use and
typically high transfection efficiency. However, while many of these reagents can be used to
productively transfect myoblasts and myoblast cell lines in culture, they show almost no
transfection activity in differentiated myotubes in culture or in skeletal muscle in vivo (48,
72). Similarly, cationic polymers including polyethyleneimine (PEI) which are highly
efficient for in vitro delivery and delivery to other tissues such the lung, have also not
performed well in differentiated myotubes, in vitro or in vivo (14, 68).

Several other physical methods are worth mentioning. First, particle bombardment has been
used in several studies to transfer genes to various skeletal muscles with success (62, 133).
This technique coats gold particles with plasmids and the particles are delivered into the
tissue using a “gene gun” that uses pressure to shoot the particles into the tissue. In one
study where this method was compared to direct DNA injection, the gene gun performed
best in the muscle of young rats, and yielded between 10- and 100-fold more expression
than direct DNA injection (62). The only drawback to this technique is that it traditionally
requires the muscle to be exposed (although a new device can penetrate multiple layers of
the skin and transfect sub-epithelial tissues (27)) and induces some degree of trauma.
Microbubble ultrasound has also been used to deliver DNA to skeletal muscle. DNA is
delivered directly or with a microbubble agent such as Optison and ultrasound waves are
concentrated on the area of the tissue where gene transfer is desired (73). Wide distribution
is achieved as is high level gene expression with the benefit of being able to direct the waves
to specific regions of interest. Finally, hydrostatic pressure, or hydroporation, has been used
successfully to transfer genes to skeletal muscle in a number of organisms. The original
versions of this technique delivered a large volume of DNA via the tail vein over a short
period of time and resulted in tremendous expression in the liver (70). Wolff and others have
applied this method to isolated limbs to target skeletal muscle by injecting large volumes of
DNA into the circulation over a short period of time and achieved relatively uniform, high-
level expression in most muscle groups fed by the vasculature in the limb (11, 19, 69, 134).
This has now been applied to animals from mice to hon-human primates with success.
However, the only drawback to this approach is that some tissue damage does occur, but the
ability to target the majority of muscles with a given limb is attractive.

Smooth Muscle

Smooth muscle, especially in the vasculature and airways, is an extremely important target
for gene transfer and expression studies. However, perhaps the major challenge to
transfecting smooth muscle cells (SMCs) in vivo is that they are surrounded by other cell
types (endothelial and adventitial cells in the vasculature and epithelial cells in the airways).
Thus, unless the tissue is damaged, they are largely inaccessible to DNA transfer reagents.
Indeed, it has been well documented for viral vector-mediated delivery as well as lipoplex
and polyplex-mediated delivery to vascular SMCs, that unless the endothelial layer is
denuded, typically by angioplasty, essentially no gene transfer to the smooth muscle layer is
detected when the reagents are delivered from the lumen (55, 83). Similarly, when the
transfection complexes (viral or non-viral) are delivered from the adventitial surface, very
little expression is found in the medial SMC layer, and almost none in the intima (118),
although one recent study has had success using adventitial delivery of plasmids using the
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reagent Effectene (a proprietary non-liposomal transfection reagent from Qiagen) to transfer
DNA to the SMCs (10). In airways, the situation is the same with agents delivered from the
airways being primarily targeted to the airway epithelial cells and those delivered
systemically via the vasculature being restricted to the endothelial cells. It should be
stressed, however, that a variety of liposomal reagents, including DOTAP/DOPE,
Lipofectin, Lipofectamine, etc, and cationic polymers such as PEI, Effectene, and
dendrimers, are effective for transfecting smooth muscle cells both in vitro and in vivo, if the
reagents have direct contact with the cells (after injury) in vivo (5, 44, 74, 89, 114, 118).
Polymer-coated stents have also been used to transfer DNA directly to smooth muscle cells
of the vasculature in vivo, but again, as for all other chemical transfection reagents, damage
to the endothelium is a prerequisite for SMC gene transfer (59, 97, 113). Thus, if the desired
experiments can be performed using endothelial or epithelial denuded tissues, these
techniques can be used.

Another limitation for smooth muscle transfection in vivo is that direct DNA injection
cannot effectively be used since in most instances the smooth muscle layers are too thin to
inject reliably. This is especially true in the vasculature. With the exception of a few large
vessels, the vessel wall is too thin to be injected with DNA. Moreover, even if DNA could
be delivered to the walls by injection, the architecture of the vessel wall would prevent the
even distribution of the DNA throughout it. Similar limitations apply in airways, bladder,
digestive tract, and uterus. However, despite these limitations, several approaches have been
developed to transfect smooth muscle cells in vivo.

