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Abstract

We have reported that a rapid tail vein injection of a large volume of plasmid DNA solution into a
mouse results in high level of transgene expression in the liver. Gene transfer efficiency of this
hydrodynamics-based procedure is determined by the combined effect of a large volume and high
injection speed. Here, we show that the hydrodynamic injection induces a transient irregularity of
heart function, a sharp increase in venous pressure, an enlargement of liver fenestrae, and
enhancement of membrane permeability of the hepatocytes. At the cellular level, our results
suggest that hepatic delivery by the hydrodynamic injection is accomplished by the generation of
membrane pores in the hepatocytes.
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Introduction

Elucidation of the physiological function of genes in the postgenome era has become rate-
limiting step in the quest to understand the molecular basis of human diseases. Defining the
physiological functions of a genomic sequence requires an analysis in the context of an
entire organism using a gain- or loss-of-function approach. A crucial element to the
successful physiologic assessment of gene function is an effective strategy for intracellular
delivery of a genetic modifier into the target cells in the form of DNA, RNA, proteins or
small chemicals.
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We and others have reported in mice that efficient plasmid DNA delivery to liver can be
achieved by a rapid tail vein injection of a large volume of DNA solution.1:2 This method,
called the hydrodynamics-based procedure, has been widely utilized by the gene therapy
community for evaluating therapeutic activities of various genes (see, for reviews, Liu and
Knapp? and Herweijer and Wolff4). Other reported applications of this technique include
studies to define the regulatory functions of DNA sequences,>? investigations to evaluate
gene suppression activity of siRNA,10-12 and experiments to establish animal models for
viral infection.13.14

Despite many desirable features of the hydrodynamics-based procedure such as simplicity,
convenience, and high efficiency, further improvement and new applications of this
procedure require a full understanding of the mechanisms underlying this technique. For tail
vein injection and hepatic delivery in mice, the route for which the current protocol was
established, the hydrodynamic injection is able to overcome at least three physical barriers,
(1) a spatial barrier between the site of injection (tail vein) and the targeted organ (liver); (2)
the structural barrier of liver fenestrae that prevent the access of large molecules to
parenchyma hepatocytes; and (3) the plasma membrane barrier of the hepatocytes that limits
the entry of hydrophilic molecules into the cytoplasm, especially large molecules like DNA,
RNA, and proteins. In the current study, we conducted a series of experiments to elucidate
the mechanisms by which each of the three physical barriers is overcome by the
hydrodynamic procedure. We discuss our results in the context of how our conclusions can
be used for the development of new and improved procedures.

Hydrodynamic injection induces a transient irregularity in heart function and a rapid
increase in vena cava pressure

We suspect that the hydrodynamic injection would result in changes in heart function and
venous pressure because the injection volume required for efficient hepatic delivery is
approximately equivalent to the total blood volume of a mouse.12 To provide a quantitative
assessment of the cardiovascular changes, we recorded the electrocardiogram (ECG) and
pressure in mice following hydrodynamic treatment. Figure 1 summarizes the changes that
occurred in the measured parameters. Figure 1a is a representative ECG of a mouse
undergoing the entire hydrodynamic injection. It is evident that cardiac rhythm was
interrupted as the injection initiated. However, the irregular rhythm lasted only about 60 s
before a regular pattern of ECG was restored (Figure 1a). The heart rate decreased from
about 510 beat/min to 280 beat/min within 3 s and returned to a normal level in about 2 min
(Figure 1b). The increased amplitude of the QRS complex after the recovery of normal heart
rate indicates that the cardiac chambers were enlarged due to the increased volume in
circulation. Clearly, the hydrodynamic injection causes a transient heart congestion.

