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Purpose. The present study has undertaken the liver- and lobe-
selective nonviral gene transfer following the instillation of naked
plasmid DNA (pDNA) using catheter on the liver surface in mice.
Methods. The polyethernylon catheter was inserted intraperitoneally
through the abdominal wall and was retained on the surface of the
liver right and left medial lobes. pPDNA was administered through the
catheter to the liver right and left medial lobes.

Results. The luciferase levels produced in the applied liver lobes at 6
h after liver surface instillation of pDNA were significantly higher
than those produced in other liver lobes and other tissues assayed,
and ranged from approximately 5 folds higher in other lobes to 20-30
folds higher in other tissues. Following liver surface instillation of
pDNA at a time from 2 to 24 h or at a volume from 15 to 60 pl, the
gene expressions of the applied liver lobes were always significantly
higher than those of other liver lobes and other tissues.

Conclusion. We have demonstrated the liver- and lobe-selective gene
transfection following the instillation of naked pDNA using catheter
on the liver surface in mice.

KEY WORDS: gene therapy; liver; plasmid DNA; transfection;
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INTRODUCTION

Although relatively low efficiency in vivo is the main
limiting factor of nonviral gene transfer, plasmid DNA
(pDNA) has advantages in its safety compared with viral vec-
tors, which are liable to undergo mutation, thereby reacquir-
ing the ability to produce infection. Recently, >50% of all
current clinical gene therapy trials are for cancer treatment
(1). To improve the therapeutic properties of gene therapy, a
delivery system of pDNA must be developed to target the
localized site of the organ. Naked pDNA is the simplest and
safest nonviral gene transfection system, and accordingly vari-
ous studies have been evaluated for in vivo gene transfer
using naked pDNA (2). Although it has been reported that
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the liver- and site-selective gene transfection has been
achieved by the electroporation (3) and gene gun (4), there is
great concern about liver safety when any electrical or physi-
cal force is involved consequently the continuous administra-
tion of pDNA is limited. Taking these into consideration,
safety against the organ as well as the site-selective gene
transfection system must be developed to achieve efficient in
vivo gene therapy for clinical application.

Previously, we reported on liver- and lobe-selective gene
transfection following the instillation of pDNA to the liver
surface, by cutting the abdomen of mice in an experimental
model (5). In this novel transfection system via the instillation
on the liver surface, non-invasion against the organ as well as
liver site-selective gene transfection was achieved, and there-
fore a novel administration method of pDNA to the liver
surface must be developed for the clinical application. More-
over, the damage in the experimental animals should be de-
creased as a condition of administration.

In this study, we tried the liver- and lobe-selective gene
transfection after the instillation of pDNA using a catheter to
the liver surface without cutting the abdominal wall in mice.

MATERIALS AND METHODS

Materials

All chemicals were of the highest purity available.

Construction and Preparation of pDNA (pCMV-Luc)

pCMV-Luc was constructed by subcloning the Hind III/
Xbal firefly luciferase cDNA fragment from pGL3-control
vector (Promega, Madison, WI, USA) into the polylinker of
pcDNA3 vector (Invitrogen, Carlsbad, CA, USA). pDNA
was amplified in the E. coli strain DH5q, isolated, and puri-
fied using a QIAGEN Plasmid Giga Kit (QIAGEN GmbH,
Hilden, Germany).

In Vivo Gene Expression Experiments

All animal procedures in this study conformed to the
Guidelines for Animal Experimentation in Nagasaki Univer-
sity. Five-week-old ddY male mice (22.0~35.0 g) were anes-
thetized with sodium pentobarbital (40~60 mg/kg). As shown
in Scheme 1, the middle abdominal skin was cut open. Then,
the polyethernylon catheter (SURFLO® 1.V. Catheter,
Terumo, Tokyo, Japan) was inserted intraperitoneally
through the abdominal wall and was retained on the surface
of the liver right and left medial lobes. Also, the instillation
point of pDNA at the surface of small intestine was about 2.5
cm below the instillation point at the liver surface. pPDNA
(15~90 pl) was administered through the catheter to the liver
right and left medial lobes at doses of 5, 10, 15, 30, and 60 pg.
The administration volume of pDNA was adjusted by micro-
pipette (PIPETMAN®, GILSON, Villier-le Bel, France).
Mice were kept lying on their back for 1 h, then they were freed
in the cage. At appropriate time intervals, mice were sacri-
ficed, and the liver, kidney, spleen, heart, and lung were re-
moved. Then, the right and left medial lobes (applied liver
lobes) was separated from other liver lobes. The tissues were
washed twice with saline and homogenized with a lysis buffer.
The lysis buffer consisted of 0.1 M Tris/HCI buffer (pH 7.8)
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containing 0.05% Triton X-100 and 2 mM EDTA. The vol-
umes of the lysis buffer added were 4 pl/mg for each liver lobe
and 5 pl/mg for other tissues. After three cycles of freezing
and thawing, the homogenates were centrifuged at 15,610 x g
for 5 min. The supernatants were stored at —20°C until the
luciferase assays were performed. Twenty microliters of su-
pernatant was mixed with 100 pl luciferase assay buffer (Pica-
gene®, Toyo Ink, Tokyo, Japan) and the light produced was
immediately measured using a luminometer (Lumat LB 9506,
EG & G Berthold, Bad Wildbad, Germany). The luciferase
activity is indicated as the relative number of light units per
gram tissue.