One way around the inaccessibility of the smooth muscle cells within a tissue is to transfect
cultured SMCs and then engraft them back into the host in hopes that they will home to the
appropriate smooth muscle layer. The advantage of such an approach is that it is much easier
to transfect cells in culture than it is in vivo. Several attempts at this have been made with
little success, because although the cells can be transfected and express after delivery in
Vvivo, they do not necessarily engraft into the smooth muscle layer to any great extent. In one
study, transfected SMCs were injected intravenously, intraperitoneally, or intramuscularly
(34). Although cells injected by all routes expressed for 4 to 7 days, there were no data to
show where these cells actually localized since the gene expressed encoded for a secreted
protein. In another case, a stent was embedded with transfected SMCs and placed (with
accompanying endothelial cell injury) into the coronary arteries of pigs (94). These cells
continued to express their gene product for up to one month after stent placement, but in all
animals, expressing cells were detected only within the mesh of the stent; no engraftment of
transfected cells into the vascular smooth muscle layer occurred.

As seen in skeletal muscle, pressure can be used to deliver genes and other nucleic acids to
the vascular wall. Surprisingly, hydrostatic delivery of DNA via the circulation does not
result in significant delivery and expression of genes within the vessel wall (11, 69, 134).
Thus, to target the vessel wall, a different method that transfects cells in explanted vessels
which are then transplanted into the host has been developed (121). Vessel segments are
removed and placed in a container along with the plasmid or other nucleic acid, and the
container is briefly pressurized (typically vessels are placed in a dialysis bag that is tied off
at one end and attached to a syringe at the other). After gene transfer, the vessel is then
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either cultured ex vivo for study or transplanted into a recipient. The nice feature to this
approach is that gene transfer to all cell types within the vessel is achieved without injuring
the endothelial layer. This approach has been used to transfer plasmids for vascular SMC
gene expression, anti-sense RNA to inhibit gene expression, and decoy oligonucleotides to
downregulate transcription factor activity (32, 77, 78, 121).

Ultrasound has also been used in the vasculature to transfer genes to the smooth muscle
cells. As seen in other tissues, the use of a microbubble contrast agent such as Optison,
greatly increased gene transfer using ultrasound over DNA alone or ultrasound using DNA
without microbubbles (52, 115). Microbubble ultrasound was able to give high level gene
expression of either of two reporter genes in the vessel wall. Further, the levels of expression
were roughly the same for balloon angioplasty-injured and uninjured vessels. Unfortunately,
in both studies, cellular localization of gene expression following transfer in uninjured
vessels was not determined. Since the levels of expression were roughly equivalent in
denuded and intact vessels in these studies, it is likely that the SMCs are targeted to some
degree without injury. However, as with chemical transfection methods, in the injured
vessels, significant gene delivery and expression was found in the smooth muscle layer
(115).

Electroporation to target smooth muscle

As in skeletal muscle, electroporation works well in vivo for gene delivery to smooth
muscle. To date, vascular, airway, bladder, and intestinal smooth muscle have been
successfully transfected in vivo using electroporation. Because the tissues cannot be directly
injected, as skeletal muscle can be, alternative approaches have been used to get the DNA to
the tissue in the first place. To do this, DNA can be delivered from the inside (lumen,
airway, or intravesical space) or the outside (adventitia, via the circulation for the airways,
or subserosal space for the bladder) of the tissue, prior to delivery of the electric field.

Vascular smooth muscle

The first use of electroporation for these tissues was described by Martin et al., where genes
were transferred to the mesenteric vasculature of rats using adventitial DNA delivery (79).
Vessels of the rat mesenteric vascular tree were exteriorized in anesthetized animals, placed
in an electrode resembling a spoon with two wires flanking a notch for the vessel (Figure 3),
covered with a solution of plasmid, and electroporated with a series of 8 square wave
electric pulses of 10 msec duration at an optimal field strength of 200 VV/cm. Following
electroporation, the vessel was removed from the electrode, the vessels and the intestine
were returned to the abdomen and the animals recovered without incident Gene expression
was detected as early as 6 hours following electroporation. With the CMV immediate early
promoter used to drive the reporter gene, expression peaked between days 1 and 3 and then
dropped to baseline by day 7, after which gene expression cannot be detected (79, 131).
Such short duration of gene expression with the CMV promoter has been seen in other
tissues and is likely the result of promoter inactivation (see below). The use of other
promoters, such as the Ubiquitin C promoter, can drive much longer gene expression (on the
order of weeks not days, see below). Gene transfer using this approach is dose-dependent,
time-dependent, and highly dependent on field strength (79). No gene transfer and
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expression above background is seen without an applied electric field or at 50 V/cm. At 100
V/cm, reasonable, but variable, gene expression was detected, and at 200 V/cm, consistent,
high-level gene transfer and expression is seen. When the field strength was increased to 400
V/cm, tissue damage was detected and the levels of gene expression declined.

