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Abstract

Major attention has been focused on the development of gene therapy approaches for the treatment 

of vascular diseases. In this review, we focus on an alternative use of gene therapy: the use of 

genetic means to study vascular cell biology and physiology. Both viral and nonviral gene transfer 

strategies have limitations, but because of the overwhelming inflammatory responses associated 

with the use of viral vectors, nonviral gene transfer methods are likely to be used more abundantly 

for future applications in the vasculature. Researchers have made great strides in the advancement 

of gene delivery to the vasculature in vivo. However, the efficiency of gene transfer seen with 

most nonviral approaches has been exceedingly low. We discuss how to circumvent and take 

advantage of a number of the barriers that limit efficient gene delivery to the vasculature to 

achieve high-level gene expression in appropriate cell types within the vessel wall. With such 

levels of expression, gene transfer offers the ability to alter pathways at the molecular level by 

genetically modulating the activity of a gene product, thus obviating the need to rely on 

pharmacological agents and their foreseen and unforeseen side effects. This genetic ability to alter 

distinct gene products within a signaling or biosynthetic pathway or to alter structural interactions 

within and between cells is extremely useful and technologically possible today. Hopefully, with 

the availability of these tools, new advances in cardiovascular physiology will emerge.

In recent years, the potential to replace defective genes or to use altered genes to combat 

disease in humans has been realized (2,47). At present, gene therapy protocols are being 

developed and used in clinical trials to treat or prevent genetic disorders, cancers, and 

infectious diseases (26). Major attention is also being focused on development of gene 

therapy approaches to treat a variety of vascular disorders, including atherosclerosis, 

restenosis, and thrombosis, among others, as well as to promote angiogenesis. Several 

excellent recent reviews describing the current state of vascular gene therapy and the genetic 

approaches being tested for various diseases are available (7,78). As such, this review does 

not extensively summarize these studies. Rather, our goal is to focus on an alternative use of 

gene therapy: the use of genetic means to study the cell biology and physiology of the 

vasculature. Moreover, we focus entirely on nonviral methods for gene delivery to the 

vasculature, with discussions of potential methodologies for studying the vessel wall.
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VIRAL VERSUS NONVIRAL APPROACHES

Numerous approaches have been proposed and developed for transferring genes to cells, but 

all have serious limitations (29). Inefficiency of gene transfer, immunological responses, and 

nonspecificity of cell targeting are just a few of the problems associated with the current 

vectors. For example, although adenovirus has been used extensively for vascular gene 

therapy and has gene transfer efficiencies of almost 95% in vitro, the values are usually 

much less in vivo and are highly variable: expression of the reporter β-galactosidase gene in 

smooth muscle and endothelial cells in rat carotid and pulmonary artery models can vary 

from 0 to 30% of cells transduced, depending on the cell type and the study (33,58). 

Furthermore, adenovirus cannot traverse cells or tight junctions to infect more than one cell 

layer. Thus, in uninjured vessels, catheter delivery of virus results in infection of only 

endothelial cells; to infect the smooth muscle, the endothelium must be damaged and 

removed. The use of adenoviral vectors also requires administration of upward of 108–109 

plaque-forming units (pfu). Because not all viruses within a preparation are viable, this 

means that typically, 1010–1012 virus particles are used per administration. Consequently, 

adenovirus-induced cell damage and inflammation are common, making its clinical use 

doubtful (20,59). Retroviral vectors also give relatively good gene transfer in many systems, 

but they can only transduce actively dividing cells because their genome, once reverse-

transcribed into DNA, cannot enter the nucleus in the absence of cell division and nuclear 

envelope breakdown (34,45). Thus, retroviral vectors cannot be used on postmitotic or 

quiescent cells, including terminally differentiated muscle cells and have had little success in 

vivo in the vasculature (19). From a technical point of view, viral vectors also pose 

difficulties in production. It remains difficult to produce high titers of many recombinant 

viruses, and the threat of wild-type virus contamination is always present. Other viruses that 

have been tested in the vasculature include adeno-associated virus and sendai virus, although 

many of the same problems are found with these viruses as with adenovirus.

In contrast to the viral vectors, non-viral vectors show great potential for gene therapy in a 

variety of tissues, especially the vasculature. Unlike their viral counterparts, essentially no 

immune response is generated against DNA, either as naked plasmid or when complexed 

with liposomes or other polymers such as polyethylenimine. Furthermore, there is very little 

inflammation or pathology associated with these non-viral vectors (31,51). Thus, multiple 

administrations of vector can be given with no decrease in activity. Perhaps most 

importantly, unlike all of the viral vectors described to date, plasmid production is extremely 

simple and yields high levels of vector. Plasmids also can be easily purified to avoid 

contaminants such as wild-type or defective virus particles, as is seen with first-, second-, 

and third-generation adenovirus vectors, adeno-associated virus vectors, retroviral, and even 

lentiviral vectors. Thus, there are fewer safety concerns. The advent of commercial kits to 

purify plasmids based on DNA binding to silica gels (e.g., Qiagen kits) has made the use of 

plasmids even more attractive. For example, a milligram of plasmid at purities sufficient for 

animal administration costs less than around $10 and in 1 day a researcher can easily prepare 

50 mg or more. Unfortunately, the efficiency of gene transfer to the vasculature in vivo using 

nonviral approaches has been exceedingly low, thus greatly limiting its successful use. 

