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Fig. 5. Each fraction (A) and calculated endosomal (@) or Iysosomal (O) localization (B) of radioactivity 5, 15, 30, and 60 min after intravenous
administration of ['''InJmannosylated bovine serum albumin in mice. Liver homogenate was separated by Percoll density gradient
centrifugation. Solid line in A represents the localization of B-hexosamidase activity. Similar results were obtained in two other independent

Tuns.

istration of ['!'In]lipoplex (B} or Man lipoplex (D).
Sixty minutes after intravenous administration, the
['"'In]Man lipoplex showed a larger distribution to
the lysosome fractions than the ['''In]lipoplex. For
comparison, naked ['!'In)pDNA, which is exten-
sively accumulated in the liver after intravenous
administration but exhibits little gene expression
[25], was also subjected to this assay (Fig. 6F).
Naked ['''In]pDNA showed faster transfer to the

lysosome fractions than both the ['''In)lipoplex and
Man lipoplex.

3.5. PCR amplification

To determine whether pDNA within the subcellu-
lar fractions retained its structure, the luciferase
sequence of pDNA was amplified by PCR (Fig. 7).
When the Man lipoplex was intravenously adminis-
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Fig. 6. Each fraction (A, C, and E}) and calculated endosomal (@) and lysosomal (O) localization (B, D, and F) of radioactivity 5, 15, 30, and 60
min after intravenous administration of [!!'In]lipoplex (A, B), Man lipoplex (C, D), or naked ['!'InJpDNA (E, F) in mice. Liver homogenate
was separated by Percoll density gradient centrifugation. Similar results were obtained in two other independent runs.

139



M. Yamada et al. / Journal of Controlled Release 98 (2004) 157-167

Lipoplex

FractionNo. 1| 2 3 4 5

2507

200

1507

6 7

165

15 16 17 18 19 20 21 control

Amplified intensity (% of control)

Lipoplex

Man lipoplex

Fig. 7. Amplification of pDNA in endosomal (0) and lysosomal (M} fractions 30 min after intravenous administration of lipoplex and Man
lipoplex in mice. Liver homogenate was separated by Percoll density gradient centrifugation. pDNA (1 ng/ul) was used as a control. Similar

results were obtained in two other independent runs.

tered, the amounts of DNA amplified from the endo-
some and lysosome fractions were smaller than those
after administration of the lipoplex.

4. Discussion

Transgene expression in target cells after intrave-
nous administration of the Man lipoplex involves a
number of distribution processes for pDNA.: delivery to
the target cells (tissue distribution), internalization,
intracellular sorting, and nuclear entry [26). In partic-
ular, the data presented in this study show the impor-
tance of intracellular sorting for efficient gene
transfection of the Man lipoplex.

Since lipoplex was taken up the cell by the mech-
anism of endocytosis, pDNA needs to avoid degrada-
tion in lysosomes for improving the transfection
efficiency. Thus, understanding of the intracellular
fate of pDNA will help in the development of better
transfection carrier systems. However, there are only a
few studies that quantitatively investigate the intracel-
lular fate of pDNA under in vivo conditions. Al-
though so far several tracing methods of pDNA
have been used such as ?P-label by nick translation,

however, radioactive metabolite, which are generated
before and after the cellular uptake of radiolabeled
pDNA, often make it extremely difficult to quantita-
tive analyze the tissue distribution and pharmacoki-
netics of pPDNA. In our preliminary experiment, when
the fate of intemalized [>?P]pDNA in liver homoge-
nate was investigated, we found that [*’P]pDNA was
not suitable for subcellular distribution studies be-
cause the radioactivity derived from [>P]pDNA rap-
idly diminishes due to degradation during the
preparation of subcellular fractions. More recently,
we have developed ['!'In]pDNA, an alternative radio-
labeling method for pDNA [22], in a similar manner to
the preparation of '''In-labeled proteins {27,28], and
demonstrated that the radioactivity of ['!'In]pDNA is
slowly released from cells after internalization. There-
fore, ['''In]pDNA is considered the suitable method
for analyzing the tissue and intrahepatic distribution of
Man lipoplex. In fact, we observed that both
[**P]pDNA and ['''In]pDNA mainly accumulated in
the liver after intravenous administration, but the
radioactivity of >’P gradually decreased (Fig. 2). In
contrast, '''In remained at a high level for 2 h after
administration {data not shown). Such differences
were explained by the poorer membrane permeability
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of radioactive metabolites due to the attachment of
DTPA for chelation of '"'In. Taking this into consid-
eration, ['''In]pDNA was effective rebelling method
for the subcellular distribution study of lipoplex.

As shown in Fig. 4, the cytoplasmic radioactivity
was increased with time after intravenous injection of
the ['"'In]lipoplex and Man lipoplex; accordingly,
pDNA is considered to be efficiently released into
cytoplasm. On the other hand, the shift of radioactiv-
ity from the endosomal to the lysosomal fractions
after intravenous administration of the ['''In]lipoplex
and Man lipoplex suggests that both DC and Man
liposomes promote pDNA transfer to lysosomes in the
cell (Fig. 6). We previously reported that mannosy-
lated proteins are internalized faster than cationic
proteins, which are internalized by the liver via
adsorptive endocytosis [16]. Receptor-mediated up-
take of the Man lipoplex would explain its faster
transport to the lysosome fractions. When naked
['"'In]pDNA was injected intravenously, however, it
showed more rapid transfer to lysosomes than both
pDNA complexes. The lysosomes are where internal-
ized substances are degraded, and it can be considered
that lysosomal delivery is not suitable for transgene
expression. Amplification of pDNA by PCR sup-
ported that the Man lipoplex is more rapidly degraded
within the intracellular vesicles than the lipoplex (Fig.
7). Therefore, these results suggested that modulation
of its intracellular sorting could improve the transfec-
tion efficiency of Man lipoplex.

After administration into the blood circulation, the
lipoplex interacts with various cells and molecules,
such as serum proteins and erythrocytes [29,30]. The
cationic nature of the lipoplex attracts negatively
charged cells and molecules, which eventually leads
to an alteration in the physicochemical properties of
the complex. Generally, cellular uptake of a lipoplex
is considered to be a nonspecific process based on the
interaction of its excess positive charge and the
negatively charged cell membrane. Thus, high accu-
mulation of radioactivity was observed both in lung
and liver after intravenous administration of the
[*?P]lipoplex (Fig. 2). On the other hand, the
[**P]Man lipoplex did not accumulate in the lung to
any great extent compared with the [*?P]lipoplex,
suggesting that nonspecific interaction could be re-
duced by mannosylation of cationic liposomes. This
distribution study may be partly supported by the fact
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that our previous observation involved the liver NPC
selective gene transfection after intravenous adminis-
tration of Man lipoplex [10].

In conclusion, the Man lipoplex showed specific
accumulation in NPC and achieved higher gene ex-
pression than the lipoplex after intravenous adminis-
tration. It was shown that pDNA delivered by Man
liposomes, which is taken up by the mannose receptor,
was more susceptible to intracellular degradation than
that delivered by conventional cationic liposomes, and
this would impair higher gene expression. Also, this
observation leads us to believe that further carrier
development studies are needed for improving the
intracellular sorting of pDNA to avoid degradation.
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Purpose. Uptake and degradation of naked plasmid DNA (pDNA)
by liver sinusoidal endothelial cells (LSECs) were investigated.
Methods. Tissue distribution and intrahepatic localization were de-
termined after an intravenous injection of 'In- or 32P-labeled
pDNA into rats, Cellular uptake and degradation of fluorescein- or
32P-labeled pDNA were evaluated using primary cultures of rat
LSECs.