Gene expression of reporter genes was restricted to areas that were bathed in the DNA and
received the electric field and thus, localized to the adventitial cells, smooth muscle cells,
and endothelial cells within the vessels (79, 131). In fact, the majority of the gene expression
was detected within the endothelial cells, suggesting that a significant amount of DNA can
move through the tissue, cells, and elastic lamina of these vessels. Similar patterns of gene
expression have also been detected in larger vessels, including the rat carotid (J. L. Young
and D. A. Dean, unpublished). When quantified, up to hanogram levels of gene product per
cm of vessel (100 um in diameter) were produced (79, 131). Assuming that approximately
2% of the volume of the neurovascular bundle are actually cells (based on histological and
morphometric analysis), 1 ng of a 100,000 dalton gene product would correspond to an
intracellular concentration of approximately 0.1 uM. This concentration is more than
sufficient to elicit physiological effects, as seen in multiple studies (51, 110). For example,
Benoit and colleagues have used this approach to transfer dominant-negative mutants of
PKC epsilon and demonstrated that this isoform of PKC plays a role in regulating 3 agonist-
induced vascular smooth muscle contraction (110). In their study, expression levels of the
dominant negative protein were high enough to abrogate PKCe-signaling in response to
phenylephrine to the same degree as did the general PKC inhibitor chelerythrine. However,
it should be noted that all effects, especially those using dominant negative inhibitors, are
highly dependent on the protein, enzyme, activity, or response being measured. Thus, while
the levels of expression obtained with electroporation may be high enough for one response,
they may not be for all.

Although this technique may seem traumatic, electroporation at the optimal field strength
parameters does not induce any histological changes, inflammatory response, or trauma
(79). Further, when vasoreactive responses of the vessels were measured at the peak of gene
expression (2 days) or long after gene expression had subsided (40 days) following
electroporation, the vessels responded in a manner indistinguishable from control vessels in
terms of constriction to phenylephrine and relaxation to adenosine and isoproterenol (79).
Finally, our lab has also performed DNA microarray analyses on vessel segments pre- and
post-electroporation and found that the act of electroporation does not affect the global
patterns of gene expression to any degree (131).

Several other electroporation approaches for the vascular wall have also been developed by
other groups using DNA delivered via the lumen. The advantage to this method is that with
the appropriate device (e.g., single or double balloon catheter), vectors can be delivered to
defined regions of the vasculature with relatively simple methods that are clinically routine.
The disadvantages are that in order for vectors to be delivered to the vessel lumen using
double balloon catheters, blood flow must be restricted, which may cause ischemia of the
downstream vessels and tissues. Several studies from one group have used a porous balloon
catheter that also contains two electrodes to deliver heparin or DNA through the porous
balloon and electroporate at the same time (25, 26). The electrode system uses the guide
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wire as one electrode and an internal wrapped wire contained entirely within the balloon as
the second electrode. When a voltage is applied, an electric field develops between the two
electrodes, causing electroporation of the vessel wall and delivery of heparin or DNA to
cells within the vessel wall. As with adventitial delivery and electroporation, transfer is
detected within the endothelial cells and both the intimal and medial smooth muscle layers.
Another group delivered DNA using a double balloon catheter and applied the electric field
from the adventitial surface of the rabbit carotid using two “T” shaped electrodes (2.5 cm
long x 0.5 cm wide) placed on either side of the vessel segment (82). In both of these cases,
gene transfer was dependent on the electric field. No expression was seen at 0 VV/cm, but
gene transfer and expression increased as the field strength was raised to 100 and 200 V/cm
and then decreased by 300 and 400 V/cm. Again, as in the studies by Dev and colleagues,
gene transfer was detected in the endothelial and smooth muscle layers. More recently, a
similar study was performed in the abdominal aorta of rats in which DNA was administered
to the lumen and the vessel was electroporated from the adventitial surface, resulting in gene
transfer and expression to all cell types in the aorta wall (51). With all of these methods, the
levels of gene product expressed has been sufficient to elicit physiologic or therapeutic
responses (25, 26, 51, 110).

Airway smooth muscle

Airway smooth muscle also suffers from the fact that it is buried beneath other cells and is
hidden from standard gene transfer reagents. Our lab has recently shown that electroporation
can also be used to target these cells without inducing any injury to the airways to make the
cells accessible (21, 23, 76). Purified plasmid suspended in a physiologically compatible
buffer containing 140 mM NaCl is administered to the airways of anesthetized mice or rats
and the animals are electroporated using flat electrodes placed on either side of the chest. As
for the vasculature, a series of 8 square wave pulses are delivered to the animals at an
optimal field strength of 200 V/cm and pulse lengths of 10 msec and the animals recover
without incident.

Gene transfer is dependent on field strength, with very little gene transfer and expression
seen at values less than 100 V/cm and an optimum at 200 V/cm. However, it should be
stated that other field strength and pulse length combinations may work very well, as has
been seen with skeletal muscle (i.e., higher field with shorter pulses). Indeed, in one study,
the pulse length was varied from 10 psec to 10 msec using a constant field strength of 200
V/cm in the rat (76). Although gene transfer was seen with the 10 psec pulses, expression
increased by over 100-fold when the pulse length was raised to 10 msec. However, by
increasing the dose of DNA, equivalent levels of expression can be achieved using the short
pulse length.