Because of this, there has been a tradeoff for gene transfer technologies: although viruses 
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yield high expression with inflammatory and safety side effects, plasmids are much safer, 

yet yield little expression. However, there is wide agreement that with the development of 

new techniques to increase nonviral expression levels, plasmids will be the vector of choice 

for human applications.

BARRIERS TO GENE TRANSFER

Under physiologically relevant conditions, the levels of gene transfer are low at best. The 

reason for these low levels of gene transfer is that many barriers exist for the efficient 

transfer of genes to cells (Fig. 1). First, vectors must be targeted to specific cell types while 

avoiding many others. Second, before the vector can reach any cell, it must make its way 

through the extracellular matrix before any cell-specific interactions can occur. Third, the 

vector must enter the cell by breaking through the plasma membrane. This usually involves 

the vector being endocytosed into endosomes. The DNA must then escape the endosome 

before lysosomal fusion to enter the cytoplasm. Fourth, once in the cytoplasm, the DNA is 

confronted by the nuclear membrane that it must traverse to enter the nucleus. Fifth, the 

DNA must be maintained within the nucleus and not discarded by random segregation 

during subsequent mitoses. Finally, the vector must be transcribed appropriately. In addition, 

if the vectors are to be used in vivo, they also face the task of escaping destruction by serum 

factors and sequestration by first-pass organs.

Viruses have the distinct advantage of having evolved and developed mechanisms to help 

bypass each of these barriers (25,74). Viral capsids help protect the genome from attack, and 

capsid proteins mediate binding of the viral particles to the cell surface. Viruses, such as 

influenza, have developed fusion peptides in envelope proteins to aid in endosomal escape. 

Many viral capsids or core particles also have the ability to target the genomes to the 

nucleus. For example, herpesvirus capsids bind to the nuclear pore complex and release the 

DNA into the nucleus, whereas the HIV genome is complexed into preintegration complexes 

that enter the nucleus because of the presence of a set of viral proteins bound to the reverse-

transcribed DNA that harbor signals for nuclear import. Finally, many of the strongest 

promoters identified to date are from viruses. By contrast, nonviral vectors rely solely on 

developments in the laboratory and scientist-driven evolution over just the past 10–20 years.

GENE TRANSFER APPROACHES

The most widely used method for nonviral gene transfer to the vasculature, or any tissue for 

that matter, has used plasmid-liposome complexes. A variety of cationic and neutral lipids 

have been developed over the past 10 years and have been shown to complex with plasmids, 

oligonucleotides, or RNAs, and facilitate cell association, internalization, and gene 

expression. Because DNA is highly negatively charged, positively charged cationic lipids 

will interact with the DNA to form complexes. Depending on the lipids used and the 

methods of observation, the structure of the complexes may vary, but in all cases, the lipids 

are thought to form classical bilayers with their positively charged head groups interacting 

with the nucleic acids (53). Many studies have found what appear to be meatballs wrapped 

with spaghetti; the plasmids are not always completely encased within a perfectly spherical 

liposome, and portions of the DNA may remain on the surface of the liposome. The 
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resulting complex then displays an outward positive charge that can interact with the 

negatively charged cell membrane for fusion and endocytosis. Once endocytosed, the 

complex escapes into the cytoplasm and falls apart to release free DNA that can now enter 

the nucleus for gene expression.

Although cationic lipids work very well to transfer genes to cells in culture, when used in 

animals, the results have been much less satisfactory (3). Typical in vitro transfection 

efficiencies with cationic liposomes can range from 20 to 90% of cells transfected, whereas 

most in vivo studies report between 1 and 5% of cells transfected (3,64). Systemic delivery 

of DNA-liposome complexes results in gene transfer mainly to the lung and liver, both first-

pass organs with large vascular surface areas (5,36,65,70). Because the complexes are 

diluted into the large volume of the circulation, limited gene transfer is observed. Indeed, 

>95% of DNA-liposome complexes are cleared from the circulation within 5 minutes, 

mainly because of retention within these vascular beds (5). Furthermore, almost all gene 

expression observed is in cells accessible to the complexes, namely, endothelial cells. Thus, 

for transfer to the intima or media, vessel damage is a prerequisite (3). However, the 

constant development of new lipid and liposome formulations as well as techniques to 

include cell-targeting proteins or ligands will surely increase efficiencies. Indeed, the 

incorporation of viral fusion proteins into the liposome-DNA complexes has been reported 

to increase the gene transfer efficiency up to between 10 and 30% (15,73). However, for 

nonviral vectors to be of clinical use in the vasculature, their ability to transfect cells in vivo 

must be increased.

Several other cationic polymers have been tested for their ability to mediate gene transfer to 

the vasculature. Branched chain polycations, such as polyethylenimine (PEI) and 

dendrimers, have shown high-level gene transfer both in cultured cells and in animals. PEI 

contains multiple primary, secondary, and tertiary amines, about 20% of which are 

protonated under physiological conditions. Because of this, PEI has a large proton buffering 

capacity that may promote endosomal escape and account in part for the increased levels of 

gene transfer seen with this agent (66). Similar to cationic lipids, PEI complexes with DNA 

due to electrostatic interactions. Typically, PEI-DNA complexes have been administered 

systemically, intraluminally using balloon catheters, or extravascularly using a collar placed 

around a section of vessel, similarly to liposomes (69). As with liposome complexes, the 

DNA is mainly transferred to lung and liver in the case of systemic delivery (27,48), and in 

local delivery, only the cells in contact with the complexes become transfected (69). To 

reduce the amount of nonspecific gene transfer to first pass organs seen with systemic 

administration of PEI, and to increase the serum stability, several reports have shown that 

modifying the PEI with either poly(ethylene glycol) or transferrin can reduce serum-induced 

aggregation and degradation, as well as much of the nonspecific gene transfer (27,48). 

