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Abstract
Sleeping Beauty (SB) transposons have been effective in delivering therapeutic genes to treat
certain diseases in mice. Hydrodynamic gene delivery of integrating transposons to 5–20% of the
hepatocytes in a mouse results in persistent elevated expression of the therapeutic polypeptides
that can be secreted into the blood for activity throughout the animal. An alternative route of
delivery is ex vivo transformation with SB transposons of hematopoietic cells, which then can be
reintroduced into the animal for treatment of cancer. We discuss issues associated with the scale-
up of hydrodynamic delivery to the liver of larger animals as well as ex vivo delivery. Based on
our and others’ experience with inefficient delivery to larger animals, we hypothesize that
impulse, rather than pressure, is a critical determinant of the effectiveness of hydrodynamic
delivery. Accordingly, we propose some alterations in delivery strategies that may yield
efficacious levels of gene delivery in dogs and swine that will be applicable to humans. To ready
hydrodynamic delivery for human application we address a second issue facing transposons used
for gene delivery regarding their potential to “re-hop” from one site to another and thereby
destabilize the genome. The ability to correct genetic diseases through the infusion of DNA
plasmids remains an appealing goal.
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INTRODUCTION
Gene transfer to the liver [1] has been studied intensively as a potential means of treating
several human diseases, most notably in clinical trials of hemophilia [2–4]. These clinical
trials have primarily employed viral vectors to mediate gene transfer. While viral vectors
mediate a high frequency of gene transfer, clinical outcomes in several gene therapy trials
over the last few years have served to highlight key problems in their therapeutic
application. Innate immune and inflammatory responses to viral vectors compromise their
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effectiveness [5–7] and can result in toxic reactions, exemplified in the death of one patient
[8]. Adeno-associated virus (AAV) vectors have not been implicated with acute
inflammatory reactions, but the effectiveness of AAV-mediated gene therapy in a liver-
directed clinical trial for hemophilia B was limited by a cellular immune response against
AAV [3] and in vivo clearance rates of AAV vectors is a significant problem [9]. A further
complication in the use of retroviral and AAV vectors is their preferences for integrating
near promoters and into transcriptional units, where they may have increased chances of
causing adverse effects [10–18]. Moreover, from the point of view of economically treating
large numbers of patients, viruses have several additional drawbacks, most notably the high
costs associated with their manufacture [19, 20].

As a result, we and others have investigated the use of non-viral delivery of therapeutic
genes. However, there are two major problems with most methods of non-viral gene
therapy. First, expression of a transgene from plasmids is often brief because cellular
responses lead to repression of transcription from episomal DNA. Second, directing DNA
molecules to a specific organ or cell type is difficult and uptake of naked DNA through the
plasma membranes is inefficient.

We have addressed the first problem by developing the Sleeping Beauty (SB) transposon
system, which combines the advantages of viruses and naked DNA. Currently,
hydrodynamic methods [21, 22] for delivery of transgenes in either whole plasmids or
minicircles [23] to liver cells in mice are less efficient than using viruses on a per cell basis.
However, by using a powerful promoter that regulates the therapeutic gene in a non-viral
expression cassette, delivery to a few cells can provide therapeutic levels of secreted gene
products for an entire animal [24] that approach the systemic levels achieved using viral
vectors [25]. Immune responses to any transgenic product, including those made in the liver,
are always an issue in gene therapy [26, 27].

The bipartite SB system consists of a transposon comprised of inverted terminal repeat
sequences (IRs) that sandwich an expression cassette and an SB transposase enzyme. During
SB-mediated gene transfer, SB transposase excises an engineered SB transposon from a
plasmid and inserts it into a target genome. Transposition overcomes two problems
associated with non-viral gene therapy. First, integration is dramatically enhanced due to the
SB transposase, which specifically recognizes the IRs of the transposon and catalyzes a cut-
and-paste transfer of a transgenic expression cassette from a plasmid into a chromosome
[28]. As a result of integration of the transposon, transgenes are separated from plasmid
sequences, which are generally recognized as foreign and subsequently silenced [29–32].
Second, transposition results in integration of a single transposon into any of approximately
2x108 TA sites in mammalian genomes, thereby avoiding integration of concatemer copies,
which can lead to co-suppression by RNA interference [33–36]. Improvements have been
made in the SB system over the past decade by modifying the transposon [37, 38] and
transposase [39–42]. The recently engineered SB100X is an especially powerful enzyme
that directs the highest levels of transposon integration yet developed [43, 44].