Gene transfer using transthoracic electroporation was DNA dose-dependent, with 100 pg of
DNA giving 10 ng of gene product per gram wet weight of lung in mice (23). In rats, the
levels of expression are lower, with 100 pg giving 150 pg gene product per g wet weight at
the longer pulse length (76). The level of gene expression is more than enough to elicit
physiological effects as demonstrated by increases in alveolar fluid clearance following
electroporation-mediated transfer of plasmids encoding a subunit of the Na+, K+-ATPase
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(75). Indeed, the physiological response was equivalent to that seen with recombinant
Adenoviruses expressing the same gene product (35, 75). Most importantly, gene expression
was detected throughout all cell types in the lung (21, 23, 76). Cell types that received and
expressed DNA included alveolar type | and type Il epithelial cells, endothelial cells, airway
epithelial cells, and vascular and airway smooth muscle cells. By immunohistochemistry for
the expressed gene product, there appeared to be little to no difference between the levels of
gene expression in the various cell types. As for uniformity of gene transfer, there appears to
be transfer and expression to all regions of the lung that is relatively homogeneous over a 2—
3 fold range (21, 76).

Using smooth muscle specific promoters, we have also been able to limit gene expression
following electroporation to the airway smooth muscle cells (T. Kuzniar and D. A. Dean,
manuscript in preparation). This has been done in the rat and the mouse, both in vivo using
transthoracic electroporation following tracheal delivery of DNA and in lung explants.
Expression from plasmids utilizing smooth muscle-specific promoters was detected only in
the smooth muscle layer, while expression from plasmids containing the CMV immediate
early promoter or SV40 early promoter was seen in all cell types. When quantified,
expression in the smooth muscle accounted for about 5% of total lung expression, which is
slightly more than the relative ratio of smooth muscle cells to total cells. Thus, not only can
the airway smooth muscle cells be transfected along with all other cell types in the lung,
they can also be specifically targeted using the appropriate promoters and electroporation.

Bladder smooth muscle

Electroporation-mediated transfer of genes to bladder smooth muscle in rats has also been
reported (53). Genes for luciferase, GFP, and nNOS were transferred to the bladder by
injecting 50 pl of the DNA into the subserosal region of the exposed bladder wall following
removal of urine from the bladder. Flat tweezer-like electrodes were placed on either side of
the bladder and square wave pulses were delivered to the tissue. Following this, the
abdomen was closed and gene expression was evaluated at later times. Gene transfer and
expression was dependent on the field strength, with optimal expression seen at 225 V/cm
using 8 pulses of 50 msec duration each. As seen in the lung (76), expression was also pulse
length dependent, although the dependency was not as pronounced as in the lung. Also, the
optimal pause between pulses was found to be 1 second; shorter pauses gave lower levels of
expression. Further, although there was no trauma or tissue damage under the optimal
conditions, at higher field strengths, tissue damage was detected.

Transfer of GFP resulted in significant levels of gene expression in the smooth muscle layer
of the bladder. Not only was the reporter gene expressed, but transfer of nNOS resulted in
enhanced staining for the transferred nNOS in the smooth muscle of the tissue sections.
Further, NO production was increased by over 50% in bladder strips isolated from
electroporated animals that had received the nNOS plasmid but not in control strips that
received plasmid without electroporation or in strips that were electroporated without added
DNA. Taken together, these results suggest that electroporation can be used to target smooth
muscle cells within a number of different tissues.
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Cardiac Muscle

As with smooth muscle, one of the limitations to transfecting cardiac muscle is that the
cardiomyocytes are surrounded by an endothelial layer on the side to which is most easy to
deliver DNA, namely the blood. Several different methods have been used to deliver genes
to the myocardium using intravascular delivery, typically via the coronary or carotid
arteries. However, because the muscle in the heart is relatively large, direct injection has
proven a very effective technique for gene delivery, either alone, or in combination with
polymers, lipids, ultrasound, or electroporation.