Results, Following intravenous injection, pDNA was rapidly elimi-
nated from the circulation and taken up by the liver. Fractionation of
liver-constituting cells by centrifugal elutriation revealed a major con-
tribution of LSECs to the overall hepatic uptake of pDNA. Confocal
microscopic study confirmed intracellular uptake of pDNA in cul-
tured LSECs. Apparent cellular assaciation of pDNA was similar at
37°C and 4°C. However, trichloroacetic acid (TCA) precipitation ex-
periments showed the TCA-soluble radioactivity in the culture me-
dium increased in an accumulative manner at 37°C. Involvement of a
specific mechanism was demonstrated, as the uptake of pDNA was
significantly inhibited by excess unlabeled pDNA and some poly-
anions {polyinosinic acid, dextran sulfate, heparin) but not by others
(polycytidylic acid, dextran). These inhibitors also reduced the
amount of TCA-soluble radioactivity in the culture medium.
Conclusion. These results suggest that LSECs efficiently ingested and
rapidly degraded naked pDNA in vivo and in vitro and released the
degradation products into the extracellular space.

KEY WORDS: degradation; liver sinusoidal endothelial cells; plas-
mid DNA,; trichloroacetic acid; uptake.

INTRODUCTION

Plasmid DNA (pDNA), the simplest nonviral vector, is
an important macromolecular agent for gene therapy or DNA
vaccination (1,2). Though relatively low transfection effi-
ciency is one of the main limiting factors of nonviral gene
transfer strategies, pDNA has advantages in terms of its
safety and versatility compared with viral vectors that poten-
tially exhibit immunogenicity and undergo mutation thereby
reacquiring the ability to produce infection.

In our previous study involving the in vivo disposition of
pDNA, we demonstrated that pDNA is rapidly removed from
the circulation, more quickly than its degradation by nucle-
ases in the blood and other compartments, and taken up by
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the liver, predominantly by the liver nonparenchymal cells,
after intravenous administration to mice (3). We also demon-
strated the key role played by liver nonparenchymal cells in
the hepatic uptake of pDNA in the single-pass rat liver per-
fusion system (4). In addition, we found that the hepatic up-
take of pDNA involves a specific mechanism similar to, but
distinct from, a class A scavenger receptor (SRA), as it was
dramatically inhibited by specific polyanions such as polyino-
sinic acid {poly I) and dextran sulfate but not by polycytidylic
acid (poly C) in mice as well as in a rat liver perfusion system;
in addition, it was not significantly affected in SR A-knockout
mice (3-5). More recently, we suggested that, among the non-
parenchymal cells, liver sinusoidal endothelial cells {LSECs),
rather than Kupffer cells, made a major contribution to the
overall uptake of pDNA, as gadolinium chloride-induced
blockade of Kupffer cells did not affect the degree of hepatic
uptake of [*?P]pDNA in mice (6). However, there has been
no direct evidence for the large contribution of LSECs to the
hepatic uptake of pPDNA.

LSECs are known to play an important role in the in-
duction of immune tolerance (7,8). In addition, the potential
capability of LSECs as a major scavenger of circulating DNAs
gives rise to the possibility that LSECs participate in the onset
of systemic lupus erythematosus, a disease characterized by
the production of anti-DNA antibody (9). In order to develop
a strategy for optimizing pDNA delivery in gene therapy and
DNA vaccination, it is important to elucidate the types of
liver cells involved in pDNA uptake because this might be
related to pDNA-derived gene expression and pDNA-
induced immune responses. In the current study, therefore,
we investigated quantitatively the contribution of LSECs to
the hepatic uptake of pDNA following intravenous injection
in the rat and studied more details of the cellular uptake
characteristics of pDNA in vitro using primary cultures of rat
LSECs.

MATERIALS AND METHODS

Chemicals

[-**P]dCTP (3000 Ci/mmol} and dextran (MW 70,000)
were obtained from Amersham (Buckinghamshire, England).
'Mndium chloride was supplied by Nihon Medi-Physics Co.
(Takarazuka, Japan). Poly I (MW 103,300) and poly C (MW
99,500) were purchased from Pharmacia (Uppsala, Sweden).
Dextran sulfate (MW 150,000) and heparin sodium salt were
purchased from Nacalai Tesque (Kyoto, Japan). Type I-A
collagenase, dexamethasone, and vascular endothelial growth
factor (VEGF) were purchased from Sigma (St. Louis, MO,
USA). Type I rat tail collagen and ITS(+) were purchased
from BD Biosciences {San Jose, CA, USA). All other chemi-
cals used were of the highest purity available.

Plasmid DNA

pCMV-Luc (10) encoding firefly luciferase was used as a
model pDNA throughout the current study. The pDNA am-
plified in the DH5a strain of Escherichia coli was extracted
and purified by a QIAGEN Endofree Plasmid Giga Kit
(QIAGEN GmvH, Hilden, Germany). The purity was
checked by 1% agarose gel electrophoresis followed by ethid-
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jum bromide staining. The pDNA concentration was mea-
sured by UV absorption at 260 nm. For biodistribution or
cellular uptake studies, pPDNA was radiolabeled with **'In as
described below or with [«->?P]dCTP by the nick translation
method (11). For confocal microscopic observations, pDNA
was labeled with fluorescein using a FastTag FL labeling kit
(Vector Laboratories, Burlingame, CA, USA).

Preparation of [''In]pDNA

Radiolabeling of pDNA with !'In was performed by a
method described elsewhere (12). Briefly, to a 27.5-ul di-
methylsulfoxide solution of 1 mg 4-[p-azidosalicylamido]bu-
tylamine (ASBA) was added diethylenetriaminepentaacetic
acid (DTPA) anhydride (2 mg) under dark-room conditions,
and the mixture was incubated at room temperature for 1 h
Then, 25 pl pDNA solution (4 mg/ml) was added to the mix-
ture, and the volume was adjusted to 500 wl with phosphate-
buffered saline (PBS) of pH 7.4. The mixture was immedi-
ately irradiated under a UV lamp (365 nm, UltraViolet Prod-
ucts, Upland, CA, USA) at room temperature for 15 min to
obtain DTPA-ASBA coupled pDNA (DTPA-ASBA-
pDNA). The product was purified by ethanol precipitation
twice and was dissolved in 20 pl acetate buffer (0.1 M, pH 6).
To 10 pl sodium acetate solution (1 M) was added 10 ul
"nCl, then 20 p! DTPA-ASBA-pDNA. The mixture was
incubated at room temperature for 1 h, and unreacted
ULCl, was removed by ultrafiltration. The purity was
checked by Sephadex G-25 column (1 x 40 ¢m) chromatog-
raphy and 1% agarose gel electrophoresis.

In Vivo Disposition Studies of pDNA

Male Wistar rats (250 g) were purchased from the Shi-
zuoka Agricultural Co-operate Association for Laboratory
Animals (Shizuoka, Japan). All animal experiments were re-
viewed and approved by the Ethics Committee for Animal
Experiments at the Kyoto University.

Rats received [*P]pDNA or ['"'In]pDNA diluted with
unlabeled pDNA (1 mg/kg) in sterilized saline by tail vein
injection. The tail vein injection was performed using a 26-
gauge needle. Blood was withdrawn from the jugular vein at
the indicated times following pDNA injection under anesthe-
sia and then centrifuged to obtain plasma. The rats were eu-
thanized 30 min after urine collection from the urinary blad-
der, and then the kidney, liver, lung, and heart were excised
and rinsed with saline. In the case of [*?P]pDNA, the samples
of plasma, urine, and small pieces of tissue were dissolved in
0.7 ml Solene-350 at 45°C, followed by the addition of 0.2 ml
isopropanol, 0.2 ml H,0,, 0.1 ml SN HCl, and 5 ml Clearsol
I (scintillation medium). The radioactivity was measured us-
ing a liquid scintillation counter (LSA-500, Beckman, Tokyo,
Tapan). In the case of ['''In]pDNA, the radioactivity of the
samples was directly measured in a Nal scintillation counter
(ARC-500, Aloka, Tokyo, Japan).

To investigate the intrahepatic distribution of pDNA,
rats received [*!'In]pDNA (1 mg/kg) by tail vein injection
under anesthesia. The rats were killed at 30 min, and then the
liver was fractionated into parenchymal cells, Kupffer cells,
and LSECs as mentioned below. The radioactivity of each cell
suspension was measured in a Nal scintillation counter.

