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Ultrasound Enhances Reporter Gene Expression After
Transfection of Vascular Cells In Vitro
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Background—Restenosis after percutaneous coronary intervention remains a serious clinical problem. Progress in
local gene therapy to prevent restenosis has been hindered by concerns over the safety and efficacy of viral vectors
and the limited efficiency of nonviral techniques. This study investigates the use of adjunctive ultrasound to
enhance nonviral gene delivery.

Methods and Results-Cultured porcine vascular smooth muscle cells (VSMCs) and endothelial cells (ECs) were
transfected with naked or liposome-complexed luciferase reporter plasmid for 3 hours. Ultrasound exposure (USE)
for 60 seconds at 1 MHz, 0.4 W/&80 minutes into this transfection period enhanced luciferase activity 48 hours
later by 7.5-fold and 2.4-fold, respectively. Luciferase activity after lipofection of ECs was similarly enhanced
3.3-fold by adjunctive USE. USE had no effect on cell viability, although it inhibited VSMC but not EC
proliferation.

Conclusions—Adjunctive USE was associated with enhanced transgene expression in VSMCs and ECs and reduced
VSMC but not EC proliferation in vitro, which suggests that ultrasound-assisted local gene therapy has potential
as an antirestenotic therapfCirculation. 1999;99:2617-2620.)
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estenosis remains a major clinical problem and results Methods
from negative remodeling and an obstructive neointima

comprised of VSMCs and extracellular matrix. Adjunctive i i
Porcine medial vascular smooth muscle cells (VSMCs) and lumenal

systemic th_eraples havg Ia_rgely failed to pre"ef‘t_ reSt(_anOSIS'endothelial cells (ECs) from the thoracic aorta of Yorkshire White
An alternative strategy is single-dose local administration of . qq pigs ageet6 months were cultured in DMEM containing 10%
agents that can modify the vascular response to injury, porcine serum; EC cultures were supplemented with EC growth
including local gene therapy.Viral vectors achieve the  factor (20 ug/mL; Sigma) and heparin (9@.g/mL; Sigma). All
highest efficiency, but substantial concerns remain over their transfections were performed for 3 hours at 37°C in 24-well plates

. _ . - with cells at 60% to 70% confluence and were stopped by dilution
clinical safety and long-term efficadyAlthough relatively with 1 mL of fresh culture medium. Naked DNA transfections were

safe, nonviral gene delivery, including lipofection, is cur-  performed in 20QuL of DMEM containing 10% porcine serum and
rently at least 10-fold less efficieat. 7.5 ug/mL luciferase plasmid DNA (pGL3; Promega) per well.

Ultrasound exposure (USE) has been shown to permeabil- Lipofections used Promega Tfx-50 (which contains DOPE), accord-
ize plasma membranes and reduce the thickness of theind to conditions optimized for VSMCs (20l of DMEM

; ; containing 10% porcine serum; DNA:lipid charge ratio of 4:1; 7.5
unstirred Ia_yer at the cell surfaéé which S_hOU|d _encourage pg/mL final DNA concentration) and ECs (200L of serum-free
DNA gntry into cells. Furth.ermore, manyhpofecnon reagepts DMEM; DNAipid charge ratio 3:1; 5ug/mL final DNA
contain dioleoylphosphatidylethanolamine (DOPE), which concentration).
encourages DNA “breakout” from endosomes through a  Thirty minutes after the transfection was begun, USE was per-
physicochemical transition that is known to be accelerated by formed for 60 seconds with a custom-built, 10-mm-diameter, 1-MHz

USE#5 On the basis of these observations, we investigated piezoelectric ceramic transducer within the transfection medium
: ' 2 mm above the cell monolayer and the 24-well plates suspended in

the hypothesis that USE may enhance transgene expression o srene water bath at 37°C to minimize acoustic reflections
after naked DNA and/or liposome-mediated transfection of (<59) and consequent standing wave formation. The transducer was
primary vascular cells. calibrated to produce continuous-wave 1-MHz ultrasound at a spatial