For delivery via the circulation, in most cases the plasmid is complexed with either
liposomes or polymers for two reasons. First, the complexed cationic lipids or polymers
condense the DNA to a smaller size and mediate interactions between the DNA and the cell
membrane. Without such reagents, very little DNA would interact with the plasma
membranes of cells and almost no DNA uptake would be observed. These complexes also
serve to provide stability to the DNA and protection from degradation. In the absence of
liposomes, the half-life of free DNA in the serum is on the order of several minutes at best
(54). Thus, without the protective function of these chemical transfection reagents, the DNA
would be degraded long before it ever got to the target cells. DNA has been complexed with
a number of different lipids for gene transfer to the heart via the circulation. A number of
studies have used a mixture of phosphatidylserine, cholesterol, and phosphatidylcholine
mixed with inactivated

Hemagglutinating Virus of Japan (HVJ) particles (33, 105, 112). These HVJ-liposomes are
fusogenic and promote fusion of the liposome with the endosomal membrane and uptake of
the DNA into the cell. In several studies, mixtures of plasmid and HVJ liposomes were
infused over the course of 10 minutes into either the aorta or coronary arteries of excised
hearts maintained at 4° and then the hearts were transplanted into recipient mice or rats (105,
112). In one study, this method resulted in up to 50% of cardiomyocytes receiving and
expressing the transgene for up to 14 days (the beta actin promoter was used to drive gene
expression in these studies)(105). However, infusion through the coronary artery or aorta in
vivo (i.e., an in situ heart) appeared to result in much less efficient uptake of DNA (less than
1.6% of cardiomyocytes)(33, 109). Unlike the Sawa study using HVJ liposomes in excised,
transplanted hearts, the use of other lipids (DLRIE/DOPE) or dendrimers to complex with
the DNA resulted in very low levels of gene transfer to either endothelial cells or
cardiomyocytes (less than 1% of cells) when a similar infusion/transplant method was used
(24, 108, 125).

Direct injection of DNA, either as naked DNA or complexed with lipids or polymers, into
the wall of the heart has been shown to give much higher levels of gene expression in
cardiomyocytes, but usually with a more limited distribution of gene expression. Most
studies have used naked DNA and have injected the DNA into multiple sites within the wall
of the heart. In some cases, injections were performed following thoracotomy (58, 122) or
using a subdiaphragmatic approach following a midline abdominal incision (1), but in most
cases, less invasive procedures were used that employed echocardiography to guide
percutaneous injections into the ventricular wall (95, 103, 116, 117). In the majority of
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studies, gene expression was limited to a relatively small number of cells around the
injection sites (95, 116, 117). However, several studies have shown that the heart can
express very high levels of gene product. In one study following gene transfer in rat hearts
after direct injection of DNA, up to 800 ng of luciferase or 2 ng of VEGF per heart was
expressed (103). This study used the CMV promoter to drive expression, and as found in
other studies, expression peaked within the first three days and then dropped off
dramatically. Further, this robust gene expression was detected using a dose of only 30 pg of
DNA (103). Similarly, Kitis and colleagues found that the heart was even 10 to 100-times
more efficient at gene expression than skeletal muscle, when the same dose of DNA was
delivered using direct injection (58). The limitation to this approach is not that inadequate
levels of gene product are produced, but rather that the distribution of expression is not
uniform throughout the myocardium. One way that may be useful for increasing the
distribution of gene expression following direct injection is to inject DNA complexed with
PE6400 block copolymer or HVJ liposomes (4, 98). Using the block copolymer, much better
distribution of gene expression compared to naked DNA was seen (98), although the
absolute levels of expression (40 ng luciferase/heart in rats) was not as high as some other
reports, this is still extremely good expression.

Several reports have also begun to use microbubble enhanced ultrasound to mediate gene
delivery to the heart in vivo (18, 60). In this approach, DNA mixed with Optison resulted in
gene transfer to the heart following infusion into the carotid artery or jugular vein. However,
in both studies, no absolute levels of gene expression are reported (only relative light units
for luciferase transfer) and no histological analysis was performed to localize the transferred
genes. Thus, it is unclear whether this method yields high level gene transfer or whether it
targets the cardiomyocytes or only the endothelial cells.

Finally, two studies have been reported using electroporation to transfer DNA to the heart
(46, 124). In this study, hearts were removed from stage 18 embryonic chickens, placed in a
bath of DNA, and electroporated at 200 V/cm using 10 msec square wave pulses delivered
with a Grass stimulator. The hearts were then cultured ex vivo on a collagen gel in the
presence of cell culture medium and analyzed for gene expression one to three days later.
When no electric field was applied, no gene expression was detected in any of the hearts.
However, when either 6 or 8 pulses were delivered to the hearts, significant levels of GFP or
luciferase expression could be detected. Indeed, up to 30% of the cells in the heart showed
GFP expression, most all of which was in cardiomyocytes. Another group performed very
similar studies on excised and transplanted mouse hearts (124). They found good expression
using naked DNA coupled with electroporation, but found that complexation of the DNA
with dendrimer complexes increased the levels of gene transfer between 10- and 45-fold,
using very similar electroporation parameters.