Hisazumi et al,

Isolation and Culture of Primary LSECs

Isolation of LSECs was performed as previously de-
scribed (13). Briefly, liver was perfused under anesthesia via
the portal vein with Ca®*- and Mg**-free Hanks’ balanced salt
solution (HBSS) at 37°C for 10 min at a flow rate of 10~12
ml/min. Then, the liver was perfused with HBSS containing 5
mM Ca?* and 0.05% (w/v) collagenase for 10 min. The di-
gested liver was minced and filtered through a cotton gauze
and a nylon mesh (mesh size 45 pm) and then fractionated
into hepatocytes and nonparenchymal cells by differential
centrifugation. Liver nonparenchymal cells were further sepa-
rated into LSECs and Kupffer cells by centrifugal elutriation.
LSECs were seeded on 24-well plates {1.0 x 10° cells/well),
coated beforchand with rat tail collagen, and cultured in
RPMI1640 supplemented with 10% fetal calf serum, VEGF
(5 pg/ml), ITS(+) (1% v/v), amphotericin B (10 mg/ml}, and
dexamethasone (0.01 mM) for 4-5 days. The purity of LSECs
was checked by immunostaining of factor VIlI-related anti-
gen as well as uptake experiment using microparticulates (4.5
pm) and confirmed to be more than 95%. We also ensured
the expression of functional receptors on the isolated LSECs
in our preliminary in vitro uptake experiment using manno-
sylated BSA (data not shown).

In Vitro Cellular Association Experiments

LSECs were washed three times with 0.5 ml HBSS fol-
lowed by the addition of 0.5 ml HBSS containing 0.1 pg/ml
naked [*P]pDNA. After incubation at 37°C or 4°C for a
specified time, incubation medium was removed and the cells
were washed five times with ice-cold HBSS and then solubi-
lized with 1.0 ml of 0.3 N NaOH containing 0.1% Triton
X-100. Aliquots of the cell lysate were subjected to the de-
termination of P radioactivity. To examine the competitive
effects of various polyanions on the binding and uptake of
pDNA, the described dose of unlabeled pDNA or macromol-
ecules such as poly I, poly C, and dextran sulfate was added to
the incubation medium concomitantly with [**P]pDNA.

TCA Precipitation Experiments

To estimate the amount of degradation products of
pDNA, following completion of the cellular association ex-
periments, the culture medium and cell lysates were subjected
to trichloroacetic acid (TCA) precipitation. After elimination
of cellular proteins by extracting with TE buffer-saturated
phenol (69% phenol), aliquots of the supernatants and cell
lysates were mixed with TCA to give a final concentration of
5% (w/v), kept on ice for 10 min, and then centrifuged at
13,000 rpm for 30 min. The supernatant (TCA-soluble frac-
tion) was subjected to radioactivity measurement. The TCA-
soluble fraction is supposed to contain small DNA fragments
of degradation products (short oligonucleotides), as longer
oligonucleatides (>16-mer) are precipitable in 5% TCA (14).

Confocal Microscopic Study

LSECs cultured on the cover glasses were washed with
HBSS and mixed with 5 pg/ml fluorescein-labeled pDNA
{[FL]pDNA). After incubation at 37°C or 4°C, the cells were
washed and fixed with 4% paraformaldehyde for 1 h. Then,
cell sheets were stained with an anti-factor VIII-related an-
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tigen mouse IgG (InnoGenex, San Ramon, CA, USA) at
1:200 dilution followed by secondary antibodies, an anti-
mouse IgG Alexa Fluor 594 {Molecular Probes, Eugene, OR,
USA) at 1:250 dilution. Finally, these samples were subjected
to confocal microscopic investigation (MRC-1024, Bio-Rad,
Hercules, CA, USA).

RESULTS

In Vivo Disposition of pDNA After Intravenous Injection

First, we examined the in vivo disposition of pDNA in
rats. Figure 1 shows the time-courses of the plasma concen-
tration of radioactivity and the amounts of radioactivity in the
organs and urine at 30 min after intravenous injection of
[*P}pDNA or [*'!In]pDNA (1 mg/kg). pDNA was rapidly
climinated from the circulation and mainly taken up by the
liver, similarly to previous studies using mice (3,6). No sig-
nificant difference was observed, at least during this experi-
mental period, between the radiolabeling methods in terms of
the pattern of elimination from plasma and the degree of liver
accumulation.

To examine the contribution of liver-constituting cells to
the hepatic uptake of pDNA, hepatocytes, LSECs, and
Kupffer cells were isolated from the liver following intrave-
nous administration of pDNA. Figure 2 shows the intrahe-
patic distribution of pDNA at 30 min after intravenous injec-
tion of [*"'In]pDNA at a dose of 1 mg/kg. The amount of
pDNA taken up by LSECs and Kupffer cells on a cellular
basis (i.e., per 10° cells) were significantly greater than that by
hepatocytes (Fig. 2A). The relative contributions of hepato-
cytes, Kupffer cells and LSECs were evaluated on the basis of
the numbers of each cell per liver (15,16). As shown in Fig,
2B, pDNA was mostly taken up by LSECs (almost 50% of
total hepatic uptake). The estimated total hepatic recovery of
injected radioactivity, which was calculated from the data in
Fig. 2A on the basis of the number of each cell per 1 g liver
assuming the weight of the rat liver to be 8 g, was approxi-
mately 70% of the dose, in agreement with the direct mea-
surement of the hepatic accumulation of ['!'In]pDNA (Fig.
1B). However, in our preliminary study using [**P]pDNA, the
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Fig. 1. Time-courses of (A) plasma concentration and (B) tissue ac-
cumulation of radioactivity at 30 min after intravenous injection of
[**P]JpDNA or [*In]pDNA (1 mg/kg) into rats. The results are ex-
pressed as mean = SD (n = 3).
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Fig. 2. Intrahepatic distribution of [''*In]pDNA (1 mg/kg) on a (A)
celflular basis and (B) the relative coniribution of each type of liver
cell to the total hepatic uptake. Rats were euthanized 30 min after
intravenous injection and liver cells were isolated as described in
“Materials and Methods.” The results are expressed as mean + SD
{n = 3).

estimated liver accumulation following isolation of liver-
constituting cells was less than 15% of the dose (data not
shown), which was much lower than that determined in
Fig. 1B.

Cellular Uptake and Degradation of pDNA in Primary
Culture of Rat LSECs

To evaluate the details of the cellular uptake of pDNA
by LSECs, in vitro studies were performed with primary cul-
tures of rat LSECs. Figure 3 shows the uptake of [FL]pDNA
in primary cultures of LSECs assessed by confocal laser scan-
ning microscopy. Fluorescence derived from [FL]pDNA was

Fig. 3. Confocal microscopic images of LSECs following incubation
with [FL]pDNA. The cells were incubated with 0.1 pg/ml [FL]pDNA
(green) for 3 h at (A) 4°C or (B) 37°C and fixed with 4% paraform-
aldehyde and immunostained with anti-factor VIII-related antigen
antibody (red). The images shown are typical of those observed in
several visual fields. Scale bar represents 50 um.
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restricted to the cell surface or extracellular compartment at
4°C, whereas an intense fluorescence was observed in the
intracellular compartment at 37°C.

Figure 4 shows the time-courses of the cellular associa-
tion and degradation of [**P]JpDNA in primary cultures of rat
LSECs. The cellular association at 37°C reached a maximum
at 1.5 h and then gradually decreased probably due to the

_release of degradation products into the culture medium.
However, at 4°C, a steady increase in the apparent cellular
- association was observed, although the cells did not appear to
internalize pDNA as shown by confocal microscopy. To
evaluate the degradation of [*?P]pDNA after uptake by
LSECs, TCA precipitation experiments were performed. The
degradation products of [**P]pDNA in the cellular fraction
were at most 2% of the applied dose at 37°C and 4°C (Fig.
4B). On the other hand, a time-dependent dramatic increase
was observed in the amount of the degradation products of
[*?P]pDNA in the culture medium at 37°C, but not at 4°C
(Fig. 4C).