The major problem encountered with naked DNA vectors is their delivery. Humans
consume several grams of DNA daily and none of it enters any cell intact. To facilitate entry
of DNA through plasma membranes, a variety of different DNA-conjugating materials have
been explored for the purpose of promoting non-viral gene transfer into different animal
tissues, including the liver [45, 46]. In mice these procedures are ineffective at delivering
therapeutic doses to large organs such as the liver [47]. With the development of
hydrodynamic delivery in the Liu and Wolff labs [21, 22], naked DNA could be conveyed to
the liver more than 100-fold more efficiently than before.
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In mice, hydrodynamic delivery involves the injection of a large volume (10% vol/wt) of a
DNA/saline solution through the tail vein in less than 10 seconds. This procedure results in
the uptake of infused DNA into about 5–20% (some claim 40%) of the hepatocytes in the
test animal [21, 22, 48] by mechanisms that are poorly understood [49–56]. Likewise, in rats
a 10% volume to weight solution of DNA (25ml/250g animal) in 10 seconds results in
uptake in the liver [57]. Using an ex vivo infusion approach in liver for transplantation,
injection volumes of 40–70% of the liver weight were found to be effective in gene delivery
with expression that varied about 100-fold, depending on the actual volume infused and the
DNA concentration [58]. Although clearly effective, the thought of hydrodynamic
applications to humans is a bit daunting. Hence, a great deal of effort by many labs over the
past two decades has been devoted to finding alternative methods of DNA delivery to liver
and other organs [59]. In general, none of these studies compare the relative effectiveness of
sustained gene expression using multiple methods of delivery. Consequently, we tested the
efficacy of hydrodynamic infusion relative to a common alternative procedure that employs
polyethylenimine-DNA conjugates and found that transgene expression in the liver a week
after delivery was about 10,000-fold higher with hydrodynamic injection [47]. Although
there is one recent publication of effective transposon delivery by proteoliposomes, a form
of nanoencapsulation, the efficacy relative to hydrodynamic infusion has not been reported
[60].

The hydrodynamic delivery procedure was first coupled with the SB system by Yant et al
[61] who showed sustained expression of both clotting Factor IX (FIX) in FIX-deficient
hemophilic mice as well as α1-antitrypsin, which was used as a reporter gene. This
achievement was followed by SB-mediated treatments of mouse models of inherited
tyrosinemia [62], hemophilia A [63–65], mucopolysaccharidosis Types I and VII [25, 26].
Non-hydrodynamic deliveries of the SB system were simultaneously employed to treat
epidermolylsis bullosa [66], glioblastoma multiforme [67], and B-cell lymphoma using ex
vivo delivery into isolated CD34+ T-cells [68–70]. In rats, pulmonary hypertension has been
treated with SB transposons carrying the eNOS gene [71] and jaundice has been treated with
SB-mediated delivery of human uridinediphosphoglucuronate glucuronosyltransferase-1A1
[60]. Thus, the Sleeping Beauty transposon system has been used in mice and rats to treat
multiple diseases following single deliveries of plasmid DNA to hepatocytes and other cells.

The challenge is translating the successes in mice to larger animals. Ex vivo delivery to
hematopoietic stem cells is relatively simple; all it requires is a linear scale-up of the
numbers of cells treated. However, gene delivery to the liver, the target for most applications
of SB therapy in mice, has been far from simple.

Technical Challenges of Scale-Up in Large Animals
Excellent recent reviews on applications of hydrodynamic delivery methods to the liver in
larger animals, including rabbits, dogs and swine have uniformly reported a distinct lack of
success following several approaches [72–75]. These failures may be due to species
differences in sinusoidal vessels and structures [74, 75] as well as the accepted guiding
theory on which hydrodynamic delivery is based.