The effect of the hydrodynamic injection on venous pressure was evaluated using a saline-
filled catheter inserted retrograde into the right renal vein to the point at which the renal vein
enters the inferior vena cava. The renal vein was selected as the catheter insertion site to
minimize the potential interference of circulation. As shown in Figure 2a, the abrupt
increase in venous pressure coincides with the reduction in cardiac rate (Figure 1b). The
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venous pressure attained a peak level at the end of injection and then fell rapidly to a level of
10-15 mmHg above the original baseline pressure, followed by a much slower phase of
decline. The relationship between the injection volume and venous pressure is shown in
Figure 2b. A pressure at about 40 mmHg is attained with the injection volume equivalent to
10% of body weight, a volume which gives a maximal level of hepatic gene delivery in
mice.1:2

The rapid decrease of venous pressure soon after the injection (Figure 2a) and before a full
recovery of heart function (Figure 1a) indicates that a rapid venous pressure equilibration
occurs. Significant liver expansion was observed when the hydrodynamic injection was
performed in anesthetized animals with the liver visually exposed via an abdominal incision.
In addition, the color of the liver changed from its normal reddish hue to whitish soon after
the hydrodynamic injection was initiated and then returned to its normal color. This finding
suggests that the injected solution transiently displaces and dilutes the blood flowing
through the liver. Moreover, these observations indicate that DNA enters the liver before
homogeneous mixing with blood can occur.

Hydrodynamic injection enlarges liver fenestrae

Capillaries of the liver are lined with endothelial cells. Approximately 92-94% of the
surface area of the liver endothelial cells is sealed preventing direct access of blood
constituents to the hepatocytes.® The other 6-8% consists of pores with an average
diameter of 100 nm.16 These pores, referred to as the liver fenestrae, appear to be too small
to allow large molecules like plasmid DNA to pass through. Therefore, the liver
endothelium, although being porous, serves as a physical barrier for delivery of large
molecules to the hepatocytes. Fraser et all’ reported an enlargement of liver fenestrae when
high pressure was used in liver perfusion. We hypothesized that the pressure increase
imposed by the hydrodynamic injection would result in an enlargement of the pore diameter
of the fenestrae and thereby facilitate DNA transfer across the liver capillary endothelial
cells. To test this possibility, we examined the capillary structure of animals after the
hydrodynamic injection and compared it to that of control animals. The left panel in Figure
3 is a scanning electron microscopy (SEM) micrograph of a liver section from a control
animal showing sinusoids and uniformly sized pores of liver fenestrae in well-organized
patterns. In hydrodynamically treated animals, however, some of the fenestrae are enlarged
and irregular (Figure 3, right panel). Pores as large as a few um in diameter were seen. It is
important to point out that while distorted endothelial cells is evident in the liver of
hydrodynamically treated animals, the endothelial cells with normal appearance also exist.
These results suggest that the impact of the hydrodynamic injection on liver capillaries is not
homogeneous; some areas are affected more than others. This could explain why only 40%
of the hepatocytes were transfected by a single hydrodynamic injection.

Hydrodynamic delivery to the hepatocytes is a nonspecific process

To evaluate the versatility of the hydrodynamics-based procedure at the cellular level and to
determine the mechanistic nature of the intracellular delivery, we have injected into mice
with various types of molecules that are different in structure and property. Among these are
unlabeled plasmid DNA containing a reporter gene, 1251-labeled plasmid DNA, Esherichia
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coli B-galactosidase, and a fluorescence dye. The liver uptake and hepatic distribution of
these molecules were examined separately using histochemical methods and compared to
those of control animals that received the same dosage of substances in a small volume
(200-300 pl). Figure 4 shows that all four types of molecules are efficiently delivered to the
hepatocytes by the hydrodynamic injection (Figure 4, right column), while minimal signal
was seen in controls (Figure 4, left column). Patterns of tissue distribution of transgene
expression shown in Figure 4b are very similar to those of 1251-DNA (Figure 4d), Evans
Blue (Figure 4f), and B-galactosidase protein (Figure 4h). The fact that these structurally
different molecules were delivered to a portion of the hepatocytes with similar efficiency
and virtually the same patterns of hepatic distribution suggest that hepatic delivery by the
hydrodynamic injection is a honspecific process.