Cell Culture and Transfection Conditions
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Figure 1. Porcine VSMCs (A) and ECs (B) were transfected for 3 hours with naked or liposome (Promega Tfx-50) complexed luciferase

DNA (n=12), and luciferase activity in cell lysates was assayed after 48 hours at 37°C (A and B). Parallel adherent VSMC (C) and EC (D)
cell counts were performed at baseline (time 0) and 3, 18, and 48 hours after transfection. Where applicable, 30 minutes into the 3-hour
transfection period, USE (1 MHz, continuous wave, 0.4 W/cm?) was performed for 60 seconds. Asterisks indicate significant differences

between control and ultrasound-exposed cells (P<0.05).

average temporal average intensity of 0.4 WACOSE caused only

Statistical Analysis

minor acute damage to the cell monolayer and had no effect on nakeda|| data are presented as meaSEM. Treatments were compared
or Tfx-50—complexed plasmid integrity as assessed by agarose gelpy Friedman ANOVA and the Wilcoxon signed rank test for post
electrophoresis. Temperature was recorded continuously by a ther-hoc comparisons. Significance was definedPas0.05, with the

mistor placed adjacent to the ultrasound transducer. A 10-mm-

Bonferroni correction for multiple comparisons applied where

diameter heating probe was constructed to mimic the rate of rise and appropriate. The n numbers quoted refer to the number of separate

final temperature achieved during USE.

Assays for Luciferase Activity, Adherent Cell

Number, and Viability

Luciferase activity in cell lysates 48 hours after transfection was
measured with the GenGlow kit (Labtech International) and 1253
Luminometer (BioOrbit) and expressed as light units (LU) per
microgram of protein. Background luminescence was zero in
untransfected cell lysates. Parallel wells were trypsinized at 0, 3,
18, and 48 hours after treatment. Cell counts and viability were

experiments; on each occasion, each treatment was performed in
triplicate wells.

Results
Luciferase activity was barely detectable in VSMC lysates
after naked plasmid transfection (6:8.2 LU/ug) but was
enhanced 7.5-fold by USE (3.0 LU/ug; n=12; P<0.02
compared with naked DNA alone), representing 11% of that
achieved after optimal lipofection alone (2%6.9 LU/uQ)

assayed by Coulter counter and fluorescent activated cell sorter (Figure 1A). USE during lipofection enhanced luciferase

(FACS) analysis of propidium-iodide and fluorescein diacetate
exclusion$

Time-Lapse Video Microscopy

Identically seeded subconfluent VSMCs in 24-well plates were
observed by time-lapse video microscopy (TLVM) with the use of an
inverted microscope (Leica UK Ltd) within a 37°C chamber. One

frame of a high-power field was recorded every 2.4 minutes for 48
hours beginning 3 hours after USE (where applicable) with a
monochrome video camera (Sony), Super-VHS video recorder
(Panasonic), and a BAC900 animation controller (EOS electronics
AV Ltd). A mitotic event was recorded when 2 daughter cells

appeared from a single dividing cell. An apoptotic event was
recorded when an individual cell underwent the typical morpholog-
ical changes and dislodgement.

activity nearly 3-fold (72.817 LU/ug; n=12; P<0.002
compared with lipofection alone) (Figure 1A). Luciferase
activity in EC lysates after naked DNA transfection (@7.1
LU/ug) was not enhanced by adjunctive USE @®2
LU/ug; n=4; P=NS compared with naked DNA alone)
(Figure 1B), whereas USE during lipofection enhanced lucif-
erase activity>3-fold (17.7=1.1 versus 57.820.2 LU/ug;
n=4; P<0.04).