Regulating Gene Transfer and Expression

Once genes are delivered to the desired tissue, issues regarding levels and duration of
expression, inducibility, and restriction of gene expression to the desired cell type become
central to any experiment. Perhaps the easiest way to regulate most aspects of gene
expression is at the level of the promoter. For most transient transfection studies, either in
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cultured cells or in animals, strong viral promoters, such as the CMV immediate early
promoter, the SV40 early promoter, or the Rous Sarcoma Virus LTR promoter, are used.
These promoters drive expression at high levels in most tissues and express rather
ubiquitously in terms of species and cell types. Indeed, all have been shown to be highly
active in all forms of muscle. More importantly, all of these promoters are easily accessible
in a variety of commercially available expression plasmids. However, they do have certain
drawbacks. In all cases, these promoters are sensitive to inflammatory responses and are
regulated by NF-kB (38, 45). Thus, if an inflammatory response is mounted during the
course of gene expression in a desired system, levels of expression may increase in response
to increased NF-kB activation. While this may not be detrimental to some experiments, it
could greatly confound experiments in which an assumption is made that the transferred
transgene is uniformly and constitutively expressed. Another drawback to these universal
promoters is that they do express in all cell types. Thus, if the transgene-expressing plasmid
is transferred to endothelial, smooth muscle, and adventitial cells in the vasculature, the gene
will be expressed in all layers of the tissue.

As an alternative to these strong viral promoters, ubiquitously active cellular promoters are
often used to drive gene expression. The 3 actin promoter has been used extensively in a
variety of tissues, such as the heart, and gives levels of expression that are at the same level
as that seen with the CMV promoter (105). The elongation factor 1a (EF-1a) promoter has
also been used effectively to drive gene expression in heart and other tissues (103). Other
ubiquitously active endogenous promoters include the GAPDH, HSP70, and Ubiquitin C
promoters. The major advantage to these promoters is that they are usually not subject to
rapid silencing as are the viral promoters (see below), and can express genes for a much
longer time.

One of the problems with many of these “strong” viral promoters is that they often express
for only a limited duration of time in many tissues. For example, the CMV immediate early
promoter gives a rapid burst of gene expression that usually lasts for less than a week in
vivo, despite the fact that the plasmids can still be detected in the tissues. This has been seen
in both smooth muscle in the vasculature and airways as well as in cardiomyocytes and other
tissues (23, 98, 131). Similar findings have been reported for the SV40 early and EF-1a
promoters in heart (103). However, it should be stressed that this is not the case in skeletal
muscle, where gene expression from the CMV promoter (and many other promoters)
persists for quite a long time. Indeed, it has even been shown that gene expression can be
detected out to 19 months following intramuscular injection in mice (126). There are a
number of potential explanations for the limited duration of expression in these and other
tissues, including promoter inactivation (49), DNA methylation (50), altered plasmid
chromatin structure, inflammation caused by CpG motifs in the DNA (130, 136), and
immune responses to the transgene product (49, 61).

Several approaches have been taken to increase the duration of gene expression in vivo (41,
128, 129). The most straight-forward approach has been to evaluate alternative promoters
for long-term gene expression. One of the most durable promoters identified to date has
been that of the Ubiquitin C gene (41, 129). This promoter can drive gene expression at
levels roughly equal to that seen with the CMV promoter, but expression persists for up to 6
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months in a number of tissues, including vascular and airway smooth muscle (41, 129)
(Dean, unpublished). Thus, using the appropriate promoter, either short or long term gene
expression can be achieved in vivo.

Apart from wanting high level and either short or long-term gene expression, many times it
is crucial to have gene expression restricted to a certain cell type within a tissue. One way to
restrict gene expression to a desired cell type is to use a promoter that is active only in that
cell type. Such cell-specific promoters abound. For example, in smooth muscle, the
promoters for smooth muscle alpha actin, SM22a, and smooth muscle myosin heavy chain
have all been used to drive high level expression that is cell-restricted. Other promoters may
be generally restricted to all types of muscle in general, such as that from the gene for
desmin (65). Synthetic promoters have also been developed that work in specific cell types,
such as the synthetic C5-12 promoter that was constructed by randomly combining skeletal
muscle-specific transcription factor consensus binding sites to form a promoter that acts
uniquely in skeletal muscle (67). Similar promoters have been constructed for smooth
muscle-specific expression (56, 100).

A second method for restricting gene expression to specific cell types relies on the fact that
the nuclear import of plasmids in non-dividing cells is sequence specific (22). Our lab and
others have demonstrated that plasmids containing certain sequences can enter the nucleus
in a non-dividing cell in the absence of mitosis, whereas plasmids lacking such sequences
remain in the cytoplasm, fail to express their genes, and are degraded (64, 131). Vacik and
colleagues identified such a DNA sequence that mediates DNA nuclear import uniquely in
non-dividing smooth muscle cells (119). When carried on a plasmid that is transfected into
the cell, the smooth muscle gamma actin (SMGA) promoter binds to several smooth muscle
cell-specific transcription factors in the cytoplasm (which is where all transcription factors
and other proteins are synthesized) to form a DNA-protein complex. Since these proteins are
destined for the nucleus, they contain specific nuclear localization signals for their nuclear
import. As a result of the proteins binding to the SMGA promoter on the plasmid, the
plasmid becomes covered with nuclear localization signals for nuclear entry. Because the
transcription factors are expressed only in smooth muscle cells, the import complexes only
form in these cells. Universally active DNA nuclear import sequences have been shown to
act in vivo to increase gene transfer in all cell types, including both skeletal muscle and
smooth muscle (9, 66, 131), whereas the SMGA sequences act specifically to restrict DNA
nuclear import (and subsequent expression) to smooth muscle cells in the vasculature and
airways (J. L. Young, W. E. Zimmer, and D. A. Dean, manuscript in preparation; T. Kuzniar
and D. A. Dean, unpublished).