Effect of Various Polyanions on Cellular Uptake and
Degradation of pDNA in LSECs

We performed competitive studies to examine if the cel-
Iular uptake characteristics of pDNA in LSECs were similar
to that demonstrated in vivo in mice. Figure 5 shows the
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Fig. 4. Time-courses of cellular association of [**PJpDNA with (A)
LSECs and TCA-soluble radioactivity in {B} the LSEC cellular frac-
tion and (C) in culture medium. The cells were incubated with [**P]p-
DNA (0.1 pug/m}) at 37°C (closed square) or 4°C (open circle). Each
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cells were incubated with [**P]pDNA (0.1 pg/ml} for 3 h in the pres-
ence or absence of the indicated dose of unlabeled pDNA and vari-
ous macromolecules (50 pg/ml). The results are expressed as mean +
SD {(n = 3). Statistical significance was analyzed by Dunnett’s test;
**p < 0.01, *p < 0.05 vs. control.

competitive effects of various macromolecules on the cellular
association of [*?P]pDNA with LSECs. Excess amounts of
unlabeled pDNA inhibited cellular association of [*P]pDNA
at 37°C and 4°C. The cellular association was also signifi-
cantly inhibited by the presence of poly I, dextran sulfate, or
heparin, but not by poly C or dextran. To examine further the
effect of polyanions on the degradation of [**P]JpDNA, the
TCA-soluble radioactivity in the culture medium was mea-
sured following competitive experiments at 37°C (Fig. 6).
Degradation of pDNA was prevented by an excess of unla-
beled pDNA and polyanions such as poly I and heparin,
which inhibited the cellular association of pDNA.

DISCUSSION

A number of studies involving in vivo disposition follow-
ing intravenous injection of naked DNAs and their com-
plexes, such as single-stranded DNA, double-stranded DNA,
oligonucleotide, DNA anti-DNA immune complex, or mono-
nucleosome, have been already reported (17-20). These stud-
ies have shown that the liver is the main organ responsible for
the rapid clearance of these DNAs from the circulation, while

TCA-soluble Radioactivity
(% of dose)}
0 5 10 15 20

control
+ pDNA(1pg/ml)
+ pDNA(50pg/ml)

Fig. 6. TCA-soluble radioactivity in the culture medium following
competitive experiments at 37°C. The resuits are expressed as mean
+ 8D (n = 3). Statistical significance was analyzed by Dunnett’s test;
*+p < (.01 vs. control.
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the uptake mechanism and the cell-type(s) contributing to
this hepatic uptake remain to be elucidated. We have dem-
onstrated predominant uptake of pDNA by liver nonparen-
chymal cells (3.4) and suggested the relative importance of
LSECs for the overall hepatic uptake of pDNA (6). However,
due to lack of direct evidence, more detailed studies need to
be performed to confirm the significant contribution of
LSECs to pDNA hepatic uptake.

In the current study, we demonstrated efficient uptake
and degradation of pDNA by LSECs in vitro in primary cell
cultures and in vivo in rats. We used selective radiolabeling
strategies, which allowed us to perform a quantitative analysis
of pDNA uptake and degradation. Following intracellutar
degradation of [!!'In]pDNA following cellular uptake, !'!In
should be present as a form of !!'In-DTPA-ASBA covalently
linked to a single nucleotide or oligonucleotides. Because
these metabolites are unlikely to cross biological membranes
due to their relatively large size and high hydrophilicity, the
1Tn.radioactivity could remain within the cells, as is the case
of "'In-DTPA-lysine for '''In-labeled protein (21). There-
fore, we used [''!In]pDNA for the quantitative study of the
intrahepatic distribution of pDNA (Fig. 2), expecting a stable
retention of the intracellular radicactivity during the isolation
steps. Indeed, the intracellular 3*P-radioactivity was substan-
tially reduced after the isolation steps (data not shown). How-
ever, the amount of degradation product of pDNA could not
be determined with [*!!In]pDNA because [!' In]pDNA is un-
suitable for the TCA precipitation method. Therefore, [**P]p-
DNA was used for the in vitro experiments invelving cellular
association and degradation of pDNA. (Figs. 4-6) in order to
estimate the amount of extracellular or intracellular degrada-
tion products by the TCA precipitation method.

We first examined the in vivo disposition of pDNA in
rats and showed that pDNA was rapidly eliminated from the
circulation and taken up by the liver after intravenous injec-
tion (Fig. 1), similarly to our previous findings using mice
(3,6). A quantitative analysis of the intrahepatic distribution
of [*"'In]pDNA revealed that the amount of radioactivity
taken up by LSECs and Kupffer cells, being much higher than
those recovered in hepatocytes, was similar in cell number
basis, thereby indicating a large contribution of LSECs to the
overall hepatic uptake of pDNA following intravenous injec-
tion (Fig. 2), as the liver contains 2.5-fold more LSECs than
Kupffer cells (15,16). This supports the fact that inhibition of
Kupffer cells by gadolinium chloride did not significantly re-
duce the total hepatic uptake of [**PJpDNA in mice (6).
Taken together, the current findings imply a significant role
of LSECs in pDNA clearance, in addition to the previous
suggestion that the hepatic uptake of intravenously injected
pDNA is largely mediated by Kupffer cells (22).

In uptake experiments with primary cultures of LSECs,
the degree of the apparent cellular association of [**’P]pDNA
was similar at 37°C and 4°C (Fig. 4A), although internaliza-
tion of [FL]pDNA was observed at 37°C but not at 4°C (Fig.
3). The amount of degradation products of [**P]pDNA in the
cellular compartment increased rapidly at 37°C, while it was a
small fraction of the applied radioactivity, suggesting that
rapid degradation of pDNA occurred in LSECs. At the same
time, a dramatic increase in the degradation products of
[*?P]pDNA in the culture medium was observed at 37°C,
whereas there was no increase in radioactivity at 4°C (Fig.
4C). These results suggested that pDNA was internalized and
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rapidly degraded by LSECs and that degraded fragments of
pDNA were readily released into the culture medium. The
degradation of [*?PJpDNA observed in the current study
seems to occur predominantly in the intracellular compart-
ment following internalization or on the surface of the
LSECs, but not in the culture medium, as no significant deg-
radation was observed during incubation of [**PlpDNA with
medium alone, which had been exposed to LSECs for 3 h
(data not shown).

A specific mechanism is involved in the cellular uptake
process of pDNA by LSECs as shown in the competitive
experiment. pDNA uptake and binding were significantly in-
hibited by excess unlabeled pDNA and some polyanions such
as poly I, dextran sulfate, or heparin, but not by others such
as poly C or dextran (Fig. 5). This inhibition pattern highly
resembles that of our previous in vive study using mice (6),
supporting the hypothesis that LSECs make a major contri-
bution to the hepatic uptake of intravenously injected pDNA.
Poly I but not poly C is known to form a base quartet-
stabilized four strand helix (quadruplex) (23). This hyper-
structure would be highly polyanionic. Similar speculation
could be applied to polysaccharides such as dextran sulfate
and heparin, because they are also highly sulfated. LSECs
express various types of receptors essential for endocytosis,
such as mannose receptors (24), Fcy receptors (25), and vari-
ous classes of scavenger receptors such as SRA, CD36 (class
B), LOX-1 {class E), and SREC (class F) (26). Although we
could not conclude at this moment which uptake pathway or
receptors are involved in pDNA recognition, the results of
competitive inhibition experiments have led to the hypothesis
that putative receptor(s) on LSECs might recognize pDNA
based on its highly polyanionic nature. We have demon-
strated that pDNA is taken up by cultured macrophages (27),
dendritic cells (28), and brain microvessel endothelial cells
(29) via a specific mechanism resembling scavenger receptors.
In addition, class A scavenger receptors (SRA) that recognize
a wide variety of anionic macromolecules are unlikely to be
responsible for pPDNA uptake as shown by ir vive and in vitro
experiments using SRA-knockout mice and peritoneal mac-
rophages from these animals (5). Because the inhibition pat-
tern of pDNA uptake is very similar in those different cell
types, the cellular uptake mechanisms might be highly con-
served among cells including LSECs. It might not be excluded
for in vivo situation that the serum cationic proteins or
complement proteins interact with circulating pDNA and this
could facilitate the recognition and uptake of pDNA by
LSECs. However, in our previous study using rat liver perfu-
sion system, pDNA was taken up by the liver nonparenchy-
mal cells in the absence of serum via a similar mechanisms
involved in vivo following intravenous injection. Because se-
rum-free HBSS was used in the current in vitro study to avoid
serumn nuclease-mediated pDNA degradation before recogni-
tion by LSECs, the observed pDNA uptake by LSECs was
not dependent on these serum proteins. Though further stud-
ies are required to elucidate the mechanism involved in
pDNA uptake by LSECs, the high density of negative charges
arising from the phosphate groups of pDNA may be an im-
portant factor.