In adapting hydrodynamic delivery methods to larger animal models, four parameters need
to be considered: the amount of DNA, the volume of the injection solution, the rate of
injection, and species-specific variations in the physiology of the target organ. Regarding the
first two parameters, the amount and volume of DNA delivered must be increased to
accommodate a 250-fold larger animal since the output of therapeutic protein must be
distributed throughout the animal. This represents a scale-up from about 20 micrograms to
about 5mg of DNA. Like many other teams, we approximated the scale-up from mice to
larger animals, in our case dogs, in terms of whole-animal weight, liver mass, or blood
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volume in the liver. These calculations immediately indicated that systemic hydrodynamic
delivery was impractical and that local delivery to the target organ, i.e., the liver, was the
only realistic approach. In terms of whole-animal weight, the scale-up from a 20g mouse to
a 5kg dog would be about 250-fold. Thus, systemic hydrodynamic delivery in a 5kg dog
would require an injection of about 500ml to be equivalent to the 2ml injection for a 20g
mouse. If the liver is semi-isolated such that the delivery is essentially limited only to that
organ, the required volume might be substantially less. The liver in a dog is about 3.4% of
its total body mass [47, 76], which would indicate a delivery of 17ml of a DNA solution to a
170g liver to achieve the 10% ratio of DNA solution volume to target mass. However,
although the injection is systemic, in the mouse most of the injected solution quickly winds
up in the liver, which, in a dog, would translate to a maximal volumetric delivery of 500ml
to a 170g liver - about three times its mass. For a 5kg dog, the values of 17ml and 500ml are
the boundaries of injection volumes required for effective hydrodynamic delivery. The third
parameter, rate of DNA-solution injection, would be dependent on the delivery method and,
given the large volumes involved, concern for damage to the liver from powerful jets of
fluid. The fourth parameter, species-specific variations in liver physiologies is just now
being addressed in experimental designs [74].

Prior experimental results from hydrodynamic injections into larger animals [77, 78],
especially rabbits [79], suggested that 5kg dogs would require about a two-fold higher
amount of DNA than we calculated, about 10mg of DNA for a 5kg dog - equivalent to a
delivery of about 2x105 plasmids with transposons per hepatocyte. The results in rabbits also
suggested injection volumes of about 75–300ml, which is close to the geometric mean of the
boundaries we calculated. Thus, the major issue that appeared to need a solution was the rate
of delivery and, as a consequence, the precise targets for delivery given the constraints of
cellular damage and the requirements to disrupt cellular membranes and tissue integrity over
the duration of the rapid pulse. Fig. (1) shows the concept of using catheter-mediated
plasmid delivery to the liver in larger animals. The various normal blood pressures in the
hepatic arteries, veins and portal vein are indicated. The working model of hydrodynamic
delivery in general has been, until recently, that retrograde injection of a DNA solution is
resisted by the normal pressures in the arteries and portal vein thereby leading to high
pressure of the hepatocytes. Panel (a) shows delivery to the entire liver using a double-
balloon catheter that has been introduced into the femoral vein and thence into the inferior
vena cava.

Many Hydrodynamic Methods but Few Encouraging Results in Large Animals
Hydrodynamic delivery is a high-volume, high-pressure method of disturbing the plasma
membranes of the hepatocytes in the liver sinusoids. However, the delivery rate of the
injection volume is critical in the mouse, Fig. (2). In the mouse, a difference of only four
seconds in a 5–9 second injection can result in a thousand-fold difference in gene
expression. This emphasizes that the success of hydrodynamic injection is probably not
dependent on simply the application of high pressure and that small changes in injection
conditions can have very large effects.

Pressure has been the focus of nearly all published work on hydrodynamic delivery. Liu and
his colleagues have developed a computer-assisted hydrodynamic gene delivery procedure
that is designed to achieve a “just right hydrodynamic pressure” [80, 81]. Fabre et al. [82]
noted that even when the hepatic vascular pressures during hydrodynamic delivery to the
isolated pig liver were up to 4-fold higher (about 100–125 mmHg) than in rats undergoing
the standard procedure, gene transfer was two orders of magnitude lower per mg of liver
tissue. Further work in the same lab that focused on transfer of plasmids to specific lobes or
segments of the liver in rats was ineffective in delivering a therapeutic dose of expression
cassettes [83]. Other investigators also have consistently failed to demonstrate high levels of