Dendrimers are also cationic and behave similarly to PEI in terms of DNA condensation, 

cell association, and transfer efficiency (69,75).

One problem with nonviral gene transfer strategies is that even when the DNA is efficiently 

transferred to target cells, gene expression is usually transient. In most cases, robust gene 

expression is detected for only 1 week, after which the levels of gene expression drop 

precipitously. Although most of the current work to increase the duration of nonviral gene 
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expression is focusing on the use of promoters and other DNA elements, several reports 

have described the development of controlled-release methods for prolonged gene transfer 

(30). Thus, even if a plasmid only expresses for 1 week, if the plasmid can be delivered 

continuously to a site over the course of a month, the total duration of expression will last 

for 5 weeks from the date of initial treatment. Such methods are being used to coat sutures, 

stents, and angioplasty balloons for prolonged exposure of vessels to DNA with limited 

success (24,30). One current limitation is that most studies have encapsulated naked DNA, 

which in itself is not highly efficient for gene transfer. However, as better coatings are 

developed to encapsulate DNA-liposome or DNA-polycation complexes, such approaches 

will become much more valuable.

Another recent development is the use of pressure to deliver DNA to the vasculature. Mann 

and colleagues cannulated explanted human saphenous veins and applied modest hydrostatic 

pressure to the vessels that are filled with a solution of either plasmid or oligonucleotide 

(41). The plasmid or oligonucleotide (between 5 and 100 μM) is delivered through the 

cannula, and the other end of the vessel is clamped. By using a standard angioplasty 

insufflator and pressure transducer, pressure is applied to the lumen of the vessel for 10 

minutes at 100–200 mm Hg. These conditions resulted in oligonucleotide delivery to 90% of 

intimal and medial smooth muscle cells, with the occasional adventitial cell being 

transfected. With use of a similar approach, but with higher pressures, oligonucleotides were 

delivered to explanted rat hearts that were then used for transplant. When the 

oligonucleotides were delivered via the coronary circulation and the epicardial and 

endocardial surfaces at a pressure of 1500 mm Hg for 30 minutes, transfer to 50% of cells in 

the myocardium was observed. When plasmids were used instead of synthetic 

oligonucleotides, the use of 100 mm Hg hydrostatic pressure resulted in 10- to 20-fold 

higher levels of expression than without pressure, although the levels of transgene 

expression were still rather low (pg/mg protein) (72). However, by using oligonucleotides, 

this group has shown positive and significant therapeutic outcomes using this method.

Several other groups have used pressure in a different way to transfer DNA to a variety of 

organs and muscles via the vasculature. By administering a large volume of DNA 

(approximately 10% of body weight) over a very short period of time (<10 seconds) through 

the tail vein of rats, significant amounts of gene transfer and expression were obtained in all 

examined internal organs, with maximal expression being detected in the liver (39,82). It is 

surprising that little toxicity has been reported for this technique, with only transiently 

elevated levels of alanine aminotransferase (ALT). In studies in dogs and primates, Wolff 

and colleagues used a similar hydrodynamics-based method to transfer DNA to skeletal 

muscle in isolated limbs and achieved high levels of gene expression (81). However, 

although this method results in high-level gene expression in organs and muscle, essentially 

no expression was reported in the vasculature itself. Thus, the rapid increase in pressure and 

volume probably transiently permeabilizes the vasculature to allow the DNA access to target 

tissues, bypassing the cells of the vessel wall.

Yet another way that has been used successfully to transfer genes to the vasculature is to use 

a cell-based approach. Smooth muscle or endothelial cells are isolated, grown in culture, and 

transfected with the gene(s) of interest. Once the cells have been transfected, they are 
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infused into the vasculature of animals where the cells can incorporate into the vessel wall. 

When fluorescently labeled cells or transfected cells expressing either a reporter (lacZ) or a 

therapeutic gene (eNOS) were injected into the rat jugular vein, transplantation of the cells 

into the walls of small pulmonary arteries and arterioles was observed as early as 24 hours 

after injection (10). Up to 57% of the transferred cells could be identified in the lung within 

15 minutes of delivery with 15% remaining for 2 weeks. In another study, SMCs were 

transduced in vitro with retroviral constructs and then seeded into injured rat carotid arteries 

(18). By administering the cells to a defined portion of the vessel, the authors were able to 

show successful cell seeding in the media and intima and thus, gene transfer to a desired 

area. Because transfection strategies work much better on cells in culture than in animals, 

this approach may be advantageous if selection strategies are used to isolate and inject only 

transfected cells. However, because the number of injected cells is much less than the 

number of cells making up the vascular bed, even in isolated tissues such as the lung, this 

approach may not be suitable for all desired gene transfer needs.

DELIVERY TO THE VASCULATURE

When delivering cells to the vasculature, several routes are possible. Genes can be 

systemically delivered, typically by tail vein injection. Alternatively, they can be delivered 

to defined regions of the vasculature either from the luminal side of the vessel or from the 

adventitial side. Each of these routes has distinct advantages and disadvantages, and the 

choice of route should be dictated by the situation.