It is also suggested that pDNA taken up by LSECs is
susceptible to degradation. It is likely that the degradation
occurs enzymatically predominantly inside the cells probably
by DNase II in lysosomes (30) following internalization via
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endocytosis, although degradation on the surface of the cells
by membrane-bound DNase is not excluded (22). In fact, the
degradation was strongly inhibited by cellular uptake inhibi-
tors (Fig. 6), suggesting that the uptake of pDNA by LSECs
via the specific mechanism seems to be indispensable for
pDNA degradation. This implies that the specific uptake is
associated with the pDNA degradation in the LSECs. Unex-
pectedly, the degradation of pDNA appeared to be inhibited
- by poly C. Although poly C showed no inhibitory effect on
pDNA uptake and binding (Fig. 5), it might affect pDNA
degradation in a nonspecific manner.

In conclusion, the current study has shown that LSECs,
as well as Kupffer cells, play a key role in the clearance of
circulating pDNA following intravenous injection, providing
a larger contribution to the overall hepatic uptake of pDNA.
We have demonstrated that naked pDNA is efficiently taken
up via a specific mechanism and rapidly degraded by LSECs,
the degradation products being released into the extracellular
space. These findings provide useful information for pDNA
delivery in gene therapy and DNA vaccination procedures.
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Abstract

Background The mechanisms underlying the efficient gene transfer by
a large-volume and high-speed intravenous injection of naked plasmid
DNA (pbBNA), a so-called hydrodynamics-based procedure, remain unclear
and require further investigation. In this report, we have investigated
possible mechanisms for the intracellular transport of naked pDNA by this
procedure.

Methods Propidium iodide (PI), a fluorescent indicator for cell mem-
brane integrity, and luciferase- or green fluorescent protein (GFP)-
expressing pDNA were injected into mice by the hydrodynamics-based
procedure.

Results PI was efficiently taken up by hepatocytes which appeared to
be viable following the hydrodynamics-based procedure. Pre-expressed
GFP in the cytosol was rapidly eliminated from the hepatocytes by a
large-volume injection of saline. The profiles of plasma ALT and AST
showed a steady decline with the highest values observed immediately
after the hydrodynamics-based procedure. These results suggest that
the hydrodynamics-based procedure produces a transient increase in
the permeability of the cell membrane. The cellular uptake process
appeared nonspecific, since simultaneous injection of an excess of empty
vector did not affect the transgene expression. Sequential injections of
a large volume of pDNA-free saline followed by naked pDNA in a
normal volume revealed that the increase in membrane permeability was
transient, with a return to normal conditions within 30 min. Transgene
expression was observed in hepatocyte cultures isolated 10 min after
pDNA delivery and in the liver as early as 10min after luciferase-
expressing RNA delivery, indicating that pDNA delivered immediately by
the hydrodynamics-based procedure has the potential to produce successful
transgene expression.

Conclusions These findings suggest that the mechanism for the
hydrodynamics-based gene transfer would involve in part the direct cytosolic
delivery of pDNA through the cell membrane due to transiently increased
permeability. Copyright © 2004 John Wiley & Sons, Ltd.

Keywords hydrodynamics-based procedure; plasmid DNA; membrane perme-
ability; gene delivery
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Introduction

Nonviral gene delivery, which represents a promising
in vivo gene transfer strategy due to its safety and
versatility, has problems associated with the limited
efficacy of transgene expression. Various physical or
chemical approaches, such as electroporation, gene gun,
and complex formation with cationic lipids or polymers,
have been studied and developed to improve transgene
expression efficacy and the target cell specificity of
plasmid DNA (pDNA)-based nonviral gene transfer [1,2].
While these approaches have resulted in a relatively
improved efficacy, current nonviral gene delivery systems
are likely to require further improvements before their
successful application to clinical gene therapy.

Hydrodynamics-based gene delivery, involving a large-
volume and high-speed intravenous injection of naked
pDNA, gives a significantly high level of transgene
expression in the liver and other major organs [3,4].
This procedure has been used very frequently as a simple
and convenient invivo transfection method [5-17].
Furthermore, this method of gene transfer allows naked
pDNA to be sufficiently effective to obtain therapeutic
levels of target transgene products [6,9,10,15-17]. The
principle of the hydrodynamics-based procedure could be
applicable to an organ-restricted gene delivery method;
i.e. targeting to the organs such as the liver, the
kidney and the hindlimb muscles by injection via a
suitable vein or artery with transient occlusion of the
outflow as demonstrated previously [18-23]. In actual
fact, Eastman et al. [24] recently reported the catheter-
mediated hydrodynamics-based delivery of pDNA using
isolated rabbit liver.

In spite of the frequent use of the hydrodynamics-based
procedure in functional studies of therapeutic genes or
DNA elements, little is known about the mechanisms
underlying efficient gene transfer by this procedure. Liu
et al. [3] demonstrated that a rapid injection and a large
volume of pDNA solution were required to obtain a
high level of transgene expression, indicating that a high
blood pressure was the most critical factor for the gene
transfer efficiency, and proposed that pDNA might be
transferred inside the liver cells by the ‘hydrodynamic’
process. In contrast, it was hypothesized that the
cellular uptake mechanism of naked pDNA injected by
the hydrodynamics-based procedure involved a specific
process such as receptor-mediated endocytosis [25]. In
our previous study, involving the in vivo disposition of
naked pDNA following the normal or the hydrodynamics-
based procedure, in support of the speculation of Liu
and colleagues, we demonstrated that the hepatic uptake
process appeared nonspecific, being different from that
involved in the normal intravenous injection of naked
pDNA [26]. Since the cellular uptake mechanisms are
still controversial, they need to be better understood for
further application of the hydrodynamics-based procedure
for both therapeutic applications and basic studies. In the
present study, we have investigated a possible mechanism
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for hydrodynamics-based gene transfer and suggest that
it would involve in part a nonspecific process via a
cell membrane which becomes permeable for a short
period.

Materials and methods

Chemicals

Propidium iodide (PI), type I-A collagenase, type II-S
soybean trypsin inhibitor, and William’s medium E were
purchased from Sigma (St. Louis, MO, USA). Type 1
rat tail collagen and ITS(+) were purchased from BD
Biosciences (San Jose, CA, USA). Injectable saline solution
purchased from Otsuka (Tokyo, Japan) was used as the
vehicle for plasmid DNA (pDNA) or Pl injection in all the
experiments. All other chemicals used were of the highest
purity available.

Plasmid DNA

pEGFP-N1 encoding enhanced green fluorescent protein
(EGFP) and pEGFP-F encoding farnesylated EGFP, that
remain bounds to the plasma membrane in both living and
fixed cells [27,28], were purchased from BD Biosciences
Clontech (Palo Alto, CA, USA). pcDNA3 vector was
purchased from Invitrogen (Carlsbad, CA, USA). pCMV-
Luc was constructed by insertion of the Hind III/Xba
1 firefly luciferase ¢cDNA fragment from pGL3-control
(Promega, Madison, WI, USA) into the polylinker of
pcDNA3 as described earlier [29]. pRLIL-3'NC containing
sea pansy luciferase and firefly luciferase genes was kindly
provided by Professor Kunitada Shimotohno (Department
of Viral Oncology, Institute for Virus Research, Kyoto
University, Japan). Each pDNA was amplified in the
DH5e strain of Escherichia coli and purified using a
QIAGEN Endofree Plasmid Giga kit (QIAGEN GmbH,
Hilden, Germany).

