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Rationale: Acute lung injury and acute respiratory distress syndrome
are common clinical syndromes resulting largely from the accumu-
lation of and inability to clear pulmonary edema, due to injury to the
alveolar epithelium. Gene therapy may represent an important
alternative for the treatment and prevention of these diseases by
restoring alveolar epithelial function. We have recently developed
an electroporation strategy to transfer genes to the lungs of mice,
with high efficiency and low inflammation.
Objectives: We asked whether electroporation-mediated transfer of
genes encoding subunits of the Na1,K1-ATPase could protect from
LPS-induced lung injury or be used to treat already injured lungs by
up-regulating mechanisms of pulmonary edema clearance.
Methods: Plasmids were delivered to the lungs of mice using trans-
thoracic electroporation. Lung injury was induced by intratracheal
administration of LPS (4 mg/kg body weight). Biochemical, cellular,
and physiologic measurements were taken to assess gene transfer
and lung injury.
Measurements and Main Results: Improvements in wet-to-dry ratios,
pulmonary effusions, bronchoalveolar lavage protein levels and
cellularity, alveolar fluid clearance, and respiratory mechanics were
seen after delivery of plasmids expressing Na1,K1-ATPase subunits,
but not control plasmids, in LPS-injured lungs. Delivery of plasmids
expressing Na1,K1-ATPase subunits both protected from subse-
quent lung injury and partially reversed existing lung injury by these
measures.
Conclusions: These results demonstrate that electroporation can be
used effectively in healthy and injured lungs to facilitate gene
delivery and expression. To our knowledge, this is the first successful
use ofgenedelivery to treat existing lung injury, and mayhave future
clinical potential.
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Acute lung injury (ALI) and acute respiratory distress syn-
drome are common, devastating clinical syndromes that affect
large numbers of patients and have up to 40% mortality with
the current standard of care (1). It is estimated that there are
almost 200,000 cases of ALI in the United States every year,
leading to 74,500 deaths and 3.6 million hospital days (2).
Despite 30 years of research, only moderate advances have
been made in the treatment, and the mortality remains un-
acceptably high.

Gene therapy is a potentially powerful approach to treating
a variety of disease states, including ALI. Unfortunately, to
date, only limited successes have been made in clinical trials.
Perhaps the major reason for this is that the majority of vectors,
either viral or nonviral, have serious drawbacks that limit
efficacy, including inefficiency of gene transfer and immuno-
logic and inflammatory responses. Although viral vectors typ-
ically elicit greater inflammatory responses, advances in viral
vector development have lessened these effects. Furthermore, it
has become clear that certain nonviral lipid or polymer for-
mulations can also induce these responses, albeit at lower levels.
However, although nonviral vectors may be safer than their
viral counterparts, their efficiency of gene transfer remains low.

Recent research from our laboratory and others has demon-
strated that electroporation can be used to efficiently deliver
genes to various tissues, including the lung, in vivo with no
apparent damage and yields high-level gene expression (3, 4).
The method is simple, fast, and safe: purified plasmid DNA is
administered to the lungs of anesthetized animals via an endo-
tracheal tube and a series of eight consecutive, square-wave
electric pulses is applied to the lungs using electrodes placed on
either side of the chest over a 10-second period. In recent
studies in mice and rats, we have demonstrated that levels of
transfer and expression of reporter and therapeutic genes
approaching that obtained with recombinant adenoviral vectors
can be achieved using this approach (3, 4). Indeed, when
subunits for the Na1,K1-ATPase were transferred to the lungs
of healthy rats using transthoracic electroporation, rates of
alveolar fluid clearance (AFC) increased almost twofold, indis-
tinguishable from those seen after gene transfer using a recombi-
nant adenovirus expressing the same gene (4). Although these
results are encouraging, they do not address the application of
this technique to injured lungs.

In the current study, we have asked whether electroporation-
mediated transfer of genes encoding subunits of the Na1,K1-
ATPase could protect from lung injury or be used to treat al-
ready injured lungs by up-regulating mechanisms of pulmonary

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Gene transfer of the Na1,K1-ATPase has been shown to
increase alveolar fluid clearance and protect from lung
injury in animals, but not to reverse established injury. We
have shown previously that electric fields can deliver genes
to rodent lungs.

What This Study Adds to the Field

Gene delivery of plasmids expressing Na1,K1-ATPase
subunits by electroporation to LPS-injured lungs both
protected from subsequent injury and partially reversed
existing lung injury.
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edema clearance. We have employed a well established model
of lung injury using LPS, and transfer the genes either before or
after injury to determine the efficacy of the treatment (5). We
found that, even in the injured lung with increased pulmonary
edema and increased numbers of inflammatory cells, electro-
poration can be used effectively to transfer genes to alveolar
epithelial cells. Moreover, transfer of the a or b subunits of the
Na1,K1-ATPase, or a combination of the two can both protect
from LPS-induced lung injury and reduce injury in an already
injured lung. To our knowledge, this is the first time that gene
transfer has been used as a therapy for already established lung
injury as opposed to being used as a preventive measure that
can protect from future injury, suggesting that this approach
may have clinical therapeutic potential. Some of the results of
these studies have been previously reported in the form of an
abstract (6).