Hydrodynamic injection generates membrane pores in the hepatocytes

The nonspecific nature of the hydrodynamic delivery was further studied. We reasoned that
the hydrodynamic force generated by a rapid injection of a large volume of solution could
generate membrane defects (or pores) in the hepatocytes. Consequently, these membrane
defects may allow a direct entry of DNA or other substances into the cytoplasm. To test this
possibility, we examined liver samples from the hydrodynamically treated animals using
SEM. Figure 5 shows an example of membrane defect identifiable under an electron
microscope (arrow). It is worth noting that the interior of the cell shown in Figure 5 appears
disturbed. An entry mark of solution into cells is clearly identifiable near the membrane
entry site and becomes progressively less obvious towards the far side of the same cell.
These results suggest that hydrodynamically injected solution generates membrane defects
and disturbs the cell interior.

Membrane pores reseal with time

To measure how long these membrane defects remain open after the hydrodynamic
injection, we treated the mice with the hydrodynamic injection of saline prior to a
conventional injection of Evans Blue (200 ul), which is one of the most commonly used
markers for membrane permeability studies.18 In these experiments, animals were killed 6 h
after Evans Blue injection. Liver sections from the animals were made and examined under
a fluorescence microscope. Figure 6 shows that a relative level of Evans Blue in the liver
decreases with increasing the interval time between the two injections, indicating a reduced
membrane permeability of liver cells with time. At an interval time of 15 s, a slight decrease
in Evans Blue-positive cells was seen compared to that of single injection (t = 0 min).
However, many fewer Evans Blue-positive cells were seen in liver sections when the
interval time increased to 10 min, suggesting that most of the membranes had resealed.

In a parallel set of experiments, plasmid DNA with a reporter gene was utilized as a
different membrane permeability probe in the second injection. An additional purpose of
these experiments was to prove that cells with membrane pores are able to recover not only
structurally but also functionally using transgene expression as a measure. There isa 5 x
10°-fold drop in luciferase expression in the liver of animals injected with an interval time of
10 min compared to that of animals with a single injection (t = 0 min) (Figure 7). These
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results provide convincing evidence that the hydrodynamic injection increases membrane
permeability of the hepatocytes by generating membrane defects.

Effect of volume increase in cytosol on transgene expression

Previous studies have shown that diffusion rate of plasmid DNA in cytoplasm is very low
due to a well-organized cytosolic structure.1® For this reason, transfer of DNA from
cytoplasm to nucleus where gene expression initiates has been considered as an intracellular
barrier for nonviral gene delivery.20 On the other hand, a high level of transgene expression
in the hepatocytes by hydrodynamics-based procedure would suggest that this intracellular
barrier is overcome effectively. We hypothesized that the volume entering the hepatocytes
upon the hydrodynamic injection may be relatively large due to the high extracellular
pressure. A large volume of solution entering the hepatocytes may play a role in inducing a
high level of transgene expression. To test this possibility, we have examined the volume
effect on transgene expression from cells receiving exogenous DNA. In these experiments,
GFP-expressing plasmid DNA was injected into individual cells using a standard
microinjection technique.2! The same copy number of GFP plasmids was injected into cells
with increasing volume (from approximately 5 to 10% cytoplasmic volume at a relative
injection volume of 1 to 50-70% cytoplasmic volume at a relative volume of 6) under the
same intracellular pressure. The level of GFP expression in each injected cell was examined
6 h later using a fluorescence microscope. At 6 h postinjection, GFP expression should be a
measure of cytoplasmic trafficking and nuclear import of DNA, since the cells have not yet
divided.?2 Data in Figure 8 show that the percentage of GFP-positive cells increases with
increasing injection volume. The percentage of GFP-positive cells almost doubles when the
injection volume increased from a relative volume of 1 (~5-10% cytoplasmic volume) to 6
(~50-70% cytoplasmic volume) per cell. Transfection efficiency reaches 50% with a relative
injection volume of 6 compared to 26% at a relative injection volume of 1.