RNA synthesis

Luciferase-expressing RNA was synthesized by in vitro
transcription using a MEGAscript T7 kit (Ambion, Austin,
TX, USA) according to the manufacturer’s instructions.
Hind MI-linearized pRLIL-3'NC was used as a template.
The transcribed RNA was treated with DNase I to
minimize template contamination and purified by a
standard phenol/chloroform extraction and isopropanol
precipitation method. Since no cap analogs were added to
the reaction mixture, the transcribed RNA could produce
only the internal ribosomal entry site {IRES)-dependent
expression of firefly luciferase. The synthesized RNA
was dissolved in saline (Otsuka) just before intravenous
injection to mice.
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Mice and intravenous injection

Four-week-old female ddY mice (approximately 20 g body
weight), purchased from Shizuoka Agricultural Coop-
erative Association for Laboratory Animals (Shizucka,
Japan), were used for all experiments. Mice received a
tail vein injection in a volume of 100 pul (otherwise men-
tioned) or 1.6 ml for the normal or the hydrodynamics-
based procedure, respectively. The tail vein injection was
performed over less than 5 s using a 26-gauge needle for
both procedures.

Confocal microscopic study of liver
sections

Mice were euthanized by cutting the vena cava at the
described time and the liver was gently infused with
S ml saline through the portal vein to remove remaining
blood. The liver was then embedded in Tissue-Tek OCT
embedding compound (Sakura Finetechnical Co., Ltd.,
Tokyo, Japan), frozen in liquid nitrogen and stored in
2-methylbutanol at —80°C. Frozen liver sections were
made, 8 pm in thickness, using a cryostat (Jung Frigocut
2800F; Leica Microsystems AG, Wetzlar, Germany)
by the routine procedure. With some exceptions, the
sections were directly subjected to confocal microscopic
observation (MRC-1024; BioRad, Hercules, CA, USA)
without any fixation, since the fixation step caused a
massive loss of GFP due to immediate dissolution in the
fixation buffer in our preliminary experiments. In the case
of mice injected with PI alone, their liver sections were
fixed with Mildform 20N {8% paraformaldehyde; Wako,
Osaka, Japan) for 4 min at 4°C followed by confocal
microscopic observation.

Luciferase assay

To determine luciferase activities, the organs including
the liver, kidney, lung, spleen and heart were excised
and homogenized in 5 ml/g (liver) or 4 mi/g (other
organs) of lysis buffer (0.1 M Tris, 0.05% Triton X-100,
2 mM EDTA, pH 7.8). The homogenate was subjected
to three cycles of freezing (~190°C)} and thawing
(37°C) and centrifuged at 10000 g for 10 min at 4°C.
Then, appropriately diluted supernatant was mixed with
luciferase assay buffer (Picagene, Toyo Ink, Tokyo, Japan)
and the chemiluminescence produced was measured in
a luminometer (Lumat LB 9507; EG & G Berthold, Bad
Wildbad, Germany).

Determination of plasma transaminase
activities
At the indicated time points after large-volume injection

of saline, blood was collected from the vena cava
by heparinized syringe and plasma was obtained by
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centrifugation. Alanine aminotransferase (ALT/GPT) and
aspartate aminotransferase (AST/GOT) activities in the
plasma were determined by commercially available test
reagents (GPT-UV test Wako and GOT-UV test Wako,
respectively; Wako, Osaka, Japan). Normal values were
determined using the blood obtained from age-matched,
untreated mice. We also confirmed the mice did not show
any increase in their plasma ALT and AST following an
intravenous injection of a small volume of saline (data
not shown).

Isolation and culture of primary
hepatocytes

The hepatocytes were isolated by collagenase digestion
followed by differential centrifugation according to a
previous report [30]. Briefly, at 10 min after intravenous
injection of either pCMV-Luc, pEGFP-N1 or pDNA-free
saline by the hydrodynamics-based procedure, mice
were euthanized and the liver was perfused via the
portal vein with preperfusion buffer (Ca®*- and Mg?*-
free HEPES buffer, pH 7.2) and then with HEPES
buffer (pH 7.5) containing 5 mM CaCly, 0.005% (w/v)
soybean trypsin inhibitor and 0.05% (w/v) collagenase.
The liver cells dispersed in ice-cold Hank’s-HEPES
buffer {(pH 7.2) were incubated at 37°C for 10 min
followed by filtration through a Farcon® 100-um nylon
cell strainer (Becton Dickinson, Franklin Lakes, NJ,
USA) to remove aggregates of dying cells and then
fractionated into hepatocytes and nonparenchymal ceils
by differential centrifugation. The hepatocytes were
suspended in William's medium E supplemented with
ITS(+) and penicillin/strepromycin/L-glutamine and
seeded on collagen-coated 12-well plates with/without
cover slips at a density of 2 x 105 cells/well. After
culturing for 24h at 37°C, the cells were washed
twice with phosphate-buffered saline (PBS) and then
fixed with 4% paraformaldehyde for confocal microscopic
observation or directly collected by scraping for luciferase
assay.

Results

Increase in cell membrane
permeability of hepatocytes by the
hydrodynamics-based procedure

To examine whether the permeability of the hepatocyte
cellular membrane was affected by the hydrodynamics-
based procedure, we injected mice intravenously with
propidium iodide (PI), a fluorescent substance binding
to double-stranded DNA, which is not supposed to cross
the plasma membrane of viable cells. Figure 1 shows
the liver sections of mice receiving PI by the normal or
the hydrodynamics-based procedure. While none of the
liver cells were stained with Pl following the normal
procedure, the hydrodynamics-based procedure caused
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an efficient intracellular delivery of PI at 10 min after
injection (Figures 1A and 1B). However, a substantial
reduction in the fluorescent intensity of nuclear PI staining
was observed in a large portion of the hepatocytes at
6 h after the hydrodynamics-based PI injection (data
not shown). Simultaneous injection of PI and pEGFP-
N1 by the hydrodynamics-based procedure resulted in a
significant level of transgene expression without overlap
of red and green signals (Figures 1D), indicating that
Pl-positive cells after a longer period were necrotic or
apoptotic with no potentials to express transgene.

To obtain further information on the increased cell
membrane permeability of the hepatocytes, we next
examined the efflux of GFP from the hepatocytes following
the hydrodynamics-based procedure. Because GFP is
highly water-soluble and present unbound in the cytosol,
it is likely to diffuse from the cytoplasm through the
permeable cell membrane. As is evident in Figures 2A
and 2B, fluorescent signals of GFP expressed beforehand
in the liver were apparently eliminated by the second
hydrodynamics-based saline injection. To examine the
possibility if the second hydrodynamics-based injection
to the same animals might cause significant damage to
mouse liver, resulting in the decreased level of GFP, we
performed the same experiments using pEGFP-F which
encodes a modified form of EGFP that remains bound to
the inner face of plasma membrane [27,28]. As a result,
the amount of EGFP-F was not significantly affected by the

Figure 1. Confocal microscopic images of the liver following
an intravenous injection of P1 with/without GFP-expressing
pDNA. Mice injected with P1 (40 pg) by the normal (A) or the
hydrodynamics-based (B) procedure were euthanized at 10 min
and liver sections were made, Mice that received a simultaneous
injection of PI (100 pg) and pEGFP-N1 (25 pg} by the normal
(C) or the hydrodynamics-based (D} procedure were euthanized
at 6 h and liver sections were made. The images shown are
typical of those observed in several visual fields of three mice.
Arrowheads indicate the Pl-positive cells at 6 h after injection
(D). Red: PI; green: GFP

Copyright @ 2004 John Wiley & Sons, Ltd.
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Figure 2. Elimination of pre-expressed GFP in the liver by
a large-volume injection of saline. Mice injected beforehand
with pEGFP-N1 (25 pg) (A, B) or pEGFP-F (25 ug) (C, D) by
the hydrodynamics-based procedure were subjected to a
large-volume intravenous injection of saline (1.6 ml) (B, D) or
no treatment (A, C) at 6 h. Ten minutes after a pDNA-free saline
injection, mice were euthanized and liver sections were made.
The images shown are typical of those observed in several visual
fields of three mice

second hydrodynamics-based saline injection (Figures 2C
and 2D). This was confirmed by an in vitro assay where
expressed EGFP-F but not EGFP remained within COS-7
cells following membrane permeabilization by Triton X-
100 treatment (data not shown). A quantitative analysis
by similar experiments using pCMV-Luc, where we did not
observe any differences in luciferase activities in the liver
between mice with or without the second hydrodynamics-
based injection of saline (data not shown), further
suggests that the decrease in GFP level is not simply
due to a significant damage or denaturation of the
expressed GFP. These results further confirm the increased
permeability of the hepatocyte cellular membrane.