METHODS

Plasmids

pCMV-lux-DTS and pCMV-lacZ-DTS contain an SV40 DNA nuclear tar-
geting sequence (DTS) and express firefly luciferase and b-galactosidase,
respectively, from the cytomegalovirus (CMV) immediate early pro-
moter/enhancer (3, 7). pCMV-a1 and pCMV-b1 express the a1 and b1

subunits of Na1,K1-ATPase, respectively, from the CMV promoter.
Plasmids were purified using Qiagen Giga-prep kits (Qiagen, Chatsworth,
CA) and suspended in 10 mM Tris, pH 8.0, 1 mM ethylenediaminetetra-
acetic acid, and 140 mM NaCl.

In Vivo Gene Transfer to the Lung

Female Balb/c mice (15–18 g) were anesthetized with sodium pentobar-
bital (50 mg/kg body weight) and pediatric cutaneous pacemaker elec-
trodes (Quik-Combo RTS; Medtronic Physio-Control Corp., Redmond,
WA) were cut to 1 3 2 cm and placed on either side of the chest under
the forelimbs using a small amount of KY Jelly (Johnson & Johnson,
New Brunswick, NJ) to aid conductance. A 20-gauge Angiocath catheter
used as an endotracheal tube was inserted into the airway, and 50 ml of
plasmid was administered between breaths over a 2-second period. The
animal was allowed to recover breathing for 20 seconds, and a series of 8
consecutive square-wave electric pulses (200 V/cm for 10 ms each) were
administered using an ECM830 electroporator (Gentronics, San Diego,
CA). Animals were allowed to recover from anesthesia and were
returned to the vivarium. At later times, the lungs were removed and
analyzed. All experiments were conducted in accordance with institu-
tional guidelines in compliance with the recommendations of the Guide
for Care and Use of Laboratory Animals.

Induction of Lung Injury

Female Balb/c mice (15–18 g) were anesthetized with sodium pento-
barbital (50 mg/kg body weight), and 4 mg/kg of LPS (Escherichia coli
O55:B5, 15,000,000 endotoxin units/mg protein), unless otherwise
indicated, was delivered in 50 ml of phosphate-buffered saline (PBS)
to the lungs via a 20-gauge angiocath catheter used as an endotracheal
tube. The solution was delivered in two doses of 25 ml each separated
by 30 seconds, and the animals were rolled from side to side after each
administration to ensure even distribution.

Histologic Analysis

Paraffin-embedded thin sections were cut from lungs inflated to total
lung capacity with 3% paraformaldehyde immediately after mice were
killed. Lungs were X-gal stained as previously described (3). Immuno-
histochemistry was performed using the Vectastain ABC-AP system
(Vector Laboratories, Foster City, CA). Hematoxylin and eosin–
stained sections (three sections each from three animals per condition)
were blinded and reviewed by a pathologist for lung injury. Lung
injury was scored using five criteria (perivascular and peribronchial
inflammation, hyaline membranes, alveolar infiltrates, interstitial in-
filtrates, and alveolar hemorrhage) on a 5-point scale, as previously
described (4).

Bronchoalveolar Lavage Analysis

Bronchoalveolar lavage (BAL) was performed using a 20-gauge
angiocath, as described previously here. Briefly, 1 ml of sterile saline
at 48C was instilled into mouse lungs and lavaged three times before it
was aspirated for analysis.

Measurement of Luciferase Expression

Lungs were frozen in liquid nitrogen immediately after removal and
extracts were prepared as previously described (3). Luciferase activity
was measured in duplicate using the Luciferase Assay System (Promega,
Madison, WI) in a Turner luminometer (Turner Biosystems, Sunnyvale,
CA). Purified recombinant luciferase (Promega) was used to produce
a standard curve for each experiment. The level of sensitivity of this
assay is between 0.01 and 0.05 pg/lung for animals receiving no plasmid
(i.e., ‘‘background’’).

Measurement of Lung Mechanics

Mice were sedated with pentobarbital, tracheostomized with an 18-
guage, 1-inch-long cannula, and paralyzed with pancuronium. Mice were
connected to the Flexivent ventilator (Scireq, Montreal, PQ, Canada),
and ventilated for 10 minutes. After this initial ventilation, the input
impedance of the lung was measured between 0.25 and 19.625 Hz by
applying a composite signal containing 19 mutually prime sinusoidal
waves. The model used is described by the equation

Zrs 5 Rn 1 i2pfl 1
G 1 iH

ð2pfÞa

where i is a positive square root of 21, a 5 2/p arctan H/G, Rn is
a Newtonian, frequency-independent component of respiratory re-
sistance and reflects airway resistance, I is inertance due to the gas in
central airways, G is a parameter reflecting viscous energy dissipation
in the tissue (cm H2O � s/ml, related to tissue resistance), and H is
a parameter reflecting energy storage in the tissues (related to tissue
elastance) (8, 9). Tissue hysteresivity (h) was calculated as the ratio of
G to H. Data are presented as means and SEM. Groups were
compared using a Student’s t test.