Most studies aimed at transferring genes to the vasculature have focused on the use of 

catheter delivery systems to transduce cells. In most cases, gene delivery has used viral 

particles including adenoviruses, retroviruses, and AAV. Perhaps the greatest use of this 

approach has been to transfer genes known to inhibit SMC proliferation to vessels injured by 

balloon angioplasty to develop treatments for restenosis, atherosclerosis, or vein graft 

stenosis. Genes, including p21 and p27 cyclin-dependent kinase inhibitors (22,76), the 

retinoblastoma gene product (11), p53 (79), β-interferon (63), the herpesvirus thymidine 

kinase gene (49), and eNOS (12,73), among others, have been transferred to vessels 

intraluminally. Although this is an attractive method, especially when genes are delivered 

immediately after angioplasty by using a second double-balloon catheter, this technique 

does have limitations. First, catheter-based systems achieve almost no gene transfer to 

smooth muscle cells within the intima unless the endothelial cell layer is destroyed. During 

angioplasty, this is not a problem but for procedures to prevent vein graft stenosis or to study 

the physiology of intact vessels, this represents a serious drawback. Second, even with 

damage to the endothelium, the elastic lamina of conduit vessels acts as a barrier to prevent 

any gene transfer to cells in the media (61). The third, and perhaps the major, problem with 

catheter-based delivery systems is that blood flow is occluded for a period of time, thus 

causing ischemia to the downstream vascular bed as well as target organs. Although some 

organs and tissues can tolerate mild ischemia, others cannot. This again leads to a trade-off: 

localized delivery that may be highly efficient based on vector design or transfer technology 

versus ischemia, tissue damage, and potential necrosis.
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Systemic delivery of DNA complexes in rodents is typically performed via tail vein 

injection. DNA-liposome, DNA-PEI, DNA-dendrimer, and other complexes administered 

this way are rapidly disseminated through the circulation and accumulate in first-pass 

organs. It has been shown that within 5 minutes of injection, almost 95% of DNA-liposome 

complexes are removed from the circulation (6). Within the first few minutes after injection, 

most of these DNA-polycation complexes coat the luminal surface of endothelial cells of the 

microvasculature. Most of the DNA-polycation complexes are retained within the lung and 

the liver, thus leading to relatively high levels of transfection within small arteries and 

arterioles. After lung and liver, vessels in the lymph nodes, ovary, and adrenal medulla show 

the next highest level of gene transfer, followed by those in thymus, uterus, skeletal muscle, 

heart, and trachea (38). The distribution can be altered when administering a high volume of 

DNA over a short period of time, because the bolus of fluid under pressure will run contrary 

to normal circulation. This accounts for the increased levels of gene expression found in 

liver, spleen, and heart under these conditions (39).

Delivery of DNA to the adventitial surface of blood vessels has the advantage of limiting the 

distribution of gene expression to that area treated, much like balloon catheter delivery. 

Unlike catheter delivery, however, adventitial delivery does not occlude blood flow, and 

thus, causes no ischemia. The major disadvantage to adventitial delivery is obviously that 

the adventitial surface of the vessel must be exposed and made accessible. One of the 

greatest features of catheter delivery is that it can be performed with minimal intrusion; 

adventitial delivery requires that the vessels be exposed through incisions large enough to 

work through. The main way people have transferred genes to the exterior of the blood 

vessel is by transiently bathing the vessel in a solution of DNA-polycation complexes, such 

as DNA-liposomes or PEI-DNA (69). By using such approaches, genes can be transferred, 

with varying efficiency, to adventitial cells, but cells within the media or intima seldom are 

transfected.

USE OF ELECTRIC FIELDS TO TRANSFER GENES TO THE VASCULATURE

Electroporation uses electrical fields to create transient pores in the cell membrane that 

allow the entry of normally impermeable macromolecules into the cytoplasm (62). Although 

this technique is routinely used to transfer DNA to bacteria, yeast, and mammalian cells in 

culture (4), it was only recently applied to intact tissues in living animals. The results 

achieved with electroporation are impressive; in most studies, the increase in gene 

expression to a tissue injected with DNA is on the order of 100- to 1000-fold compared to 

DNA in the absence of electroporation (46). Although DNA electroporation protocols have 

been developed for and work well in solid tissue, such as skeletal muscle in which the DNA 

can be injected, such an approach is impossible in the vasculature. To circumvent this 

problem, our group developed a novel electrode design to facilitate DNA transfer to vessels 

of any size in living animals that does not occlude blood flow or cause ischemia (Fig. 2) 

(42). The electrode resembles a spoon, with a notch on either side that will allow a vessel to 

lay within the electrode and bathe in a solution of DNA. The design of the original electrode 

was such that about a 1-cm-long section of vessel could be placed in the chamber and 

electroporated. Running parallel to the vessel are two wires that are attached to a square 

wave electroporator (BTX 830; Genetronics, San Diego, CA). For our initial experiments, 
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we chose to deliver DNA to the rat mesenteric vasculature. The ease of dissection and the 

ability to use anatomical location to identify treated vessels at a later date allowed up to 10 

individual vessels to be treated in a given rat. Briefly, rats are anesthetized and a segment of 

distal small intestine is exteriorized through a midline incision and fanned out on gauze 

pads. Portions of the mesentery surrounding a vessel are cut away and the vessel is placed 

into the electrode. A solution of plasmid DNA (between 0.1 and 2 mg/mL in physiological 

saline) is pipetted into the electrode so that the solution just covers the vessel segment. A 

series of 8 square wave pulses of 10-millisecond duration each are applied at 1-second 

intervals. The vessel is incubated for an additional 1 minute in the chamber, and the solution 

is removed and saved for the next vessel. The treated vessel is removed from the electrode 

and the next vessel to be treated is placed in the vessel. The same DNA solution can be 

reused for multiple vessels, although the volume decreases over time because of the solution 

being retained on the vessels. To correct for this, additional plasmid solution is added as 

needed. After all vessels are treated, the intestine is returned to the abdominal cavity, and the 

incision is closed in layers with suture and metal wound clips. The procedure takes 30–45 

minutes once the animal is anesthetized, during which time 6–10 vessels can be treated.