Time-course of plasma transaminase
activities following the
hydrodynamics-based procedure

The hepatic enzymes, alanine aminotransferase (ALT) and
aspartate aminotransferase (AST), are frequently used as
indicators of liver damage. It has been reported that the
hydrodynamics-based procedure caused transient liver
damage with high serum ALT and AST levels, which
rapidly returned to normal in a few days [3,16,31]1. We
assumed that, similar to the case of GFP effusion shown
in Figure 2, the high levels of ALT and AST detected
were attributed to release from the hepatocytes when the
cellular membrane was transiently rendered permeable by
the hydrodynamics-based procedure. Figure 3 shows the
plasma concentration profiles of ALT and AST following
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Figure 3. Profiles of plasma transaminase activities following
a large-volume injection of saline into mice. Mice received a
large-volume intravenous injection of saline (1.6 ml} and blood
was collected at the indicated times. Plasma ALT and AST
activities were determined. Control represents age-matched,
untreated mice. The results are expressed as the mean + 5.D.
(n=3)

a large-volume injection of saline. As expected, the
highest values for plasma ALT and AST were detected
immediately after injection, i.e. at 10 min, when the large
volume of injected saline should dilute the plasma, and,
then, these enzyme levels decreased gradually, returning
to normal within 3 days (Figure 3). Although it cannot
be excluded at this moment that the high levels of ALT
and AST cbserved following the hydrodynamics-based
procedure were solely due to cell death, these facts further
support the transient increase in the permeability of the
hepatocyte cellular membrane.

Competitive effect of excess sham
pDNA on transgene expression by the
hydrodynamics-based procedure

To discuss the nonspecificity in the process of pDNA cellu-
lar uptake following the hydrodynamics-based procedure,
we performed a competitive study of transgene expression
by a simultaneous injection of pCMV-Luc and an excess
of empty vector, pcDNA3. As shown in Figure 4A, trans-
gene expression reached a plateau at 5 ug pCMV-Luc,
consistent with the previous report [3]. The transgene
expression level in the liver was not affected by simul-
taneous injection of a saturable amount of pcDNA3
(Figure 4B), suggesting that the hydrodynamics-based
gene transfer was a nonspecific process. We also con-
firmed that the pDNA dose employed in the present study
(0.2 ug/mouse) was in the linear region; reducticn of
the dose caused a substantial fall in transgene expression
(Figure 4A).
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Duration of the increased membrane
permeability following the
hydrodynamics-based procedure

To examine how long the hydrodynamics-based proce-
dure maintains the increased permeability of the cell
membrane, we performed sequential intravenous injec-
tions of a large volume of pDNA-free saline folloewed by
a normal injection of naked pDNA at various time inter-
vals. Figure 5 shows the effect of the time intervals of
the two sequential injections on the transgene expression
of pCMV-Luc. A prior intravenous injection of a large
volume of saline could potentiate a subsequent normal
intravenous injection of naked pDNA to produce a sig-
nificantly high level of luciferase expression in the liver,
while no transgene expression was obtained by naked
pDNA injection alone in a normal volume (Figure 5). The
level of luciferase activity was negatively correlated with
the time intervals and marked transgene expression could
be obtained up to 15 to 30 min. This phenomenon was
also observed in all the other organs tested. Among them,
the effect of a prior large-volume injection seemed the
most sustained in the lung.

Potential of initially delivered pDNA
and RNA for significant transgene
expression following the
hydrodynamics-based procedure

We examined if a population of intracellular pDNA
delivered immediately after injection, during which the
increased permeability of the cell membrane appeared
to be maintained, could result in a significant level
of transgene expression. As shown in Figure 6A, GFP-
expressing cells were observed in the hepatocyte culture
isolated 10 min after the hydrodynamics-based delivery
of pEGFP-N1. Also, a high level of luciferase activity was
detected in the cells isolated from mice following the
hydrodynamics-based pCMV-Luc injection (Figure 6C).
The hepatocytes isolated from saline-treated mice did not
show either a GFP signal or luciferase activity (Figures 6B
and 6C).

To further provide evidence of the nucleic acid deliv-
ered intracellularly immediately after the hydrodynamics-
based procedure, we examined the transgene expression
at various time points following an intravenous injec-
tion of luciferase-expressing RNA. As shown in Figure 7,
a significant level of luciferase activity was obtained in
the liver as early as 10 min after the hydrodynamics-
based procedure. It was confirmed that the produced
luciferase activity was derived from the injected RNA not
the contaminated template DNA, since RNase A treat-
ment before injection led to a blank level of transgene
expression.

J Gene Med 2004; 6: 584-592,
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Figure 5. Effect of time interval between a prior large-volume
injection of saline and a subsequent normal intravenous
injection of pCMV-Luc on transgene expression. Mice received
a large-volume intravenous injection of saline (1.6 mi) and,
subsequently at the indicated times, an intravenous injection
of naked pCMV-Lue (20 pg/mouse) in a normal volume (50 pl).
The time interval of 0 min means pCMV-Luc injection by the
hydrodynamics-based procedure. The normal injection means a
pCMV-Luc injection (20 pg in 50 pul) without any large-volume
injection. At 6 h after pDNA injection, mice were euthanized and
the luciferase activities in organs were determined. The results
are expressed as the mean £ S.D. of at least three mice
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Discussion

The hydrodynamics-based gene delivery has been gaining
much attention recently and is used very frequently as
a simple and convenient efficient in vivo transfection
method. Following the first reports of the large-volume
injection [3,4], Budker et al. [25] hypothesized that the
cellular uptake mechanism of naked pDNA involved
an active, receptor-mediated process. Their hypothesis
was prompted mainly by the observations that pDNA
administered by the hydrodynamics-based procedure was
present around hepatocytes immediately after injection
but was internal in hepatocytes at 1h after injection
and that co-injection of excess polyanions inhibited pDNA
uptake and expression. In addition, Lecocq et al. [32]
demonstrated in a subcellular distribution study using
differential centrifugation methods that 3°S-labeled pDNA
remained bound to the outside surface of the plasma
membrane for at least 1 h after the hydrodynamics-based
procedure, supporting the hypothesis thar pDNA was
internalized slowly via a specific mechanism. However,
in agreement with a notion of a ‘hydredynamics-
based” process proposed by Liu and colleagues [3],
we have demonstrated that the cellular uptake process

J Gene Med 2004; 6: 584-592.
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Figure 7. Transgene expression following luciferase-expressing
RNA delivery by the hydrodynamics-based procedure. Mice
received an intravenous injection of IRES-dependent luciferase-
expressing RNA (25 ug) transcribed in vitro as described in
‘Materials and methods’ by the hydrodynamics-based procedure.
Mice were euthanized at the indicated time point and the
luciferase activities in the liver were determined. For a group
of mice, the same RNA (25 pg) was treated with RNase A
(15 pg/ml) at 37°C for 15 min before injection. The results
are expressed as the mean + 5.D. of three mice

involved in the hydrodynamics-based procedure appears
to be nonspecific, since neither the hepatic uptake
nor the transgene expression was inhibited by prior
administration of polyanions, including poly 1, dextran
sulfate and heparin [26]. This was supported by the
fact that significant hepatic uptake of bavine serum
albumin and immunoglobulin G was observed after the
hydrodynamics-based procedure [26]. The mechanisms
underlying efficient gene transfer by the hydrodynamics-
based procedure have not been clarified yet and must be
better understood for further applications including gene
therapy.