Measurement of Lung Water Content—Wet-to-Dry Ratio

The effect of LPS on total lung water content was assessed at 24 and 72
hours after intratracheal administration of LPS. Mice were exsangui-
nated via laceration of left renal artery and vein. Lungs were then
excised, surface liquid was blotted away, and wet lung weight de-
termined. Lungs were placed in a heated vacuum centrifuge and
weighed every 24 hours until a stable dry weight was obtained (usually
at 72 h).

Pleural Effusion Measurements

After thoracotomy and before lungs and heart were removed en bloc,
chest cavity was inspected for the presence of pleural changes and
effusion. When pleural effusion was observed, volume of effusion was
measured after it was carefully aspirated out of the chest cavity.

Alveolar Fluid Clearance Measurements in Live Mice

Alveolar fluid clearance was measured in living mice as previously
described (10). Briefly, mice maintained at a body temperature of 378C
were anesthetized, the trachea was cannulated with a 5-mm, 20-gauge
angiocath, and the catheter was connected to a small animal ventilator
(Harvard Apparatus, Holliston, MA) before paralysis with pancuro-
nium bromide (2.0 mg/kg, intraperitoneally). The animals were venti-
lated with a tidal volume of 10 ml/kg at a frequency of 160 breaths per
minute and 100% oxygen. A total of 300 ml of an iso-osmolar NaCl
solution containing 5% acid-free Evans Blue–labeled (0.15 mg/ml
Evans Blue) bovine serum albumin was instilled into the endotracheal
catheter over 10 seconds followed by 200 ml of air. The animals were
kept supine, inclined to 308, and ventilated for 30 minutes, after which
the chest was opened to allow aspiration of fluid from the tracheal
catheter. Protein concentration in the aspirate was measured and AFC
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was calculated using the following equation: AFC 5 (1 2 C0/C30),
where C0, is the protein concentration of the instillate before in-
stillation, and C30 is the protein concentration of the sample obtained
at the end of 30 minutes of mechanical ventilation. Clearance is ex-
pressed as a percentage of total instilled volume cleared/30 minutes.

Statistical Analysis

Nonparametric Mann-Whitney U tests were performed to determine
statistical significance between individual samples, and one-way anal-
ysis of variance tests were performed for analysis of multiple samples
followed post hoc by Tukey-Kramer multiple comparisons tests when
differences were noted using Prism 4.0 software (GraphPad Software,
San Diego, CA).

RESULTS

Establishment of LPS-induced Lung Injury Model

To determine whether electroporation could be used as a suit-
able method for gene delivery to the injured lung, we first
established the lung injury model. Increasing doses of LPS were
delivered to mice by intratracheal instillation and the degree of
lung injury was analyzed 1, 3, and 7 days later (Figure 1). As
measured by wet-to-dry ratios of the lungs (n 5 4; Figure 1A),
cellularity (n 5 1; Figure 1B) and protein content (n 5 1; Figure
1C) of BAL fluid, and histology (n 5 3; Figure 1D and Table 1),
all doses of LPS induced lung injury by 1 day after delivery,
showed maximal injury at 3 days, and resolved by 7 days after
delivery. Although delivery of saline alone caused a minor
increase in wet-to-dry ratios and BAL cellularity and protein
content compared to naive animals, significant differences could
be easily detected between all doses of LPS and either saline-
treated or naive animals. As relatively high numbers of red

blood cells were seen in the lungs of mice that received 8 mg/kg
of LPS, suggesting alveolar hemorrhage and severe disruption
of alveolocapillary permeability, we chose for our studies a dose
of 4 mg/kg LPS to induce lung injury. At this dose, even at Day
1, significant numbers of inflammatory cells (primarily neutro-
phils) could be seen in the lungs, and by Day 3 the infiltrates
(neutrophils, lymphocytes, and plasma cells) were pronounced,
as was the change in wet-to-dry ratio (increased by 26% vs.
naive and 17% vs. saline).