Discussion

Successful delivery of DNA to the hepatocytes via the tail vein injection needs to overcome
at least three barriers, including the spatial barrier between the injection site and the liver,
the endothelial barrier of liver capillaries, and the plasma membrane barrier of the
hepatocytes. It is evident from the data presented in this and our previous studies?23 that
these barriers are overcome, at least to a certain degree, by using hydrodynamics-based
procedure. Based on these data, we propose a model to explain the mechanism underlying
hydrodynamic delivery to the hepatocytes.

A rapid injection of a large bolus of substance-containing solution via the tail vein results in
an accumulation of the injected solution in the inferior vena cava as the volume of injected
solution exceeds the capacity of the heart to pump blood from the venous side of the
circulation to the arterial side. Subsequently, a high pressure develops in this venous region,
which in turn causes a retrograde movement of the solution into the liver, the largest organ
in the body with an expandable structure and direct vascular connection to the inferior vena
cava. A large portion of the injected solution enters the liver via the hepatic vein at a high
hydrodynamic pressure, forcing blood in the hepatic circulation to flow backward toward the
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portal blood vessels. As a consequence of the elevated pressure the pore sizes of the liver
fenestrae are enlarged and the membrane of the hepatocytes is permeabilized due to the
generation of membrane pores (defects). Consequently, substances are driven into the
hepatocytes by a high intravascular pressure. The membrane of the hepatocytes reseals with
time, trapping the substances inside. With time the cardiovascular system adapts to the
volume load and normal circulatory homeostasis is restored.

The fact that less than half of the total hepatocytes in the liver are susceptible to the
hydrodynamics-based procedurel-23 indicates that the hydrodynamic impact at cellular level
is not homogenous. This could be explained by the differences in the capillary structure of
the liver. Hepatic sinusoids can be seen as conduits connecting the terminal portal venules
and terminal hepatic arteriole with the hepatic venules. These conduits are neither
geographically nor structurally equivalent. Morphometric measurements of sinusoidal
profiles performed by image analysis have shown that periportal sinusoids are narrower and
more tortuous, while perivenular sinusoids are straighter and wider.2* A more tortuous
sinusoid is essential for a better adsorption of nutrients gathered from the intestine entering
the liver via the portal vein. After the hydrodynamic injection, the flow of the injected
solution is slowed down when it reaches the junction of the perivenular and periportal
sinusoids. The narrower path and more tortuous structure of periportal sinusoids restrain the
flow dynamics of the injected solution, causing congestion in the perivenular region and the
expansion of the perivenular sinusoids. Consequently, fenestrae are enlarged and membrane
pores are generated on the hepatocytes by high-pressure solution in perivenular regions.
Owing to the limited volume of solution reaching the periportal venules, the hydrodynamic
pressure in periportal sinusoids is not sufficient to enhance the permeability of fenestrae and
plasma membrane of the hepatocytes, limiting the delivery to those hepatocytes in the
perivenous sinusoids. This explanation is supported by our previous work demonstrating the
perivenous sinusoids as the predominant site of transgene expression in mice.2°

It is appropriate to point out that how DNA crosses the plasma membrane and enters the
hepatocytes has been a critical issue in the past few years with respect to the hydrodynamic
delivery. Budker et al26 have hypothesized that DNA entry is mediated by unidentified
receptors on the hepatocytes. Their hypothesis was based on an observation that the reporter
gene expression decreased by approximately 10-50% when dextran sulfate, salmon sperm
DNA, or heparin was coinjected with reporter containing plasmid DNA. However, the data
from our laboratory and from others?* are in favor of a different mechanism that stresses the
physical nature of the procedure, not a receptor-mediated DNA internalization. Our
hypothesis was based on the observation that the hydrodynamic delivery does not exhibit
any specificity toward DNA structures. Plasmid DNA either in supercoil or linear, large or
small was all effectively delivered into the hepatocytes with the same efficiency. The
nonspecific nature of the hydrodynamic delivery has been further strengthened by recent
studies demonstrating hepatic delivery of siRNA,19-12 pCR fragments,2” RNA,13.14
antibodies, and polyethyleneglycol.24

The data presented in the current study provide additional evidence in support of our initial
hypothesis and prove that hepatic transfer of DNA via the hydrodynamic injection is a
physical process. Similar to the mechanism of electroporation where membrane pores are
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generated by ion movement in an electric field, the hydrodynamics-based procedure
generates membrane pores by a highly pressured solution in the liver. Thus, we propose the
term ‘hydroporation’ (pores generated by aqueous solution) to describe this process as an
analogous term to the technique of electroporation. The mechanisms underlying pore
formation and membrane resealing process with respect to these two different techniques
will be an interesting subject for additional studies.