Hackett et al. Page 4

Curr Gene Ther. Author manuscript; available in PMC 2013 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



gene transfer to the liver in dogs [84] and swine [77, 78, 85] and persistent gene expression
thereafter using relatively non-invasive hepatic vein and hepatic artery hydrodynamic
injections. This overwhelming, consistent set of reports over the past five years has
suggested to some that appropriate pressures have not been reached and might not be
attainable without invasive surgery that allows clamping of the vessels to avoid leakage of
the injected solution [83, 86]. Fig. (3) illustrates the two types of pressure profiles we have
encountered in our hydrodynamic deliveries of plasmids with transposons to dog liver using
balloon catheters [87]. Profiles similar to that in panel b of Fig. (3) have been more common
than the ideal pressure profile. As with other studies, our DNA delivery rates have been
about 1% the level that we routinely achieve in mice (E. Aronovich, unpub.).

The goal of achieving non-invasive plasmid delivery to liver is too appealing to give up
easily. Simply increasing pressure may not be a solution. In our experiments where injection
peak pressures range from 75 to 130 mmHg (R.S. McIvor, in preparation) serum
transaminase enzymes have been elevated to extraordinary levels (peak AST and ALT levels
reach 1800 to >6000 U/L) but the dogs recover within 48 hours without a single outward
appearance of physiological damage. Our values are fairly consistent with those reported in
swine following computer-assisted delivery [80]. These transient levels of liver enzymes
presumably reflect the relative physiological insult to the liver by the injection. However,
the levels recorded in dogs and swine are approximately two- to six-fold higher than in mice
after hydrodynamic injection [49, 88], which prompts the question of why the larger
response by the liver in larger animals is not accompanied by an equivalent (or higher)
uptake of DNA. One possibility is that those cells that experience the highest gradients of
pressure, and efficiently take up DNA, are most likely to die before they express the
transgenes but not before they release enzymes reflecting their poor physiological status.
This explanation is discounted by observations that pigs injected at lower pressures that
result in 10-fold lower liver-enzyme responses also fail to express transgenes for any
significant period [78, 81].

Hypothesis: Impulse Rather than Pressure is the Key to Successful Hydrodynamic
Delivery

An alternative interpretation of the data is that successful hydrodynamic injection is
probably not due simply to the application of high pressure. Rather the important parameter
is the rate at which the high pressure is applied, the impulse (ΔP/Δt). That is, impulse rather
than accumulated pressure may be responsible for transient breakdown of membrane
integrity. If so, then alterations in delivery may yield success just as reducing the injection
time from nine to five seconds in the mouse increases effective DNA transfer yields (as
measured by gene expression) of more than 100-fold, Fig. (2). Fig. (4) illustrates the concept
of looking at impulse rather than pressure. This model suggests that whereas most, if not all
of the hepatocytes in a mouse will be subject to effective impulse for DNA uptake into the
liver, in dogs only a small percentage of the hepatocytes will experience sufficient impulse
to drive plasmids into cells (the light red area under the curve in panel (a). However, if the
attenuation of the impulse can be lowered, blue curve in Fig. (4b) as the injected volume
courses through the vessels, then a larger proportion of hepatocytes in the dog will be
subject to effective DNA delivery conditions (light purple area under the blue curve). This
model predicts that modifying injection conditions and limiting the targets of the injections
to specific lobes or sections of the liver should enhance DNA delivery. However, the
obvious way to increase impulse is to raise the volume and/or decrease the time of delivery,
both of which raise the likelihood of significant damage to the liver when standard catheters
are employed.

Two alternatives have yet to be tried. The first is to alter injection conditions such that as the
vessels expand and the injection fluid extravasates, the pressure front is maintained. Thus, as
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the increasing numbers of downstream vessels become more able to accommodate the
incoming solution, the injection pressure should be increased. In fact, it is likely that this is
what happens during manual injections of the approximately 2ml into mice - as the plunger
on the syringe nears the finish, it becomes easier for the injector to apply pressure. The
second is to relax the vessels as much as possible immediately before the hydrodynamic
injection using mannitol [79] and/or other agents that may affect hepatic blood flow ([89].
Related to this consideration is the observation that in mice cardiovascular function is
disturbed by hydrodynamic injection [90] and following total occlusion of the liver using
balloon catheters [81]. During the hydrodynamic injections in mice, the heart and liver
connections remain unblocked. Therefore, there is the opportunity for signaling factors such
as atrial natriuretic factor (ANF), a gene product that is highly related to human heart failure
[91], to affect fluid flow and damage in the liver [89]. Thus, by employing non-linear
injection rates to selected sections of the liver, with or without supplemental drugs,
equivalent rates of effective DNA delivery may be achievable using relatively non-invasive
catheter-mediated approaches.