Effects of Lung Injury on Electroporation-mediated Gene

Delivery and Expression

Although electroporation efficiently delivers genes to the lungs
of healthy mice and rats, it remained to be seen whether it could
also be used in the injured lung. Two different approaches were
taken. First, we tested whether administration of LPS to mice
would decrease gene expression from previously delivered
reporter genes. Plasmids expressing the luciferase gene from
a CMV promoter were transferred to the lungs of mice by
electroporation and, 1 day later, LPS (4 mg) was administered
to induce lung injury. Under this protocol, we observed less
than a 10% mortality rate after DNA delivery and electro-
poration, as previously reported in mice and rats (3, 4). In
noninjured lungs, maximal gene expression using this promoter
occurs at 1 day after electroporation, plateaus for 4 days, and,
by 7 days, expression ceases (3, 4). Thus, by assaying gene
expression 1 and 3 days after injury (2 and 4 d after electro-
poration), maximal gene expression should be detectable.
Although administration of saline slightly increased the levels
of reporter gene expression, LPS decreased gene expression
by 67–80%, but did not abolish it (Figure 2). Indeed, levels of
gene expression at 3 days after LPS delivery were still 100- to

Figure 1. LPS-induced lung in-

jury. LPS (0, 2, 4, and 8 mg/kg
body weight in phosphate-

buffered saline [PBS]) was ad-

ministered intratracheally to
Balb/c mice. At 1, 3, and 7 days

after administration, lung injury

was assessed (A) gravimetri-

cally, (B) by cellularity of bron-
choalveolar lavage (BAL) fluid,

(C ) by total BAL protein con-

tent, and (D) by histology in

hematoxylin and eosin–stained
sections. Bar 5 20 mm.
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2,000-fold over background. Because all gene transfer to cells is
accomplished within the first minute of electroporation, this
decrease in reporter gene expression by LPS is indeed at the
transcriptional and post-transcriptional level. To determine
what effect lung injury has on gene delivery, as opposed to
gene expression, lungs of mice were injured with LPS and, 1 day
later, luciferase-expressing plasmids were electroporated into
the lungs and assayed for gene delivery and expression 1 and
2 days after electroporation (Figure 3). Mortality in these experi-
ments after DNA delivery and electroporation 1 day after treat-
ment with PBS or LPS was higher than in untreated animals (15
and 22%, respectively), presumably due to the physiological
state of the lungs after induction of injury. Electroporation of
mice 1 day after treatment with PBS or LPS resulted in 9.7- and
24-fold-lower levels of gene expression at Day 1 after electro-
poration and 2.2- and 97-fold-lower levels at Day 2 after elec-
troporation, respectively. Taken together, these results suggest
that LPS has effects both on gene expression (i.e., transcription
and translation) and gene delivery.

To determine whether the reduced gene expression seen in
LPS-injured lungs was the result of reduced or altered distri-
bution of delivered genes, a b-galactosidase–expressing plasmid
was electroporated into the lungs of mice 1 day after adminis-
tration of LPS, and the distribution and extent of transgene
expression was measured by immunohistochemistry 1 day later
(Figure 4). When plasmids were delivered to the lungs and
electroporated, high levels of expression in multiple cell types,
including airway and alveolar epithelial cells, were seen in saline-
treated animals (Figure 4E), as previously reported (3,4). Al-
though the levels of b-galactosidase staining were decreased in
LPS-treated animals (Figure 4F), a similar distribution pattern of
expression was seen. By contrast, neither mice receiving saline
(Figure 4A) nor LPS (Figure 4B) without plasmid or electro-

poration showed any expression of b-galactosidase, nor did
saline-treated (Figure 4C) or LPS-treated (Figure 4D) mice
electroporated without addition of plasmid, as expected. Col-
lectively, these results suggest that, although gene transfer and
expression is reduced in LPS-injured lungs, electroporation can
be used to deliver genes effectively to these lungs.

Transfer of Na1,K1-ATPase Subunit Genes Can Protect from

LPS-induced Lung Injury

We have previously demonstrated that gene transfer of the b1

subunit of the Na1,K1-ATPase using electroporation can in-
crease AFC in healthy rats (4). To determine whether electro-
poration-mediated gene transfer of subunits of the Na1,K1-
ATPase can protect from subsequent LPS-induced lung injury,
individual a1 or b1 subunits, or a combination of the two, were
transferred to the lungs of mice. After 24 hours, at the height of
transgene expression (4), LPS (4 mg/kg) was delivered intra-
tracheally to induce lung injury, and the extent of lung injury, or
protection thereof, was measured by wet-to-dry ratio 1 or 3 days
later (Figure 5A). The wet-to-dry ratio of naive lungs was 4.28 6

0.06 (6SEM; n 5 6), whereas administration of LPS caused
this to increase to 5.44 6 0.1 (n 5 6) at 24 hours, 5.29 6 0.13
(n 5 5), and 5.27 6 0.06 (n 5 8), at 24, 48, and 72 hours,
respectively. Compared with lungs that received a plasmid
expressing no transgene, those electroporated with plasmids
expressing either the a subunit or the combination of subunits
showed significantly less pulmonary edema at both 24 and 48
hours after injury. Indeed, the protection provided by coadmin-
istration of the a1 and b1 subunits decreased the difference in
wet-to-dry ratios between naive and LPS-injured lungs by 64
and 79% at 24 and 48 hours, respectively. Although adminis-
tration of the b1 subunit provided statistically significant pro-
tection over control treatment at 48 hours (5.01 6 0.06 vs. 5.29 6