Despite that the hydrodynamic delivery is mostly utilized for hepatic gene delivery, its
applications to other tissues have not been fully explored in the past. However, efforts are
noticeable along this direction in recent publications. Zhang et al?8 showed an efficient gene
transfer to muscle cells by intravascular injection with the help of transient occlusion of the
blood flow. High level of gene expression was also reported in the kidney cells through a
hydrodynamic infusion of DNA solution to the renal vein.2® Employing a catheter-based
injection system in rabbits, Easterman et al39 demonstrated local gene delivery within the
liver at the catheter insertion site. The importance of these studies is a demonstration of a
sound strategy to combine the principles of the hydrodynamic injection with the well-
established medical devices for site-specific gene delivery. The promise of this strategy lies
in the possibility of new procedure or devices that are applicable to large animals. The
challenge we face is to establish hydrodynamic pressure in the target tissues that is sufficient
to enhance the permeability of the endothelium and plasma membrane of the parenchyma
cells.

Although the hydrodynamics-based procedure was initially developed for in vivo gene
delivery,! the physical nature of the procedure supports the possibility that it can be utilized
for intracellular delivery of any substances that are injectable. Additional work on
elucidating the mechanism of membrane resealing after the hydrodynamic injection, and on
defining the role of volume increase in cytosol with respect to subcellular distribution of the
delivered substances will provide information on how a physical stimulation to cells couples
with biochemical response. In the current stage, hydrodynamic delivery appears to be the
most simple, convenient, and efficient method for intracellular delivery in vivo.

Materials and methods

Materials

pCMV-Luc, pCMV-LacZ, and pCMV-GFP plasmids containing CMV-driven firefly
luciferase, Lac-Z or green fluorescence protein gene (cDNA) were purified by the method of
CsCl-ethidium bromide gradient centrifugation and kept in TE buffer (10 mwm Tris-HCI, 1 mw
EDTA, pH 8.0). The purity of the plasmid was checked by absorbency at 260 and 280 nm
and 1% agarose-gel electrophoresis. Evans Blue and p-galactosidase protein were purchased
from Sigma (Saint Louis, MO, USA); carrier-free Nal2°| was from DuPont NEN (Boston,
MA, USA) and DNA iodination was performed according to Wolf et al 3! and luciferase
assay kit was from Promega (Madison, WI, USA). CD-1 mice (18-20 g male) were obtained
from Charles River (Wilmington, MA, USA).
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Hydrodynamic injection
Animals were injected via the tail vein in a volume equivalent to 10% of the body weight in
5 s according to previously published procedure.! Unless specified, saline was used as a
carrier solution for injection.

Electrocardiogram

The ECG was recorded in anesthetized animals using two fine-needle electrodes inserted
subcutaneously on the ventral thorax approximately above the base and apex of the heart. A
third electrode served as ground and was placed in the left scapular region. The leads from
the electrodes were connected to a tachograph (Grass Model 7P4) and the ECG and heart
rate were continuously displayed on a Grass Model 7 polygraph.

Measurement of venous pressure

An abdomen incision was made on anesthetized animals to expose the internal organs in
peritoneal cavity. A saline-filled catheter was inserted and advanced into the inferior vena
cava by passing it retrogradely through the right renal vein. Venous pressure was
continuously monitored on a Grass polygraph using a Gould Statham Pressure Transducer
(Model P23 ID).