To optimize gene transfer parameters, we chose to use plasmids expressing luciferase and 

GFP for quantitative and qualitative analysis, respectively. The fact that luciferase can be 

measured efficiently over a concentration range of 105 makes it an excellent choice for 

quantitative measurements. The ability to directly observe as few as 300 molecules of GFP 

within living cells makes this a useful gene product for determining the location of gene 

expression. Luciferase activity was measured in extracts from vessels that had been 

electroporated with a CMV promoter-driven luciferase-expressing plasmid. Peak gene 

transfer was achieved at a field strength of 200 V/cm, a value similar to that found by us and 

others in other tissues (8). Essentially no gene transfer was observed without an applied 

electric field, reiterating the relative inability of naked DNA to transfect nonskeletal muscle 

cells without addition of pressure or polycation. When the field strength was raised to 400 

V/cm, gene expression decreased and tissue damage was noted. This has also been reported 

by others using different tissues. Gene expression was detected as early as 6 hours after 

electroporation, peaked between days 1 and 3 after transfer and declined to levels just above 

background by day 5. The level of gene transfer and expression is impressive: we routinely 

obtain between 0.1 and 1 ng of luciferase per cm of a 200-μm-diameter vessel. By using a 

GFP-expressing plasmid, gene expression was detected in all cell layers of the treated 

vessels including endothelial, smooth muscle, and adventitial cells (Fig. 3). High levels of 

GFP expression were detected over the length of the electroporated segment, and GFP was 

uniformly distributed throughout the vessel in adjacent sections. In contrast, no GFP 

expression was detected in vessels that were bathed in DNA but not electroporated or in 

untreated vessels. These results show that electroporation is capable of producing uniform 

gene expression along the length of the blood vessel.

Although the electroporated vessels appeared healthy on visual inspection at the time of 

harvest, direct evidence was desired to show that they maintained unaltered vascular 

function after the procedure. Therefore, the responses of electroporated and control arteries 

to vasoconstricting stimuli were measured using intravital microscopy. Measurements were 

made on vessels harvested within the window of gene expression (day 2) or well after 
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transgene expression had ceased (day 40). In both cases, control arteries constricted in a 

dose-dependent manner to increasing concentrations of phenylephrine. Similarly, the 

responses of the electroporated vessels were indistinguishable from those of the control 

vessels. Furthermore, addition of either 0.1 mM adenosine or 50 μM isoproterenol to 

electroporated or control vessels resulted in nearly identical degrees of vessel dilation. These 

results show that vascular function, in terms of constriction and dilation, is unaltered by 

electroporation or the expression of the reporter genes in the vessels, for at least 40 days 

after the procedure.

More recently, another group showed that electroporation works very well for gene transfer 

to larger vessels (44). Matsumoto and colleagues delivered plasmids into the lumen of 

clamped rabbit carotid arteries that were previously rinsed with saline to remove blood. 

Once rinsed, a solution of plasmid (0.05 to .4 mg/mL) was administered into the lumen of 

the vessel, and two stainless steel flat plate electrodes (2.5 cm long × 0.5 cm wide) were 

placed along the DNA-containing vessel, one electrode on either side. A series of 8-, 10-, or 

20-millisecond square wave pulses was applied, after which the clamps were removed and 

the branch used for delivery was ligated, restoring blood flow. Similar to our studies, 

optimal gene transfer was observed at a field strength of 200 V/cm. A similar time course of 

expression was also noted: expression peaked at 2 days after treatment and then rapidly 

declined. By 7 days, the level of expression was <5% than at 2 days and is difficult to 

distinguish from background. By contrast to our studies, gene expression was detected only 

in endothelial and medial SMC layers, not in adventitial cells. It makes sense that most 

expression was detected in cells closer to the DNA solution, and perhaps in larger vessels, 

DNA can only move through a finite number of cell layers with an applied electric field. 

Regardless, in contrast to all other techniques developed to date, electroporation promotes 

gene transfer to multiple cell layers within both large (e.g., carotid) and small (e.g., 

mesenteric) blood vessels without the need to damage the vessel itself.