0.05; P , 0.001), it only trended toward significance at 24
hours (5.20 6 0.06 vs. 5.44 6 0.10; P < 0.07). To determine
whether the protection seen after transfer of genes for subunits
of the Na1,K1-ATPase was due to increased pump activity,
AFC was measured in a group of DNA-electroporated, LPS-
exposed mice at 48 hours after LPS administration (Figure 5B).
As can be seen, transfer of the control pcDNA3 plasmid before
LPS administration resulted in no change in AFC compared to
LPS-treated animals. By contrast, transfer of the b1 subunit
alone, or both a1 and b1 plasmids together, resulted in signif-
icantly increased fluid clearance in these animals. Taken to-
gether, these results demonstrate that electroporation-mediated
gene transfer of individual or combinations of Na1,K1-ATPase
subunits can protect from LPS-induced lung injury.

TABLE 1. LUNG INJURY IN LPS-TREATED ANIMALS

LPS Dose (mg/kg) Day 1 Day 3 Day 7

0 0.38 6 0.25 0.38 6 0.25 0.38 6 0.48

2 0.50 6 0.58 2.00 6 0.82 1.13 6 0.25

4 0.75 6 0.50 2.25 6 0.87 1.25 6 0.50

8 1.25 6 0.50 2.50 6 0.41 1.50 6 0.41

LPS (0, 2, 4, and 8 mg/kg body weight in phosphate-buffered saline was

administered intratracheally to Balb/c mice and, at 1, 3, and 7 days after admini-

stration, lung injury was scored using five criteria (perivascular and peribronchial

inflammation, hyaline membranes, alveolar infiltrates, interstitial infiltrates, and

alveolar hemorrhage) on a 5-point scale. Values shown are mean 6 SEM.

Figure 2. LPS-induced lung
injury modulates trans-

gene expression. A total

of 100 mg of pCMV-Lux-

DTS in 50 ml were admin-
istered intratracheally to

mice by electroportation

(8 pulses of 10-ms dura-

tion and a field strength of
200 V/cm). After 24 hours,

phosphate-buffered saline

(gray bars) or LPS (black
bars; 4 mg/kg) was admin-

istered to the lungs, or the animals were not treated with anything

(naive, white bars). At 1 or 3 days later, lungs were removed and
luciferase activity was measured in tissue extracts. Mean luciferase

activities (6SEM; n 5 5) are shown.

Figure 3. Electroporation

can be used successfully

for gene transfer in LPS-

injured lungs. Phosphate-
buffered saline (gray bars)

or LPS (black bars; 4 mg/kg)

was administered intratra-

cheally to mice and, 1 day
later, 100 mg of pCMV-Lux-

DTS in 50 ml were adminis-

tered by electroportation.
The lungs of untreated

mice (naive, white bars)

were also electroporated with plasmid. At 1 or 2 days after electro-
poration, luciferase activity was measured in lung extracts (mean 6

SEM; n 5 5).
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Transfer of Na1,K1-ATPase Subunit Genes Can Reverse

LPS-induced Lung Injury

We next determined whether the same approach could be used
to reverse previously induced lung injury by electroporating the
Na1,K1-ATPase subunit genes into LPS-injured lungs. Lungs
were injured by administration of LPS (4 mg/kg) and, 24 hours
later, plasmids expressing the a1 or b1 subunit of the Na1,K1-
ATPase were electroporated into the lungs either individually
or in combination. At 24 or 48 hours after gene delivery
(corresponding to 2 and 3 days after LPS injury, respectively),
lungs were removed and injury was assessed by measurement of
wet-to-dry ratios. Although little difference in the degree of
lung injury was seen 1 day after administration of either the a1

or b1 subunit plasmid alone, coadministration of both plasmids
yielded a statistically significant decrease in the wet-to-dry ra-
tios compared with mice receiving the empty vector pcDNA3
(5.37 6 0.1 vs. 5.06 6 0.17; Figure 6A). Coadministration de-
creased the difference in wet-to-dry ratios between LPS-injured
lungs and uninjured lungs by 30%. By contrast, transfer of
either plasmid individually or coadministration of both plasmids
reduced lung injury at 48 hours after electroporation. At this
time point, transfer of a1 and/or b1 subunits resulted in sig-
nificant reductions in lung injury, as measured by wet-to-dry
ratio. Transfer of the a1, b1, or the combination reduced the
ratios from 5.22 6 0.09 for pcDNA3 alone to 4.97 6 0.06, 4.91 6