Autoradiography of the liver

125|_|abeled pCMV-Luc plasmid DNA (300 pg/mouse, specific activity 107 ¢.p.m./ug) was
injected into the mice using hydrodynamic procedure or the conventional method (control).
At 5 min after injection, the animals were anesthetized and the livers were perfused with 10
ml of saline through the portal vein to remove blood and unbound DNA. The inferior vena
cava was cut to create an outlet for perfusate drainage during washing, and the liver was
dissected from the animal and immediately frozen on dry ice. Approximately 10 min elapsed
between the injection of 125]-DNA and liver collection. Liver sections (10 um) were
performed using a Cryostat, stained with eosin, and coated with photographic emulsion. The
emulsion-coated slides were exposed for 7 days at 41C in light-sealed container. The
developed slides were observed under a light microscope.

Scanning electron microscopy

Anesthetized mice were hydrodynamically injected with saline. Immediately after injection,
an incision was made at the abdomen and the liver was perfusion fixed with 10 ml of 2.5%
glutaraldehyde in phosphate-buffered saline (PBS) at a perfusion rate of 2 ml/min. The liver
was removed from the animal and immersed in the same fixative overnight. Livers slices (1
mm thick) were washed three times in PBS, postfixed for 1 h in aqueous 1% osmium
tetroxide, and then washed three times in PBS. Samples were dehydrated through a graded
ethanol series (30-100%), further dehydrated by three additional 15 min washes with
absolute ethanol then critical point dried (Emscope CPD 750, Ashford, Kent UK). Dried
slices were mounted onto aluminum stubs then sputter coated with gold/platinum
(Cressington Auto 108, Cressington, Watford, UK). Samples were viewed in a JEOL
JSM-6330F scanning electron microscope (Peabody, MA) at 10 kV.
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Fluorescence microscopy

Mice were injected using the hydrodynamic procedure or the conventional method (300 pl/
mouse) with saline containing 3.0 mg of Evans Blue. Animals were killed 6 h later and the
liver was removed from the animal and immediately frozen in powdered dry ice. Liver
sections (10 um thick) were prepared using a Cryostat and immediately examined by
fluorescence microscope using a rhodamine filter.

p-galactosidase assay in the liver

pCMV-Lac Z plasmid DNA (50 pg) were injected into animals by either the conventional or
the hydrodynamic injection. Histochemical analysis of B-galactosidase gene expression in
the liver was performed 8 h postinjection. For animals injected with 30 U of B-galactosidase
protein, histochemical analysis was performed 4 h postinjection. The analysis was
performed as described previously.! Briefly, mice were killed at the desirable time. The liver
was dissected from the animals and frozen in powdered dry ice immediately after dissection.
Liver sections (10 um thick) were made using a Cryostat and fixed with 1% glutaraldehyde
solution. For animals injected with pPCMV-Lac Z, slides were then stained for 2 h at room
temperature in 400 pg/ml X-gal solution and counterstained with eosin. For mice injected
with B-galactosidase protein, slides were stained overnight at room temperature.

Luciferase assay

Luciferase assay was performed according to an established procedure.! Briefly,
approximately 200 mg of liver was homogenized in 1 ml of lysis buffer (0.1 w Tris-HCI, 2
mm EDTA, 0.1% Triton X-100, pH 7.8), followed by centrifugation for 10 min at 4°C and
10 000 g in a microcentrifuge. The supernatant was diluted, if needed, using HEPES buffer
(70 mM HEPES, 7 mM MgSOy, 2 mM dithiothreitol, 0.1% bovine serum albumin, pH 7.7).
The diluted samples (10 pl) were then used for the measurement of luciferase activity using
automatic luminometer (AutoLumat LB 953, EG&G Berthold, Bad Wildad, Germany),
which pumps 100 pl of luciferase assay reagent and measures photons for 10 s. Luciferase
activity obtained as relative light units (RLUs) was converted to luciferase mass using a
standard curve established using reagents and procedure from Analytic Luminescence
Laboratory (ALL, San Diego, CA, USA). The conversion formula is [luciferase protein in
pg] = [7.98 x 107°] x [RLU] + 0.093, where RZ = 0.9999. Protein concentration of the liver
extract was determined by Bradford’s method using a protein assay kit (BioRad, Hercules,
CA, USA). Luciferase activity was normalized to pg luciferase per mg extracted protein.