LIMITING GENE TRANSFER TO DESIRED CELLS

All of the techniques discussed so far have aimed at transferring genes to the blood vessel as 

a whole. However, in many instances, it would be desirable to transfer genes only to one cell 

type within a vessel. For example, transfer of cytostatic genes to smooth muscle cells of the 

intima appears to be one of the most promising approaches for gene therapy of intimal 

hyperplasia. Studies in many animal and human explant models have shown that expression 

of the small cdk inhibitors p21 and p27 may play a predominant role in regulating 

proliferation and that their relative levels and timing of expression are crucial to the 

therapy’s efficacy (67,77). These genes are not smooth muscle specific inhibitors, but rather 

they inhibit progression through the cell cycle of any cells that expresses the gene. If the 

genes are transferred to endothelial cells, they will not proliferate. Because the endothelium 

is vitally important for vessel integrity and function, and because endothelial cells play a 

major role in modulating SMC growth themselves, their unregulated expression of cytostatic 

genes can abrogate any beneficial effect of the therapy. Furthermore, in a damaged vessel, 

the endothelium must be allowed to repopulate the luminal surface. Thus, if gene transfer is 

to be successful for this application, methods to selectively express the gene in one cell type 

out of many must be developed.
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Three different approaches are available for such cell-specific gene expression (Fig. 4). 

First, as discussed above, is the delivery of genes to certain cell types based on the method 

of delivery using all techniques except electroporation. If plasmids are delivered via the 

lumen, the vast majority of gene transfer and expression will be limited to the endothelium. 

Conversely, if the DNA is added to the adventitial surface, most of the expression will be in 

these cells. Although this approach can work, it is rather crude and is not absolutely specific.

The second approach that has been more widely used is to use cell-specific promoters to 

drive gene expression only in desired cell types. In this case, DNA is delivered to all cells 

within the vascular wall (or as many as the delivery method allows), and gene expression is 

limited to those cells in which the promoter is functional. Specific smooth muscle cell 

promoters that may be used for this approach include those from the smooth muscle myosin 

heavy chain (40), smooth muscle alpha-actin (50), smooth muscle gamma actin (28), 

SM22α (35), and calponin (54) genes. Similarly, such endothelial cell specific promoters as 

those from the genes for von Willebrand Factor (vWF) (17), flk-1/KDR (52), or en-

dothelin-1 (32) can be used. The desirable aspect of this approach is that many cell-specific 

promoters have been identified and can be cloned easily into a desired plasmid. However, 

not all promoters work in vivo as anticipated from in vitro studies. One of the best examples 

of this is that of the von Willebrand Factor promoter. Studies characterizing the vWF 

promoter in cell culture and in transgenic animals found vWF promoter directed gene 

expression to differ in the two models. In addition, they even observed differences in 

promoter expression in response to local environments of the cells in vivo (1).

A third way to limit gene expression to certain cell types is to limit nuclear import of the 

DNA to certain cell types. We and others have shown that the nuclear envelope is one of the 

major barriers to gene transfer (13,14,60,80). In nondividing cells, the nucleus is surrounded 

by a double-membraned envelope that is impermeable to large molecules lacking discreet 

signals for nuclear import. Our laboratory has shown that nuclear import of plasmids in 

nondividing cells is sequence specific (13,14). Plasmids containing one of these DNA 

nuclear import sequences are able to enter the nucleus, whereas those lacking such a 

sequence remain in the cytoplasm until cell division or until they are degraded. The common 

feature to these import sequences is that they contain binding sites for transcription factors, 

which in turn harbor protein signals (nuclear localization signals, NLS) that interact with the 

cell’s machinery for nuclear protein import. Thus, the DNA becomes coated with protein 

NLSs and is able to enter the nucleus. To date, we have identified several sequences that 

function as nuclear targeting sequences. One of these is from the SV40 virus and directs 

DNA nuclear import in all cell types because it binds transcription factors expressed in all 

cells. This sequence has been shown to function both in cultured cells and in animals 

(14,37). Another is a portion of the smooth muscle gamma actin promoter (71). Because this 

promoter binds a collection of transcription factors only expressed in smooth muscle cells, 

this DNA sequence mediates nuclear import selectivity in smooth muscle cells. In 

transfection studies, incorporation of this sequence into a plasmid downstream of a gene 

(i.e., not driving gene expression) increases smooth muscle-specific gene transfer and 

expression; no expression is seen in non-smooth muscle cells. We are currently testing this 

sequence for its ability to direct cell-specific gene transfer in vivo, and on the basis of our 
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results with the SV40 sequence, expect this to be a powerful technique for cell-specific gene 

transfer to the vasculature.

APPLICATIONS OF GENE TRANSFER FOR THE STUDY OF VASCULAR 

PHYSIOLOGY

Although most of the excitement about gene transfer focuses on applications of gene therapy 

for human disease, a powerful application is often overlooked. Gene transfer to the 

vasculature offers the ability to study cell physiology in vivo at the genetic level. For years 

physiologists have relied on pharmacological agents to inhibit or stimulate pathways under 

study. However, using such drugs is always a gamble due to foreseen and unforeseen side 

effects. Furthermore, many drugs inhibit all isotypes of an enzyme or multiple enzymes or 

cell-signaling proteins that have a common structure or mode of action. Gene transfer offers 

the ability to alter pathways at the molecular level by modulating the activity of a gene 

product at the genetic level. Although gene transfer is most often thought of as the transfer 

and expression of a gene that is either lacking or mutated in an organism, thereby recreating 

the “normal” condition, gene transfer can also be used to abolish the expression or activity 

of a gene product. There are several ways to do this, including the use of antisense 

technology (for a recent review, see Golden et al., 2001, this issue), transgenic animals, 

dominant negative genes, and DNAzymes.

Transgenic animals are those that have had an exogenous gene recombined randomly into 

their genome and thus express a gene that they either do not normally express, or do so 

under different conditions. Examples could be the controlled or uncontrolled expression of a 

gene by drugs, embryological location, or time, or the constitutive overexpression of a gene. 