0.12, and 4.94 6 0.08, respectively. When AFC was measured
directly in LPS-injured mice that subsequently received a1 and/
or b1 subunit plasmids by electroporation, transfer of either a1

or b1 subunit genes alone resulted in increased AFC compared
with LPS-treated animals alone or LPS-treated animals that
received an empty plasmid (Figure 6B). Transfer of a1 and/or b1

subunits to similarly injured mice also reduced total protein
levels in BAL fluids by between 11 and 27% at 1 and 2 days
after electroporation compared with LPS-injured mice receiving
empty plasmid (Figure 7). Similarly, total cells in BAL fluids
from these mice were reduced after electroporation of a1 and/or
b1 subunits (Figure 7). Although these reductions were not large,
they were statistically significant. Finally, cotransfer of both the
a1 and b1 subunits, which gave the highest degree of reversal of
injury as measured above, also significantly improved lung
mechanics in LPS-injured mice at 2 days after transfer. Tissue
resistance of the peripheral lung was measured as G, a param-
eter reflecting viscous energy dissipation in the tissue, using the
Flexivent system (8, 9). LPS-injured animals that received
pcDNA3 had a mean resistance of 9.31 6 0.49 cm H2O � s/ml,
whereas transfer of both subunits significantly reduced periph-
eral resistance to 6.02 6 0.18 cm H2O � s/ml (P < 0.03). Taken
together, these results demonstrate that electroporation-medi-
ated transfer of Na1,K1-ATPase subunit genes can reduce
previously established lung injury.

Figure 4. Distribution of gene transfer and

expression in LPS-injured lungs. Saline (A, C,

and E ) or LPS (4 mg; B, D, and F ) was ad-

ministered intratracheally to mice. Twenty-
four hours later, mice were electroporated in

the absence of plasmid (C and D) or after

intratracheal delivery of 50 mg pCMV-LacZ-
DTS (E and F ) and their lungs were removed

and processed 24 hours later. The lungs

shown in (A) and (B) received neither plasmid

or electroporation. Immunohistochemistry for
LacZ (blue) was performed on all sections

and samples were counterstained with eosin.

Bar 5 100 mm.
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Transfer of Na1,K1-ATPase Subunit Genes Modulates

Pleural Effusion

During the course of these experiments, we noticed that, upon
injury with LPS, the incidence of pleural effusions increased, as
has been previously noted (11). At 2 and 3 days after LPS
treatment, 3.4 6 2.1 and 3.3 6 1.2 ml of pleural effusion was
collected from the mice, respectively. When either the a or b

subunit of the Na1,K1-ATPase were transferred to the LPS-
injured mice, pleural effusion volume increased by 2- to 3.4-fold
(7.9 6 5.5 and 11.7 6 3.8 ml, respectively), but was not
statistically significant. Transfer of both subunits caused a slight
decrease (1.6 6 1.0 ml), but again, statistical significance was not
reached. However, 2 days after gene transfer of a1 and/or b1

subunits, volumes collected from the pleura decreased signifi-
cantly (P , 0.05), by between 5- and 48-fold, to 0.2 6 0.2, 0.06 6

0.04, and 0.6 6 0.3 ml for the a1, b1, and a 1 b genes, respec-
tively. Improvement in the size of pleural effusions provides
further support for the improvement in lung edema as a result
of electroporation-mediated gene transfer. Although the mecha-

nism responsible for reduction in the size of LPS-induced pleural
effusion was not studied, it is likely due to electroporation-
mediated transfer of the Na1,K1-ATPase genes and up-regulation
of active Na1 transport, which has been previously shown to be
associated with improvement in pleural effusion in other models
of ALI (12).

DISCUSSION

Gene therapy for ALI is an attractive approach for treatment.
However, most studies to date have demonstrated either that
gene transfer of various genes can increase fluid clearance in the
lungs of healthy animals or that transfer of these genes can
provide protection from subsequent injury. In this report, we
demonstrate that, not only can electroporation of subunit genes
for the Na1,K1-ATPase result in protection from subsequent
LPS-induced lung injury, but also that this approach can im-
prove and reduce lung injury in previously injured animals. To
our knowledge, this is the first time that gene transfer of any
gene product has been successfully used to treat preexisting
lung injury. Improvements in wet-to-dry ratios, pleural effusions,
and respiratory mechanics, as well as limited improvements in
BAL protein levels and cellularity, were seen after delivery of

Figure 5. Electroporation-mediated gene transfer of subunits of the

Na1,K1-ATPase increases alveolar fluid clearance (AFC) and can protect

from subsequent LPS-induced lung injury. (A) A total of 100 mg of plas-

mid in 50 ml were administered intratracheally to mice by electro-
portation. After 1 day, LPS (4 mg/kg) was administered to the lungs and

24 or 72 hours after this, lungs were removed for gravimetric analysis.