Another aspect of regulation is the ability to turn gene expression on and off at will. A
number of systems have been developed to do just this, but the three most developed are the
“tet on/off”, Geneswitch, and ecdysone-regulated systems. In all cases, a combination of
ligand-binding, synthetic inducer/repressor proteins and promoter control regions are used to
regulate transgene expression in a controllable fashion. The most used system is based on
variations of the tetracycline resistance operon from bacteria and is called the “Tet on/off”
system (43). The gene of interest whose level is to be controlled is placed behind a basal
promoter that also contains binding sites for the tetracycline repressor or inducer (the Tet
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response element, or TRE). One of two fusion proteins, both of which bind doxycycline as
an inducer, is then introduced into the cell, typically encoded for either in the genome (i.e.,
in a transgenic mouse) or on a second plasmid. The first fusion protein, the tetracycline
transactivator, binds to the TRE and activates transcription of the gene of interest in the
absence of doxycycline. Thus, addition of doxycycline renders the Tet activator unable to
bind to the TRE and expression is turned off (Tet-OFF). The second fusion protein that can
be used is the reverse tetracycline transactivator, which only binds to the TRE in the
presence of doxycycline. In this case, in the absence of drug, expression is off, but addition
of drug causes gene expression to be induced (Tet-ON). One advantage of this system is that
expression can be controlled in a graded manner; the more doxycycline that is administered,
the greater the level of induction or suppression. However, doxycycline is also a potent
antibiotic and can result in side effects in animals.

The second system is very similar but is based on a protein/DNA sequence from drosophila.
The ecdysone inducible system again consists of an fusion protein, in this case the
transactivation domain of the glucocorticoid receptor is fused to the ecdysone-binding
nuclear receptor protein, and an ecdysone response element that is placed upstream of a
minimal promoter driving expression of the desired gene product. Upon addition of
ecdysone, an insect hormone with no mammalian homologues, the fusion protein dimerizes,
binds to the response element, and induces expression up to 1000-fold (91). One advantage
to this system is that the synthetic receptor protein and response element bind to no other
mammalian hormones or transcription factors, respectively, resulting in very low
background expression in the absence of drug. Thus, expression can be very tightly
controlled.

Finally, the Geneswitch uses a mifepristone-binding, progesterone receptor fused to the
DNA binding domain of the yeast GAL4 protein, and the transactivation domain from the
NF-kB p65 subunit (12). This fusion protein in turn binds to a GAL4 upstream activating
sequence placed upstream of a minimal promoter to regulate gene expression. When the
hormone is added, gene expression is turned on leading to up to a 50,000-fold induction of
transgene (12, 123). When the drug is removed, expression returns to baseline within 5 days
in vivo. This system has been used effectively to turn expression on and off repeatedly in the
same animals, with no loss of induction with subsequent drug administrations.

Approaches to down-regulate gene expression

Almost all of the previous discussion has focused on in vivo gene delivery to muscle cells
for the purpose of overexpressing a gene product. However, this is only half the story for the
utility of gene transfer to study cell physiology on the whole animal level. Many techniques
have been developed to downregulate gene expression in cells instead of increase it. These
include anti-sense RNA, DNAzymes, ribozymes, siRNA, decoy oligonucleotides, and
dominant negative mutants, as well as transgenic and knock-out mice. Several excellent
recent reviews have been published on these approaches (15, 107), so | will focus on only
two that have been used in smooth muscle: DNAzymes and dominant negative mutants.
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DNAzymes are catalytic oligonucleotides that selectively bind to an RNA substrate by
Watson-Crick base pairing and cleave phosphodiester bonds, resulting in decreased target
MRNA levels and subsequent protein production (57, 132). These reagents have been used
effectively to downregulate a number of genes in cultured cells, and more recently in animal
models. Several studies have targeted early growth response factor 1 (EGR-1) in the
vasculature to reduce intimal hyperplasia in injured vessels using liposomes (16, 17, 102).
Although the DNAzymes effectively reduced EGR-1 mRNA and protein levels in the intima
and elicited a therapeutic effect, again, as seen for liposomal delivery of DNA, transfer of
the nucleic acid to the smooth muscle required endothelial cell injury.