Additional Influences on Gene Delivery and Expression
A number of alternative strategies for gene delivery have been proposed that might be
amenable to augmenting hydrodynamic delivery. One is in vivo electroporation of
vascularly delivered plasmid DNA to hepatocytes [92]. Pulsed-high intensity, focused
ultrasound techniques that can increase both extravasation and interstitial diffusion of
plasmids also has been tested [93, 94]. These techniques have not been applied as yet to
hydrodynamic infusion, but since neither would require major invasive surgery, they may
have utility.

Another factor that needs to be considered is the effect that the hydrodynamic delivery has
on hepatocyte viability. Due to its ease, the most common technique for direct
hydrodynamic injection to the liver is via the inferior vena cava and the hepatic veins,
resulting in retrograde flow of the DNA solution through the liver sinusoids. As a result, the
hepatocytes surrounding the central vein of the liver lobule, while presumably taking up
most of the DNA, will be subjected to the highest level of mechanical stress from the
injection. However, studies have suggested that elevated mechanical hydrostatic pressure
and retrograde flow may cause atrophy and loss of these centrilobular hepatocytes [95].
Therefore, it is possible that one contribution to the decrease in prolonged transgene
expression is the loss of the most highly transfected cell population. A potential solution to
this delivery-based necrosis would be to perform the hydrodynamic injection via the hepatic
artery, the efficacy of which has been demonstrated by Tada et al. [96]. This would result in
anterograde flow of the DNA solution through the liver sinusoids, allowing the periportal
hepatocytes preferential access to the injected DNA. As a result, those cells that normally
receive the best supply of oxygen, nutrients, and substrates from blood entering the liver,
and which therefore tend to have the highest resistance to damaging influences, would also
be the cells that preferentially take up the transgenic DNA.

Gene transfer of transposons to the cytoplasms of hepatocytes is only the first step in the
overall process that leads to gene expression. The plasmid must also penetrate the nuclear
membrane in non-dividing hepatocytes. We have estimated that only about 1% of plasmids
that enter a cell actually lose their transposons for integration into chromosomes (unpub.),
suggesting that nuclear import is an issue. Recent reviews by Dean and others have
identified several important considerations such as nuclear uptake that may be applicable to
successful transposon delivery to hepatocytes [97–99]. One aspect of this issue is the
promoter within a plasmid. Promoter strength [100–103] and tissue specificity of the
promoters is clearly an important issue. At present, we have found that the liver-specific,
ApoEhAAT promoter used for successful expression of Factor IX in dogs [3, 104] yields a
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longer duration of high-level expression than the mCAGGS promoter [105]. As always,
immune responses can interfere with clear interpretation of activities that influence sustained
gene expression [27].

Safety Considerations with the Use of Transposon Vectors
The SB transposon vector is designed to integrate into the genomes of recipient cells.
Accordingly, the same concerns about insertional mutagenesis that exist with viral
integrating vectors [106, 107] are also applicable to SB transposons [108]. Unlike most viral
vectors and several other transposons, SB transposons do not have a significant preference
for integration into transcriptional units [109]. However, in contrast to viral vectors, there is
a question as to whether transposons continue to hop in the genome. In studies designed to
identify genes such as those responsible for cancer and leukemia, the remobilization of
specialized SB transposons that do not carry standard gene-expression cassettes is a
favorable trait [110, 111]. In all of the mouse studies that used SB to treat specific genetic
diseases, the source of the SB transposase has been a SB gene. Although a few transposase
genes may randomly integrate into the host genome at about a 100-fold lower rate than for
the therapeutic gene in the transposon, the vast majority will remain in episomes that are
generally silenced within a few days [28, 43, 112]. This hypothesis was validated in a recent
study that examined the duration of effective SB transposition following hydrodynamic
delivery in mice [113]. Long-term studies will be needed to determine whether
remobilization rates below measurable detection will have safety implications. If so, mRNA
encoding SB transposase could be used [114, 115], although this approach introduces
significant difficulties with respect to efficiency and quality control of reagents for a clinical
setting.