No DNA (i.e., LPS-treated only; horizontal lined bars), or plasmids
expressing no transgene (pcDNA3, open bars), the a subunit (gray bars),

the b subunit (hatched bars), or a mixture of a and b (50 mg of each;

‘‘combo,’’ closed bars) were used. Wet-to-dry ratios are shown as mean

6 SEM (n 5 5). (B) Mice were electroporated and treated with LPS as in
(A), and AFC was measured in living animals 72 hours after LPS

administration. AFC is shown as percentage of total instilled volume

cleared in 30 minutes (mean 6 SEM; n 5 4). Statistical analysis was by

one-way analysis of variance followed by Tukey-Kramer post hoc testing.
*P < 0.05 compared with pcDNA3.

Figure 6. Electroporation-mediated gene transfer of the Na1,K1-ATPase

can reverse LPS-induced lung injury. (A) LPS (4 mg/kg) was adminis-

tered intratracheally to Balb/c mice and, 1 day later, 100 mg of plasmid

was delivered to the lungs by electroporation. At 24 and 48 hours later,
lungs were removed for gravimetric analysis. No DNA (LPS-treated

only, horizontal lined bars) or plasmids expressing no transgene

(pcDNA3, open bars), the a subunit (gray bars), the b subunit (hatched

bars), or a mixture of a and b (50 mg of each; ‘‘combo,’’ closed bars)
were used. Wet-to-dry ratios are shown as mean 6 SEM (n 5 5). (B)

Mice were treated with LPS and electroporated as in (A), and alveolar

fluid clearance (AFC) was measured in living animals 48 hours after

electroporation. AFC is shown as percentage of total instilled volume
cleared in 30 minutes (mean 6 SEM; n 5 4). Statistical analysis was by

one-way analyis of variance followed by Tukey-Kramer post hoc testing.

*P < 0.05 compared with pcDNA3.
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plasmids expressing Na1,K1-ATPase, but not empty control
plasmids, in LPS-injured lungs. These results demonstrate that
electroporation can be used effectively in healthy and edema-
tous lungs to facilitate gene delivery and expression.

Electroporation is a potentially powerful approach that has
several advantages, including the use of easily and cheaply pro-
duced plasmids, the relative absence of inflammation and trauma
to the lungs of animals, and the ease and simplicity of admin-
istration (3, 4, 13). Perhaps the greatest advantage is that elec-
troporation facilitates gene delivery to multiple cell layers,
unlike gene delivery methods using liposomes, polymers, and
viruses (14, 15). In the case of the lung, electroporation of DNA
administered to the airways causes DNA delivery and expres-
sion, not only in the airway and alveolar epithelium, but also in
subepithelial cells, including fibroblasts, endothelial cells, and
vascular and airway smooth muscle cells. In the vasculature,
electroporation causes DNA to move through multiple smooth
muscle cell layers and even through the elastic lamina, after
adventitial delivery (15, 16). This suggests that electroporation
facilitates movement through cell junctions and interstitial and
extracellular matrix. In this study, we have shown that electro-
poration can also be used to deliver genes in edematous lungs,
allowing DNA to move through the protein and cell-rich edema
fluid. Although expression levels were lower after delivery in
previously injured lungs than in healthy lungs, the distribution
of gene expression throughout the lungs and the cell types that
received and expressed the transgenes were the same. Similar
findings concerning delivery distribution have been made after

delivery of adenoviral vectors in edematous hyperoxia-injured
lungs (17). However, delivery by other methods, including lipo-
somes and polymers, appears greatly inhibited in the injured
lung (18).

Transfer of subunits of the Na1,K1-ATPase decreased
severity of LPS-induced lung injury as measured by a number
of criteria, including wet-to-dry ratios, BAL cellularity and
protein content, and lung resistance (19). Athough we saw
increased AFC in animals receiving subunits of the Na1,K1-
ATPase, one of the limitations of our AFC calculation in the
experiments where we tested the effect of gene therapy on an
already established ALI is the accuracy of baseline albumin
concentration used to calculate AFC. Pulmonary edema fluid
may dilute the instilled albumin and, therefore, use of albumin
concentration of 5 g/dl as the baseline may lead to underesti-
mation of AFC in these animals. Although we acknowledge the
limitation of our AFC calculations, the impact of pulmonary
edema fluid on baseline albumin concentration is likely to be
small (2.5 6 1.7% reduction), as reported by Davis and
colleagues in another model of ALI (20). When the subunits
were transferred before induction of lung injury, transfer of the
b1 subunit alone gave the least amount of protection from
injury, whereas transfer of a1 alone or the combination of a1