Statistical Analysis

Statistical comparisons were performed by analysis of
variance and by Dunnett’s test. p < 0.05 was considered to be
indicative of statistical significance.

RESULTS AND DISCUSSION

In this study, we evaluated the in vivo gene transfection
using a catheter without cutting the abdomen in mice. The
catheter was inserted on the liver right and left medial lobes,
which are most outward, to administer the pDNA solution
exactly (Scheme 1).

Cutheter
(SURFLO%)

Abdominal
wall

Plasmid DNA

luti
solution 5 weeks ddY mouse

Skin

329

Figure 1 shows the gene expression in the applied liver
lobes, other liver lobes, kidney, spleen, heart, and lung at 6 h
after liver surface and small intestine surface instillation of
pDNA using catheter at a dose of 30 pg into mice. The gene
expression levels represent more than 2 x 10* RLU/g tissues
because each tissue mixed with substrates without the instil-
lation of pPDNA showed approximately 2 x 10° RLU/g tissues
(5). Therefore, the results represent >10* RLU/g tissues in
Fig. 1, which was considered as stable gene expression. The
luciferase levels produced in the applied liver lobes after liver
surface instillation of pDNA were significantly higher than
those produced in other liver lobes and other tissues assayed,
and ranged from approximately 5-fold higher in other liver
lobes to 20-30 folds higher in other tissues (Fig. 1 A). After
small intestine surface instillation of pDNA, on the other
hand, the gene expression was detected in small amounts
(<10* RLU/g tissue) in all tissues assayed (Fig. 1 B). The small
intestine surface instillation is comparable to the intraperito-
neal administration; therefore, the result of Fig. 1 B agrees
with those of a previous study on the gene expressions after
intraperitoneal administration of pDNA (6).

Figure 2 shows the time course of gene expression in the
applied liver lobes and other liver lobes until 48 h after liver
surface instillation of pDNA using a catheter at a dose of 30
pg into mice. The gene expressions of the applied liver lobes
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Scheme 1. Experimental methods and mouse liver lobes.
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Fig. 1. The gene expression in the liver, kidney, spleen, heart, and
lung at 6 h after liver surface instillation (A) and small intestine
surface instillation (B) of pDNA at a dose of 30 pg (30 pl) into mice.
Statistical comparisons were performed by Dunnett’s test (** p < 0.01
vs. other liver lobes; 11 p < 0.01 vs. other tissues). Each value repre-
sents the mean + SE of at least twelve experiments.

from 2-24 h were always significantly higher than those of
other liver lobes. The gene expression was detected in small
amounts (<10* RLU/g tissue) in the kidney, spleen, heart, and
lung. The highest gene expression in the applied liver lobes
was observed at 6 h. The gene expression in the applied liver
lobes was diminished thereafter and was detected in small
amounts (<2 x 10° RLU/g tissue) at 48 h. Figure 3 shows the
effect of the instillation doses of pPDNA on gene expression in
the applied liver lobes and other liver lobes at 6 h after liver
surface instillation of pDNA using a catheter at doses of 5, 10,
15, 30, and 60 g into mice. The gene expression was detected
in small amounts (<10* RLU/g tissue) in kidney, spleen, heart,
and lung. The gene expressions in the applied liver lobes at
doses of 5, 10, 15, 30, and 60 pg were always significantly
higher than those of the other liver lobes. The gene expres-
sions in the applied liver lobes were enhanced by the increase
of the pDNA doses and were constant at the pDNA doses
from 15-60 pg.

Figure 4 shows the effect of the instillation volumes of
pDNA using the catheter on gene expression in the applied
liver lobes, other liver lobes, and spleen at 6 h after liver
surface instillation of pDNA at a dose of 30 pg into mice. The
gene expression was detected in small amounts (<10* RLU/g
tissue) in kidney, heart, and lung. The gene expressions in the
applied liver lobes at volume of 15, 30, and 60 wl were sig-
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Fig. 2. The time course of gene expression in the applied liver lobes
(@) and other liver lobes (O) until 48 h after liver surface instillation
of pDNA at a dose of 30 pg (30 pl) into mice. Statistical comparisons
were performed by Dunnett’s test (** p < 0.01 vs. other liver lobes;
p < 0.01 vs. other tissues). Each value represents the mean + SE of at
least ten experiments.

nificantly higher than those of the other liver lobes. However,
the gene expression in the applied liver lobes at a volume of
90 pl was not significantly higher than those of the other liver
lobes. Thus, the gene expressions in the applied liver lobes
were diminished with increase in instillation volume. This
may be due to the spreading of the pDNA solution from
applied liver lobes.