The SB transposon system has been approved by the NIH-OBA and FDA for testing in
humans [108] using ex vivo gene delivery to autologous and allogeneic T cells to redirect
their specificity for B-lineage malignancies [20, 70]. Fluorescent in situ hybridization and
qPCR has been used to show that, following nucleofection and propagation, the T-cell
genomes only contain a single copy of the therapeutic transposon [116]. For the trials, PCR
assays will be used to demonstrate that the transposase is below minimal detection in the
genomes of treated cells to reduce the risk of re-hopping of the integrated transposon, and
culture conditions will be used to validate the absence of autonomous cell growth before
infusion.

FUTURE DIRECTIONS
We have focused primarily on the problems of gene delivery to the liver of large animals. At
present, the translation of successful hydrodynamic delivery in mice to larger animals has
failed. The lure of effective, catheter-mediated, gene delivery to the liver is strong. But, as in
many other facets of life and science, it is important to evaluate the information at hand and
“know when to hold’em, know when to fold’em, know when to walk away and know when
to run.” [117]. The failure so far of hydrodynamic delivery in larger animals has led some to
conclude that minimally invasive techniques for hydrodynamic gene transfer will not work
in humans [74, 86]. However, minor variations can have enormous effects on hydrodynamic
delivery in mice e.g., Fig. (2), suggesting that modifications in delivery may increase the
efficiency of gene-transfer two or more orders of magnitude in large animals. If these
conditions are found and the principles of successful delivery elucidated, non-viral gene
therapy in the liver, and other organs such as the heart [118], for certain inherited and
acquired diseases will be a distinct possibility. Indeed, the in vivo application of SB system
for therapy will be all the more convincing as the SB transposons and transposase are used
to genetically modify hematopoietic cells in vitro for in vivo application.
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Fig. 1.
Hydrodynamic delivery of transposon DNA to liver. The success of hydrodynamic DNA
delivery in mice and other animal models is based on the introduction of plasmid DNA
solution into the hepatic circulation under increased intrahepatic pressure, resulting in
extravasation of the DNA solution into the parenchyma of the liver and uptake by
hepatocytes. a) Schematic of delivery using a double-balloon catheter in the inferior vena
cava (IVC) with balloons isolating the whole liver. b) Expanded view showing the
relationship of the hepatic arteries, veins and the portal vein. The small black arrows in the
vessels indicate the direction of normal blood flow. The normal blood pressures are
indicated for these vessels. The retrograde pressure in the hepatic vein during hydrodynamic
delivery is shown at the top. c) Expanded view of the sinusoids with normal (black arrows)
and hydrodynamically forced, retrograde (red arrows) directions of blood flow.
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Fig. 2.
Gene delivery and expression following hydrodynamic injection decreases non-linearly as a
function of injection rate.
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Fig. 3.
Examples of pressure profiles attained following hydrodynamic delivery to the liver in dogs
using a power injector to deliver 200 ml of a DNA solution in 10 seconds. a) ‘Ideal’ curve
with pressure monotonically increasing over the 10-second (bar) delivery period. b) Non-
ideal pressure curve wherein at some point during the delivery some ‘relief’ vessel permits
outflow of the incoming solution, resulting in a premature leveling or decrease in the
pressure at the end of the delivery.
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Fig. 4.
Hypothesized relationship of impulse strength as a function of liver size (distance the
impulse must travel) following hydrodynamic delivery of transposon DNA to animals. a)
The dampening of impulse (ΔP/Δt) is shown as a function of distance that the
hydrodynamic injection must travel (black curved line). Dampening will be caused by
expansion of the vessels as well as extravasation of the DNA solution into the parenchyma
of the liver and uptake by hepatocytes. The total distance that an impulse must be
transmitted throughout a liver in a mouse is shown by the dashed red line and by the dashed
blue line for a dog. The green line indicates the threshold required for the impulse to be
effective for DNA uptake into hepatocytes. The light red area under the curve indicates the
distance for effective impulse strength. b) If the dampening of the impulse can be attenuated,
shown by the blue curve, then the efficiency of DNA delivery can be improved in livers of
larger animals due to an expanded area under the curve (highlighted in light purple).

Hackett et al. Page 18

Curr Gene Ther. Author manuscript; available in PMC 2013 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