Our lab has used electroporation to deliver DNAzymes to vascular smooth muscle in
uninjured, intact vessels in the rat (92). In this study, we targeted the PKCe gene, due to its
implicated role in regulating agonist-induced vascular smooth muscle contraction (13, 80).
Using a spoon-like electrode designed for plasmid transfer to the vasculature, 31-mer single
stranded DNAzymes were transferred to the mesenteric vessels of rats in a field strength and
dose-dependent manner. As for plasmids, optimal DNAzyme delivery (as determined by
DNAzyme-mediated reduction of PKCe mRNA and protein levels) was achieved using eight
10 msec pulses at 200 V/cm and a dose of 100 uM oligonucleotide. Under these conditions,
a 60% reduction in PKCe mRNA and protein were detected in smooth muscle cells in vivo.
As for plasmid delivery, the advantage to this approach is that electroporation mediated
delivery to smooth muscle without a requirement for endothelial cell damage. Thus, by
choosing the desired gene product to be targeted, DNAzymes can be designed, synthesized,
and delivered to tissues relatively easily to target various muscle types in vivo and
effectively down-regulate endogenous gene expression.

A second approach for reducing gene activity in vivo is through the use of dominant
negative mutants. Dominant negative mutants are proteins that are not only catalytically
inactive themselves, but also have the ability to inactivate wild type versions of themselves
in the cell. The easiest way to think about this is in terms of a protein that normally
dimerizes in order to function. If a large amount in inactive monomer is added to the system,
the active monomers are titrated out so that any dimers that form are either between two
inactive mutants or an active monomer and an inactive mutant; in either case, the resulting
dimers would be inactive. In one study, a dominant-negative PKCe mutant gene was used in
the vasculature to study vasoconstriction in a rat model (110), based on studies suggesting
that PKCe may play a role in adrenoreceptor mediated contraction of mesenteric arteries (13,
80). To examine the role of PKCe in vasoconstriction, a dominant-negative PKCe (PKCe-
KN)(40) was transferred to vessels by electroporation from the adventitial surface using a
spoon-like electrode and two days later, vessels were excised and mounted on a myograph
for functional studies of phenylephrine-induced vasoconstriction (110). Not only did transfer
of the dominant negative PKCe mutant attenuate phenylephrine responses compared to
control, non-electroporated vessels, but the level of attenuation was indistinguishable from
that achieved using the pharmacologic isoform-nonspecific PKC inhibitor chelerythrine.
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Conclusions

The ability to transfer genes to the various cell types within whole animals has already
altered the way we think about the prevention and treatment of many diseases. It is our hope
that researchers will grasp the immense power of such techniques not just to treat disease,
but also to study the physiology of the healthy body. The ability to manipulate distinct gene
products within a signaling or biosynthetic pathway, or to alter structural interactions within
and between cells is extremely useful and is technologically possible today. Despite the
challenges and limitations surrounding their transfection, skeletal, smooth, and cardiac
muscle can be effectively transfected in vivo, as the experimental approaches touched upon
illustrate.
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Figure 1. Electroporation mediated genetransfer to skeletal muscle
Balb/c mice were anesthetized and 50 pg of pEGFP-N1 (BD Clontech, Palo Alto CA) in 100

ul of saline was injected into the right and left quadriceps. Immediately following injection,
a series of eight 10 msec pulses at 200 VV/cm were delivered to the muscles of right leg (B);
the left leg received DNA but was not electroporated. Twenty-four hours later, both muscles
were exposed and photographed using a fluorescence dissecting microscope. As can be seen,
robust gene expression in skeletal muscle is detected using electroporation.
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Figure 2. Electroporator probesand electrodes
A number of different electrodes for in vivo electroporation-mediated gene transfer have

been developed. Some electrodes can be used for multiple tissue applications (A, B, C, and
F), whereas others are limited to certain tissues, such as the vasculature (D and E). Two-
needle electrodes (A), “Genetrode” rod electrodes (B), “Tweezertrode” tweezer electrodes
(C), porous balloon-catheter electrode (25, 26)(D), spoon electrode (79)(E), and caliper
electrodes (F) are shown. Electrodes shown in A, B, C, and F are from BTX (Harvard
Instruments). The small blue stars in panel D represent plasmids.
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Figure 3. Electroporation mediated gene transfer to vascular smooth muscle
GFP expression can be seen in multiple cell layers in the mesenteric vasculature of rats

following electroporation. Neurovascular bundles were untreated (A) or bathed in 0.5 mg/ml
pPEGFP-N1 without electroporation (B). Vessels in panels C through F were bathed in
plasmid and were electroporated at 200 V/cm using eight pulses of 10 msec duration each,
as described (79, 131). Gene transfer and expression of GFP are seen in both the artery (C)
and vein (D) of an individual neurovascular bundle. Cross-sections of electroporated vessels
show that gene expression can be detected throughout most cells within the vessel, including
adventitial, smooth muscle, and endothelial cells (E and F).
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