By contrast, animals made by targeted mutagenesis, called “knock-outs,” have had one or 

both copies of an endogenous gene disrupted, this time by homologous recombination using 

a targeting construct to the desired gene, so that the resulting animals no longer express a 

desired gene product. Although these are both very powerful techniques and the generated 

animals can be used to answer many important questions, they are not without problems. 

The major problems are those of time and expense. It is not uncommon for the production of 

transgenic mice to take 6 months to a year and to cost between $2,000 and $5,000. Knock-

outs can take 2–3 times as long and cost upwards of $10,000 to $20,000 per line. Moreover, 

it is not uncommon to find that production of a knock-out animal is impossible due to the 

essential nature of a gene; if the gene is essential, the knock-out animal will be non-viable. 

Thus, although these animals have their place in experimentation, they are not always the 

most appropriate for an individual’s needs.

A more affordable alternative to the production of transgenic animals is the use of dominant 

negative mutant genes transferred to defined regions of tissue. This is especially attractive 

for studies in the vasculature, where the effects of the gene can be studied in defined regions 

of blood vessels. Uniform expression throughout the animal is not required, thus avoiding 

potential lethality issues raised when an essential gene is deleted from the genome. By 

essentially “knocking-out” the activity of a gene through the use of a dominant negative 

mutant limited to a small region of the vasculature, any negative effects of the lack of the 

gene will be restricted to the region where the dominant negative mutant is expressed, 
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limiting any global effects of disruption. Dominant negative mutants of Rho kinase have 

been used successfully to inhibit neointima formation in injured vessels after balloon injury 

(16). Because Rho kinase plays an important role in various cellular functions, including 

smooth muscle contraction, cytokinesis, and DNA synthesis in smooth muscle cells, its 

localized expression was necessary to abrogate any global effects. By expressing a dominant 

negative Rho kinase mutant and observing protection from injury, the authors were able to 

show that the wild-type enzyme plays a role in the pathogenesis of neointima formation, a 

finding that could only be obtained from this type of approach.

Dominant negative alleles of genes work by one of several mechanisms to inhibit the 

activity of the wild type copy of the gene product (Fig. 5). The easiest way to think about 

dominant negative mutants is in the case of gene products that must dimerize for function. If 

the dominant negative mutant has no active site but is still capable of binding to a wild type, 

normal product, the hybrid will have only one half of an active site and will consequently be 

dead. If the level of expression of the dominant negative mutant is low, a significant number 

of normal–normal dimers will still exist, causing activity. However, if high levels of the 

dominant negative mutant are expressed, essentially all of the wild-type monomers will 

dimerize with the inactive mutants and all activity will be lost. Other mechanisms of 

dominant negative action could include the mislocalization of the active protein (e.g., a 

nuclear transcription factor being mislocalized to the cytoplasm where it cannot activate 

transcription), or the titration of a necessary cofactor or subsequent enzyme in the signaling 

pathway (e.g., binding of a cofactor by an enzymatically inactive dominant negative mutant 

so that the concentration of the cofactor is too low to be used by the wild-type protein). One 

caveat to the use of these mutants is that the level of inhibition of the wild-type activity is 

highly dependent on the efficiency of gene transfer and expression of the mutant. If very low 

levels of the mutant gene are transferred to the portion of the vessel under study, very little 

gene product will be expressed, and the effects of the inhibition will be minimal. Such an 

effect is often seen even in cell culture where transfection efficiencies can be high and must 

be appreciated (23). Thus, for dominant negative mutants to be of use, high-level gene 

transfer and expression must be obtained in the region of interest.

To show the efficacy of electroporation for expression of such gene products, Benoit and 

colleagues transferred a dominant-negative PKCε mutant gene to portions of the vasculature 

to study vasoconstriction (Shirasawa and Benoit, manuscript in preparation). Studies have 

suggested that PKCε may play a role in regulating agonist-induced vascular smooth muscle 

contraction (9,43). To examine the role of PKCε in adrenoreceptor-mediated contraction of 

mesenteric arteries, a dominant-negative PKCε (PKCε-KN) (21) was transferred to vessels 

by electroporation as described (42). Two days after transfer, vessels were assayed for 

phenylephrine-induced vasoconstriction. PCKε-KN significantly attenuated phenylephrine-

induced responses (EC50 = 4.99 ± 1.07 μM) compared to control, non-electroporated 

vessels (2.81 ± 0.17 μM). Vasoconstriction to KCl did not differ between the groups. 

Inhibition of all PKC isoforms by the isoform-nonspecific PKC inhibitor, chelerythrine (2.5 

μM) attenuated vasoconstrictor function in normal vessels from 2.80 ± 0.31 μM to 4.76 ± 

0.75 μM, a decrease in response similar to that found with the dominant negative mutant. 

These results clearly show that delivery of plasmids using electroporation is a viable method 
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for achieving high level, functional gene expression and that dominant negative mutants can 

be used to manipulate individual pathways to study vascular physiology.

Another more recent technique that may be used to modulate gene expression levels in vivo 

is the use of RNA-cleaving catalytic DNAs. Like antisense RNA, these “DNAzymes” can be 

designed to bind to target sequences on mRNA and mediate the cleavage of the mRNA, 

causing subsequent degradation and rendering it inactive for translation (Fig. 6). However, 

un-like antisense oligonucleotides that cleave mRNA in a trimolecular reaction (oligo, 

mRNA, and RNAse H), DNAzymes do not require RNAse H to degrade the mRNA and 

thus catalyze the cleavage in a bimolecular reaction (DNAzyme and mRNA) (56,57). 