In the present study, we have investigated further
the possible mechanisms, which have been controversial
so far, governing hydrodynamics-based intracellular
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gene delivery, PI was effectively incorporated by the
liver cells following the hydrodynamics-based procedure
(Figure 1B). GFP expressed beforehand and accumulated
internally in the cytosol was dramatically eliminated
from the hepatocytes following a large-volume injection
of saline (Figure 2). These results suggest a facilitated
permeation of PI and GFP through the cell membrane,
since PI and GFP are not supposed to cross the plasma
membrane of viable cells. Contrary to our finding using
P1, Budker et al. [25] previously observed that injection of
a membrane-impermeable dye, TOTO-1, did not lead to
nuclear fluorescence in liver cells. This might be accounted
for by some differences in the experimental conditions. At
least 10% of hepatocytes could be estimated PI-positive at
10 min (Figure 1B). Since Herweijer et al. [33] reported
that the necrotic areas were less than 1% of the liver
following the hydrodynamics-based procedure, all the
Pl-positive cells observed were not likely to be dead
cells. Accordingly, it could be hypothesized that the time-
dependent elimination of PI intensity might be a result of
efflux or metabolism of PI by viable cells. The fact that
only a few cells (estimated approximately 1%) remained
Pl-positive for a longer period without ability to express
GFP further supports this hypothesis. A farnesylated GFP
(EGFP-F), a membrane-bound modified form of GFP,
was not eliminated by the second large-volume injection
of saline (Figures 2C and 2D) and a similar result was
obtained in the assay using luciferase (data not shown).
While both EGFP and luciferase are supposed cytosolic
proteins, the well-known higher water-solubility of EGFP
might account for the differences, although the detailed
mechanism is unclear. Taken together, it was suggested
that the apparent increased permeability of the cell
membrane was not simply attributed to cell death or
severe cellular damage caused by the invasive nature of
the large-volume injection itself.

Nonspecificity in the cellular uptake process of pDNA
was further confirmed by a competitive study. A saturable
amount of empty vector did not inhibit transgene
expression in the liver following the hydrodynamics-
based procedure (Figure 4B). In addition, our dose-
response study suggests that the transgene expression

I Gene Med 2004; 6: 584-592.
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was negatively affected if the amount of injected pCMV-
Luc exceeded 50 ug/mouse (Figure 4A). This could in
part account for the apparent inhibition of transgene
expression demonstrated in the report by Budker et al.
[25], where co-injection of an excess of nonexpressing
DNA (500 ug) led to a decrease in reporter gene (pCl-Luc,
50 pg) expression. A prior large-volume injection allowed
significant transgene expression by a subsequent naked
pDNA injection (Figure 5). The sequential injecticns
at various time intervals revealed that, based on the
transgene expression by pCMV-Luc, the effect of the
hydrodynamics-based procedure appeared to last more
than 15 min and the transient increase in membrane
permeability recovered within 30 min.

A significant level of transgene expression was observed
in the hepatocyte culture isolated immediately after
gene delivery (Figure 6), suggesting that pDNA might be
delivered intracellularly with a potential for successful
transgene expression following the hydrodynamics-
based procedure within the pericd during which the
cell membrane was affected and rendered permeable.
However, we cannot yet exclude the possibility that
10 min as perfusion period is sufficient for completion
of recepior-mediated internalization of pDNA and that
DNA molecules located outside of the cells at the time
of isolation would enter the cells afterwards and lead to
transgene expression. Hydrodynamics-based injection of
luciferase-expressing RNA, which is supposed to proceed
translation once delivered intracellularly, resulted in a
significant level of transgene expression as early as 10 min
after injection (Figure 7). This indicates that intracellular
delivery of some RNA has been completed immediately
after injection, although a specified period of time
appears necessary for completion of mRNA translation.
Taken together, although DNA and RNA possess different
characteristics such as chemieal structure and stability,
these results suggest that pDNA might be delivered
intracellularly within a short period with a transgene
expression potential following the hydrodynamics-based
procedure. Therefore, a large portion of the pDNA
bound to the outside surface of the plasma membrane
for a relatively long time [25,32] might not make a
significant contribution to transgene expression. Instead,
such pDNA is likely to undergo degradation by accessible
external DNase or lysosomal degradation followed by
internalization.

We studied the plasma concentration profiles of ALT
and AST following the hydrodynamics-based procedure,
especially focusing on the earliest phase after injection.
As expected from the notion of increased membrane
permeability, the highest levels of plasma ALT and AST
were observed at 10 min and 4 h (Figure 3). An actual
amount of those enzymes detected at 10 min could be
higher than that at 4 h, because the blocd should be
diluted to some extent by the large volume of injected
solution immediately after injection. This indicates that
the hepatic enzymes ALT and AST immediately diffused
out of the hepatocytes following the hydrodynamics-
based procedure and were then eliminated gradually
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from the circulation depending on their pharmacckinetic
characteristics, although there should be a possibility that
all the observed ALT and AST was simply due to cell death
or severe damages caused on some of the hepatocytes that
were different from those expressing the transgene. Since
ALT and AST are well-known indicators of liver damage,
one might think that the values observed in the present
study indicate that this procedure is toxic. However,
based on the facts that the increased permeability of
the cell membrane is only transient and recovered within
30 min, leakage of those enzymes is not totally due to
cellular apoptosis or necrosis, but is a transient event
caused by the injection procedure. In other words, to
accomplish an efficient intracellular delivery of pDNA, an
extremely large molecule compared with ALT and AST,
it is essential that the hepatocyte cellular membrane is
rendered permeable encugh to allow transient massive
effusion of the hepatic enzymes. The same could apply
to the case of gene delivery via electroporation, where
the electric pulses open up pores in the cell membranes
through which DNA may pass into the interior [34]. From
these standpoints, it is conceivable that cellular enzymes
such as ALT and AST are not appropriate for the safety
evaluation of physical gene delivery strategies including
the hydrodynamics-based procedure.

Various nonviral delivery systems have been developed
with little success in clinical applications. The delivery
system internalized successfully by endocytosis confronts
the barrier posed by the endosomal trafficking process
which, if not escaped, leads to degradation in lysosomes.
This barrier causes a massive drop in the population
of therapeutic pDNA molecules, which face up to the
following barriers of cytosolic metabolism [35] and
nuclear membrane [36,37], diminishing markedly the
efficiency of conventional delivery systems. However,
it is suggested that the hydrodynamics-based procedure
allows direct cytosolic delivery of pDNA through the cell
membrane. Thus, pDNA can circumvent the endosomal
or lysosomal barriers by this procedure, offering the
possibility of a pDNA or pDNA/functional carrier complex
aimed at nuclear localization.

In conclusion, we have investigated the possible mech-
anisms for efficient gene transfer by the hydrodynamics-
based procedure and suggested that it would involve in
part direct cytosolic delivery of pDNA via an influx along
with the large volume of injected solution or a diffusion
of pDNA through the cell membrane resulting in tran-
siently increased permeability. In spite of recent advances
in vector design, progress in nonviral gene therapy has
been unexpectedly delayed mainly because of the inef-
ficiency in delivering genes of interest. Although more
studies of safety aspects are required, the marked ther-
apeutic benefit compared with the potential risk of the
invasive strategy should encourage the application of the
hydrodynamics-based procedure with some modifications
and/or the use of suitable devices to become a standard
methodology for nonviral gene therapy in the immediate
future.
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