Microinjection
TC7 cells, a subline of African Green monkey kidney epithelial cells, were grown on
Cellocate coverslips (Eppendorf, Westbury, NY) to approximately 50% confluency as
described previously.1® Plasmid pCMV-GFP was suspended in Tris buffer (Tris-HCI, 10
mwm, pH 8, 1 mm EDTA, 70 mm NaCl) and quantified spectrophotometrically. Cells were
cytoplasmically microinjected using an Eppendorf Femtojet microinjection system using a
pressure of 145 hPa, but with varying injection times. To inject the same numbers of
plasmids at varying volumes, cells were cytoplasmically injected with plasmid at 300 ng/ul
for 0.1 s, 100 ng/pl for 0.3 s, or 50 ng/pl for 0.6 s. At an injection time of 0.3 s,
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approximately 0.1 pl was injected, corresponding to ~20% of the cytoplasmic volume of
TC7 cells.2! Approximately 100 cells were injected at each concentration in each of the
three independent experiments. At 6 h postinjection, cells were scored for GFP expression
by fluorescence microscopy.
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Impact of the hydrodynamic injection on cardiac function. (a) Representative ECG from
mice following the hydrodynamic injection and (b) the heart rate.
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Figure 2.
Impact of the hydrodynamic injection on inferior vena cava pressure. Catheter was inserted

to the point of vena cava through a renal vein. (a) Polygraph showing the intravascular
pressure of the inferior vena cava as the function of time. (b) Relationship between the
injection volume and venous pressure (n = 3-5). Each grade on the top line represents 1 s
and each horizontal line represents 5 mmHg.
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Figure 3.
SEM micrograph showing capillary structures of the liver. Left panel: liver from a control

mouse. Right panel: liver from a hydrodynamically treated mouse. BD, bile duct; H,
hepatocytes; F, fenestrae; S, sinusoid; eF, enlarged fenestrae.
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Figure4.
Hepatic distribution of gene product, 12°1-DNA, Evans Blue, and B-galactosidase protein. (a,

b) p-galactosidase gene expression in the liver of mouse injected with 50 pg of pCMV-Lac Z
plasmid DNA; (c, d) autoradiograms of a liver section from a mouse injected with 300 ug

of 1251-DNA (specific activity = 1 x107 c.p.m./ug); (e, f) hepatic distribution of Evans Blue;
(9, h) hepatic distribution of $-galactosidase protein in the liver of a mouse injected with 30
U of B-galactosidase protein. Photographs on the left column are from control animals and
those on the right are from animals receiving the hydrodynamic injection.

Gene Ther. Author manuscript; available in PMC 2015 April 28.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Zhang et al.

Page 16

<2 000 102em

Figure5.
SEM micrograph showing membrane defect generated by the hydrodynamic injection. H;

hepatocytes.

Gene Ther. Author manuscript; available in PMC 2015 April 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zhang et al.

Page 17

control

Figure®6.
Time-dependent membrane resealing. Animals were hydrodynamically injected with saline

followed by an injection of Evans Blue solution (3 mg per mouse in 200 pl) with an interval
time of 0, 15 s, 1, 5, or 10 min, respectively. The control animal received 200 pl of saline for
the first injection.
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Figure7.
Effect of sequential injection of saline (1st) and plasmid DNA (2nd) on the level of

transgene expression. Hydrodynamically treated animals were injected with 50 ug of
pCMV-Luc plasmid DNA (in 200 pl) at different time intervals. Luciferase gene expression
was analyzed 8 h post-DNA injection (n = 5).
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Figure8.
Effect of the injection volume on transfection efficiency. Each cell was injected with 35 fg

(approximately 5000 copies) of pCMV-GFP plasmid DNA in various volumes. GFP-
positive cells were determined 6 h postinjection using a fluorescence microscope (n = 339
for a relative volume 1, 208 for 3, and 303 for 6).
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