Culture-medium temperature increased progressively during
USE, reaching 51 1°C at 60 seconds but returning to the 37°C
baseline within 45 seconds. Exposure of VSMCs to an identical
rate and final temperature rise over 60 seconds in the absence of
USE had no effect on adherent cell number or luciferase activity
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120 B Measurements of reporter gene activity cannot define
Control _ T T the site(s) of action of ultrasound, which may include not
100 = IMHz USE T | only potential effects on plasmid DNA entry (ie, transfec-
P 1 tion per se) but also on intracellular trafficking, lysosomal
g 80 1 - z T degradation, nuclear translocation, RNA transcription, or
§ 60 | . [ I S protein translation. Although USE is known to increase
v T permeability to large macromolecules, including plasmid
5 404 i e | | 1 DNA? and high-molecular-weight dextraAgurther stud-
g . { ies are required to elucidate whether USE-enhanced trans-
© 20 . I gene expression is entirely explicable in terms of increased
I DNA entry and/or lysosomal breakout as originally
0+ w . . . . w . proposed.
3 9 52127 3 39 45 5l Many transfection techniques are associated with signif-
Time (h) icant cell death. In our experiments, low-intensity USE
Figure 2. Two wells of subconfluent porcine VSMCs were was associated with substantial enhancements in reporter
observed concurrently by TLVM for 48 hours beginning 3 hours gene expression without significant acute cell death or
after USE (where applicable), and the cumulative rate of mitosis damage, as has also been shown in nonvascular ‘€ells.
was analyzed (n=3). One of the 2 wells was exposed to ultra- .~
sound (1 MHz, continuous wave, 0.4 W/cm2, 60 seconds) before Intriguingly, adherent VSMC but not EC counts rose more
filming. Asterisks indicate significant differences between control slowly in ultrasound-treated wells than in control or
and ultrasound-exposed cells (P<0.05). heat-exposed wells during the 48 hours after USE. Anal-

ysis by TLVM indicated that this was not due to increased
. . . ) death and detachment of VSMCs but to a reduced rate of
(Figure 1, A and C), excluding the possibility that heating was proliferation. This effect of USE was not seen in ECs. The

responsible for the observed effects of USE. mechanisms and kinetics of this effect remain to be
USE had no significant effect on adherent VSMC number at yatarmined, although other studies have shown cell-type

3 hours but was asspciated with much smaller subsequentand frequency-dependent effects of USE on cell prolifer-
increases compared with control or heat-exposed wells (Figure ation in vitro, including stimulation of rat fibroblast
1C). TLVM analysis confirmed this to be due to a reduced rate proliferation (1 MHz, 0.4 Wi/cr§,2 and inhibition of

of VSMC mitosis (Figure 2) and not increased apoptosis and pymart+ but not bovines VSMC proliferation with low-
VSMC detachment in ultrasound-exposed wells (cumulative frequency (20 kHz) ultrasound.

apoptosis in control wells, 9:94.2% at 24 hours and The results presented herein provide encouragement for
11.6+5.0% at 48 hours; in ultrasound-exposed wells; 8% ultrasound-assisted gene therapy to prevent restenosis. Fur-
at 24 hours and 7:65.2% at 48 hours; #3; P=NS for all thermore, USE at the site of angioplasty may also arrest

comparisons). Adherent VSMC viability and EC viability were \ySMC proliferation in response to vascular injury without
identical under all conditions. USE had no effect on adherent EC hindering endothelial regeneration. The proven safety and

number at any time point (Figure 1D). practicality:é of intravascular therapeutic ultrasound make
) ) this possibility particularly attractive in contrast to lingering
Discussion concerns over alternative adjunctive technologies such as

This study demonstrates that adjunctive USE enhances re-intracoronary brachytherapyand adenoviral or retroviral

porter gene expression after optimized naked DNA transfec- gene therapy.

tion and/or lipofection of primary vascular cells in vitro.

Recent studies in nonvascular, primarily immortalized cells

confirm this effect of USE, and transfection rates of up to Acknowledgments

15% using naked DNA and 2- to 1000-fold enhancements in This study was supported by a Medical Research Council Realizing

reporter gene expression after lipofection have been report-our Potential Award and a grant-in-aid from Pharmasonics Inc.

ed’-11The lower enhancements recorded in the present study

may arise for several reasons. First, we studied nontrans- References

formed C.e"S' which are known to be relatlvely resistant to 1. Baek S, March KL. Gene therapy for restenosis: getting nearer the heart

transfection. Second, USE was performed from above to  of the matterCirc Res 1998;82:295-305.