DNAzymes require three domains for activity. At the 5-prime and 3-prime ends, 7–9 

nucleotide sequences that are complementary to the mRNA target provide the specificity of 

mRNA binding. Between these two complementary sequences is a 15 nucleotide sequence, 

termed the “10–23 sequence,” which catalyzes the cleavage of mRNA phosphodiester 

backbone (56). Another property of DNAzymes that make them well suited for in vivo 

studies is that they are catalytic (56,57). This means that one molecule of DNAzyme can 

bind to one mRNA, cleave it, dissociate, and then bind to a second mRNA to repeat the 

cycle again and again, limiting the need for extremely high level delivery to tissue. 

Furthermore, because they cleave mRNA between an A (hybridized to the 3-prime portion 

of the DNAzyme) and an unhybridized U, they can be easily designed to cleave most 

mRNAs because of the fortuitous presence of such an AU sequence at every start codon 

(AUG). The only apparent requirement for their successful use is that the complementary 

sequences are specific for the desired target mRNA.

DNAzymes have been used in vitro to degrade target mRNAs as well as in cultured cells to 

inhibit influenza virus replication (68) and HIV infection (83). They have also been used in 

the vasculature to inhibit smooth muscle hyperplasia (55). Santiago and colleagues targeted 

the Egr-1 transcript and showed that transfection of cells with 0.1 μM DNAzyme using 

dendrimers resulted in a 50% reduction in Egr-1 message levels within 24 hours and 

inhibited smooth muscle proliferation by 70% over 72 hours. Administration of dendrimer-

DNAzyme complexes via a balloon catheter into rat carotids damaged by angioplasty also 

had a therapeutic effect on intimal hyperplasia. Thus, these oligonucleotides may prove to be 

useful tools to create transient, localized (or systemic) knock-outs in the vascular wall.

CONCLUSIONS AND FUTURE DIRECTIONS

The ability to transfer genes to the vasculature 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 to treat disease, but rather to study the physiology of 

the healthy body. The ability to alter 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. The benefits of using nonviral approaches for 

such delivery are evident: reduced inflammation and immune response, ease and low cost of 

production, and increasing levels of gene transfer and expression, nearing and perhaps 

surpassing (especially in the case of electroporation) that of viral vectors. Hopefully, with 

the availability of these tools, a new era of cardiovascular physiology will emerge.
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Figure 1. 
Barriers to gene transfer. Cartoon depicting the various barriers encountered by DNA 

between administration and protein production.
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Figure 2. 
Electrode design for vascular electroporation.
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Figure 3. 
Use of electroporation for vascular gene expression. (A) Electroporation does not damage 

the vessel. Untreated or electroporated vessels 2 days after gene transfer were fixed, 

embedded in parafin, sectioned, and stained with hematoxylin and eosin. As can be seen, 

there are no apparent histological differences between the vessels. (B) High-level gene 

expression is reproducible. Plasmids expressing green fluorescent protein (GFP) were 

transferred by electroporation to vessels within multiple animals. Two days after gene 

transfer, vessels were removed and viewed by fluorescence microscopy for GFP expression. 

As can be seen, gene transfer is reproducible and is highly efficient. (C) Gene transfer and 

expression occurs in all cell layers of the vasculature. A set of serial sections from a vessel 

electroporated with a GFP-expressing plasmid were prepared 2 days after gene transfer. 

Gene expression can be detected in the adventitial, smooth muscle, and endothelial cell 

layers.
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Figure 4. 
Methods for cell-specific gene delivery. (A) Delivery route. Plasmids can be administered 

via the lumen with or without damage (e.g., balloon angioplasty) to transfer genes to the 

endothelium or smooth muscle cells, respectively. Alternatively, plasmids can be delivered 

to the adventitial surface to transfect adventitial cells. (B) Cell-specific promoters. Smooth 

muscle or endothelial cell specific promoters can be used to drive gene expression in 

plasmids specifically in smooth muscle or endothelia cells, respectively. (C) Nuclear 

targeting. Plasmids containing a nuclear localizing DNA sequence from cell type X (e.g., 

smooth muscle or endothelial cells) can bind to transcription factors present only in cell type 

YOUNG and DEAN Page 22

Microcirculation. Author manuscript; available in PMC 2015 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



X to form a protein-DNA complex that can be imported into the nucleus. By contrast, in all 

other cell types, these transcription factors are absent; consequently, complexes cannot form, 

the DNA is not transported into the nucleus, and no gene expression occurs.
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Figure 5. 
Dominant negative mutants. In the case of a protein that must dimerize for formation of its 

active site, if high levels of a dominant negative mutant are expressed, the mutant will 

compete for binding to the wild type protein, producing inactive complexes.
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Figure 6. 
DNAzymes. The 15 nucleotide 10–23 catalytic domain is sandwiched between two 7–9 

nucleotide arms that are designed to be complementary to the desired target mRNA. Once 

delivered to cells, the DNAzyme hybridizes to its target mRNA and then cleaves the target, 

releasing two pieces of the RNA. Because the mRNA has been cleaved, it is no longer 

capable of directing protein translation; consequently, the levels of product decline on the 

basis of the half-life of the target protein.
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