and b1 subunits gave significant protection based on wet-to-dry
ratios. This is contrary to previous reports in rats, showing that
transfer of the b1 subunit produces greater increases in AFC in
healthy lungs and provides greater protection from lung injury
induced by hyperoxia, ventilation, or elevated left atrial pres-
sure (7, 21–24). Indeed, after adenovirus-mediated transfer of
the a1 subunit to rats, no increase is AFC was detected over
naive lungs (21, 24). However, transfer of the a2 subunit to
A549 and isolated rat type II cells increased Na1,K1-ATPase
activity and AFC in rat lungs (25). Results from Alton’s group
showed that liposome-mediated gene transfer of an a–b fusion
protein gave protection from subsequent thiourea-induced lung
injury in mice, although these authors did not test the individual
subunits for activity (26). Whether mice are somehow different
than rats in their response to overexpression of Na1,K1-
ATPase subunits is unknown. Previous explanations for the
differential effects of transfer of Na1,K1-ATPase subunits have
suggested that, although the catalytic a subunit of the pump is
relatively abundant, the regulatory b subunit may be limiting,
thus accounting for the greater increases seen after b transfer.
However, this has not been evaluated in mice.

When subunits were transferred to LPS-injured lungs, the
only protection seen 1 day later was after transfer of both
subunits. By 2 days after gene transfer, significant improvements
in lung injury were seen with transfer of either individual subunit
or the combination of the two, and there was no statistical
difference between any of these conditions. Although numerous
studies have demonstrated that gene transfer of a number of
genes, including Na1,K1-ATPase subunits, hemoxygenase-1,
heat shock protein-70, and the b2-adrenergic receptor, by either
recombinant adenoviruses or liposomes, can protect from sub-
sequent lung injury (22, 23, 26–31), these are the first results
demonstrating that gene transfer can be used to treat previously
injured lungs. Although Factor and colleagues have shown that
adenoviruses can transfer genes to the pulmonary epithelium
after hyperoxic lung injury as efficiently as they can in healthy rat
lungs, they have only shown this using reporter genes (17). Thus,
these results are encouraging for future clinical application
towards ALI, where the ideal therapy would be administered
after lung injury and edema have developed. We also performed
a set of experiments in mice with severely injured lungs by
administering LPS at a dose of 8 mg/kg before electroporation of
Na1,K1-ATPase subunit plasmids and found no improvement in

Figure 7. Electroporation-mediated gene transfer of the Na1,K1-

ATPase reduces bronchoalveolar lavage (BAL) cellularity and protein

levels. LPS (4 mg/kg) was administered intratracheally to Balb/c mice

and, 1 day later, 100 mg of plasmid was delivered to the lungs by
electroporation. At 24 or 48 hours later, BAL fluid was collected from

lungs and analyzed for protein levels (A) and total cell counts (B) (mean 6

SEM; n 5 4). Statistical analysis was by one-way analysis of variance
followed by Tukey-Kramer post hoc testing. *P , 0.05 compared with

levels seen at 48 hours in LPS-injured mice receiving pcDNA3.
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lung injury as measured by wet-to-dry ratios (data not shown).
Indeed, we found that fluid delivery with or without electro-
poration 1 day after LPS administration resulted in increased
mortality and, of the animals that survived all procedures, im-
mense variation in the wet-to-dry ratios were obtained, without
respect to treatment group. Thus, we concluded that these ani-
mals were likely too sick to receive benefit from any treatment
and that the treatment used that provides the greatest degree of
gene delivery and expression in itself was harmful to the animals.
This is potentially due to the model of injury or may be secondary
to the fact that the treatment was applied to animals that were not
ventilated. Overall, this suggests that, although this therapeutic
avenue might be effective and a logical approach to treat lung
injury, its application in severe lung injury still needs refinement.

We and others have previously demonstrated that gene
transfer of Na1,K1-ATPase subunits results in increased pump
activity, as measured by either ATP hydrolysis or 86Rb1 uptake
by cells (7, 21). Thus, the assumption is that transfer of the
pump results in increased alveolar Na1 transport and edema
clearance from the lungs. In support of this, similar increases in
fluid clearance from the lung can be achieved after b2-adrenergic
receptor overexpression and cystic fibrosis transmembrane regu-
lator (32, 33). Although it is clear that increased Na1 absorption
from the airspaces results in fluid clearance from the lung, this
may not be the only mechanism by which overexpression of the
Na1,K1-ATPase can lessen lung injury. Several reports have
suggested that the Na1,K1-ATPase may be involved in the
formation and maintenance of tight junctions in the alveolar epi-
thelium (34–36). Others have suggested that the b1 subunit may
increase adhesiveness between cells, independent of tight junc-
tion formation (37). These additional activities of the Na1,K1-
ATPase resulting in increased clearance and maintenance of
barrier integrity may be responsible for our findings of reduced
inflammation after gene transfer of the a1 and/or b1 subunits in
previously injured lungs. Because ALI results from barrier
dysfunction and the ensuing pulmonary edema, its resolution
requires both repair of the epithelial barrier function and edema
clearance. However, the experiments presented here did not
have the power necessary to clearly demonstrate this. Regardless
of which of these activities in which the Na1,K1-ATPase carries
out a major function, its gene transfer represents a logical ap-
proach to treat the injured lung.
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