minimize standing-wave formation resulting from reflection 2. Gambihler S, Delius M, Ellwart JW. Permeabilization of the plasma
t fluid/air and plastic/air interfaces. This constrained trans- membrane of L1210 mouse leukemia cells using lithotripter shock waves.

a . P > J Membr Biol 1994;141:267—275.

ducer design such that only one third of each cell monolayer 3. pohl P, Rosenfeld E, Millner R. Effects of ultrasound on the steady-state

was covered by the transducer. Finally, we elected to use transmembrane pH gradient and the permeability of acetic acid through

1-MHz continuous-wave ultrasound atl W/cn? because bilayer lipid membran'esE}loc'hlm Biophys Acta1993;1145:279—283.

. ) X . 4. Gao X, Huang L. Cationic liposome-mediated gene tran§ene Ther

this mirrors the mean output of diagnostic transduéeaad 1995:2:710-722.

had no effect on DNA integrity or vascular cell viability in 5. Tata DB, Dunn F. Interaction of ultrasound and model membrane

vitro. Nevertheless, it is likely that further optimization of systems: analyses and predictiods?hys Chem1992,96:3548 -3555.
6. Berglund DL, Taffs RE, Robertson NP. A rapid analytical technique for

USE conditiops (eg, intenSity’ frequency, exposure time, and flow cytometric analysis of cell viability using calcofluor white M2R.
duty cycle) will be possible. Cytometry 1987;8:421-426.



2620  Ultrasound and Reporter Gene Expression in Vascular Cells

7. Tata DB, Dunn F, Tindall DJ. Selective clinical ultrasound signals 13. Ramirez A, Schwane JA, McFarland C, Starcher B. The effect of
mediate differential gene transfer and expression in two human prostate ultrasound on collagen synthesis and fibroblast proliferation in Vitied

cancer cell lines: LnCap and PC-Biochem Biophys Res Commun Sci Sports Exerc1997;29:326-332.

1997,234:64-67. ) 14. Koster R, Hamm CW, Terres W, Kahler J, Steffen W, Stubbe HM,
8. Greenleaf WJ, Bolander ME, Sarkar G, Goldring MB, Greenleaf JF. Meinertz T. Effects of sonication with catheter-delivered low frequency

Artificial cavitation nuclei significantly enhance acoustically induced cell ultrasound on proliferation, migration and drug uptake of vascular smooth

transfection Ultrasound Med Bial 1998;24:587-595. muscle cellsJ Am Coll Cardiol 1997;29:97554. Abstract.

9. Bao S, Thrall BD, Miller DL. Transfection of a reporter plasmid into 15
cultured cells by sonoporation in vitrdlltrasound Med Bial 1997;23:
953-959.

10. Unger EC, McCreery TP, Sweitzer RH. Ultrasound enhances gene
expression of liposomal transfectiomvest Radial 1997;32:723-727.

. Alter A, Rozenszajn LA, Miller HI, Rosenschein U. Ultrasound inhibits
the adhesion and migration of smooth muscle cells in vithtrasound
Med Biol 1998;24:711-721.

16. Rosenschein U, Gaul G, Erbel R, Amann F, Velasguez D, Stoerger H,

11. Kim HJ, Greenleaf JF, Kinnick RR, Bronk JT, Bolander ME. Ultrasound- Simon R, Gomez G, Troster J, Bartorelli A, Pieper M, Kyriakides Z,
mediated transfection of mammalian celldum Gene Ther1996:7: Laniado S, Miller HI, Cribier A, Fajadet J. Percutaneous transluminal
1339-1346. therapy of occluded saphenous vein grafts: can the challenge be met with

12. Henderson J, Willson K, Jago JR, Whittingham TA. A survey of the ultrasound thrombolysis@irculation. 1999;99:26-29.
acoustic outputs of diagnostic ultrasound equipment in current clinical 17. King SB. Radiation for restenosis: watchful waitir@rculation. 1999;
use.Ultrasound Med Bial 1995;21:699-705. 99:192-194.