Gene transfer to hepatocytes should be of great thera-
peutic potential since hepatocytes are responsible for the syn-
thesis of a variety of proteins, which play important physi-
ologic roles. In addition, liver cancer, viral hepatitis, and cir-
rhosis, which are non-congenital refractory diseases are also
subject for gene therapy treatment (2). There has been much
interest in in vivo gene transfer to the liver, as an alternate to
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Fig. 3. The effect of instillation doses on gene expression in the ap-
plied liver lobes (@) and other liver lobes (O) at 6 h after liver surface
instillation of pDNA at doses of 5, 10, 15, 30, and 60 pg (30 pl) into
mice. Statistical comparisons were performed by Dunnett’s test (* p
< 0.05, ** p < 0.01 vs. other liver lobes; T p < 0.05, {1 p <0.01 vs. other
tissues). Each value represents the mean + SE of at least ten experi-
ments.
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Fig. 4. The effect of instillation volumes on gene expression in the
applied liver lobes (@), other liver lobes (O), and spleen (A) at 6 h
after liver surface instillation of pDNA at a dose of 30 pg into mice.
Statistical comparisons were performed by Dunnett’s test (** p < 0.01
vs. other liver lobes; 11 p < 0.01 vs. other tissues). Each value repre-
sents the mean + SE of at least twelve experiments.

ex vivo methods, which require invasive surgery (7). Conse-
quently, various viral and nonviral gene transfection vectors
were developed to enhance the transfection efficiency in the
liver. Despite the high transfection efficiency of viral vectors,
their usefulness in gene therapy has been limited. Alterna-
tively, the use of nonviral vectors has attracted great interest
for in vivo hepatic gene transfection because they lack some
of the risks inherent in viral vector systems. Naked pDNA-
mediated gene transfection is an ideal method for clinical
application. However, the transfection efficiency in the liver is
very low despite their high uptake by the liver after intrave-
nous injection of naked pDNA (8). Although it was reported
that the direct injection of genes to the organ should yield the
organ-selective gene transfection, there is great concern
about safety because of injury to organs by needles and the
administration volume limits etc.

The gene expression levels in tissues following the instil-
lation of pDNA to the liver surface in mice by cutting the
abdomen, in the previous report (5), were approximately 10-
fold higher than those following the instillation of pDNA
using catheter to the liver surface without cutting the abdomi-
nal wall (Fig. 1). This may be due to the change of the spread
of pDNA solution or the change of the physiologic conditions
in the intraperitoneal cavity by cutting the abdominal wall.

When the drugs were administered by the vasculature
route, they were distributed to the whole body via the blood
stream, leading to inadequate organ-selective and diseased
site-selective drug delivery. Thus, we have originally worked
out that the drug was found to be adequately absorbed by the
liver (9), kidney (10), and gastric serosal (11) surface and to
be accumulated site-selectively in the liver, kidney and stom-
ach in rats, respectively. As for the gene delivery system, the
liver- and site-selective gene expression was observed after
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liver surface instillation using catheter in mice (Figs, 1-4),
suggesting that liver surface instillation of pDNA could be a
novel administration method of pDNA for the liver- and site-
selective gene transfection. In addition, transgene expression
periods using nonviral gene transfection systems are transient
(12), and accordingly pDNA should be used particularly for
long-term and/or repeated administration for the efficient
gene therapy in the liver. The liver surface instillation of
pDNA using a catheter is not stressful against the liver, indi-
cating that the continuous administration of pDNA could also
be possible by using a catheter to enable long-term hepatic
gene transfection.

With respect to the administration method of the liver
surface instillation, we have already demonstrated that the
liver site-selective drug accumulation was enhanced by gradu-
ally and continuously instilling a small amount of drug solu-
tion on the liver surface (9). Recently, the implantable infu-
sion pumps have been developed for treatment of several
diseases (13) and endoscopic and laparoscopic operation
techniques have made remarkable progress (14). Further-
more, continuous ambulatory peritoneal dialysis is an ex-
tremely popular treatment modality for end stage renal fail-
ure (15), indicating that the skill for inserting the catheter on
the intraperitoneal organs would be advanced. Taken these
into consideration, the application of the suitable medical
skills should make possible the clinical application of pDNA
on the liver surface.

In summary, we have demonstrated the liver- and lobe-
selective gene transfection following the instillation of naked
pDNA using the catheter on the liver surface in mice. The
transfection levels of the applied liver lobes were significantly
higher than that of other liver lobes and other tissues (Figs,
1-4). The liver- and lobe-selective gene transfection method
is expected to be a safe and effective treatment against local-
ized hepatic cancer. Also, the information on present study
could provide a novel site-selective gene transfection system
to the other organs.
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