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Summary: The gene transduction technique is a useful
method to study gene functions that underlie vertebrate
embryogenesis. In this study, a new gene transduction
technique is reported using microbubble-enhanced
sonoporation (hereafter referred to as sonoporation) to
achieve ectopic and transient gene expression for sev-
eral embryonic organs including embryonic chick limb
bud mesenchymes. The technique proposed in this
study has the advantages of 1) relatively simple gene
transduction procedures, and 2) efficient exogenous
gene transduction and expression with lower damages
to embryos. Green fluorescent protein (GFP) or LacZ
was misexpressed in limb bud mesenchymes by sono-
poration, with the introduced expression transiently de-
tected in the injected sites. Most of the transduced chick
embryos survived without showing significant embry-
onic abnormalities or cell death after sonoporation. To
demonstrate its efficacy for assessing the effect of tran-
sient gene transduction, the Shh (sonic hedgehog) was
transduced into the developing chick limb bud. The
transduced limb bud displayed limb malformations in-
cluding partial digit duplication. Advantages and possi-
ble future applications in relation to this method are
discussed. genesis 37:91-101, 2003.
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INTRODUCTION

Gene transduction is a widely utilized method to analyze
gene functions underlying vertebrate embryogenesis.
Many different methods/protocols have been invented
to transduce and express genes exogenously in embry-
onic tissues or in adult organs (Yamada et al, 1997,
Katahira et al., 2000; Yasugi and Nakamura, 2000; Tim-
mer et al., 2001). For each gene introductory procedure,
there are several advantages and disadvantages among
several experimental parameters.

Nonviral type gene transduction techniques, e.g., lipo-
fection and electroporation, can transduce genes for
target tissues based on the physicochemical nature of
the mechanisms of gene introduction (Araki and Naka-

mura, 1999; Yasuda et al., 2000; Yasugi and Nakamura,
2000; Takahashi et al., 2002).

Electroporation has been widely utilized for transient
gene introduction because it does not require viral vec-
tor constructions or viral preparation, including packag-
ing. However, cell anomalies or tissue damages after
electroporation have often been observed. Such dam-
ages appear to be inevitable due to the physicochemical
procedure of electroporation which applies an electric
field to the cells or target organs. For transducing exog-
enous genes into cell lines, e.g., ES cells, such cell dam-
age has been deemed moderate because of the advan-
tages of applying electric fields to the dispersed cells
rather than to the tissue mass. Furthermore, an inability
or inefficiency to transduce genes into embryonic tissues
such as limb mesenchymes has been recognized. A re-
cent publication suggested the utility of a modified elec-
trode which could be used for mesenchymal gene trans-
duction to improve such inefficiency (Oberg et al.,
2002). Other than electroporation, it has been demon-
strated that gene transduction using recombinant retro-
virus or adenovirus techniques are useful for analyzing
gene functions in embryos (Kengaku et al., 1998; Rodri-
guez Esteban et al., 1998; Pizette and Niswander, 1999;
Iba, 2000). Although such recombinant viral vectors can
effectively introduce genes into chick embryos, other
disadvantages have been recognized. Limitations in
terms of the length of the cloned gene fragments for
retroviral vectors due to several mechanisms of viral
replication and packaging have been recognized (Mor-
gan and Fekete, 1996). Also, exogenous genes could be
introduced predominantly into actively proliferating
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cells in the case of retroviral infection because infection/
integration requires active cell mitosis. Vector DNA con-
struction, preparation, and increasing the viral titer of
recombinant retroviruses often requires considerable
time. Adenoviruses have also been also used for efficient
exogenous gene transduction, and often display differ-
ent gene introduction frequencies depending on the
cells or tissue types (Tomko et al., 2000).

A method termed microbubble-enhanced sonopora-
tion (sonoporation) has been introduced as a highly
efficient method for transient gene transduction, origi-
nally used for adult blood vessels (Taniyama et al.,
2002a). This technique has been mainly utilized in stud-
ies of gene therapy, e.g., for vascular gene transduction
in adult organs (Lawrie et al., 2000; Shohet et al., 2000;
Unger et al., 2000; Taniyama et al., 2002b). Although
ultrasound treatment itself can enhance exogenous gene
transduction (Kim et al., 1996; Wasan et al., 1996; New-
man et al., 2001), the frequency of gene introduction
can be further enhanced in the presence of echo-con-
trast microbubbles both in vitro and in vivo (Koch et al.,
2000). It has been previously reported that micro-
bubbles included in echo-contrast agents significantly
increase the efficiency of drug uptake and gene trans-
duction into cells by sonoporation (Bao et al., 1997,
Tachibana and Tachibana, 2001). Such experiments are
based on observations that echo-contrast agents, such as
albumin-microbubbles, accelerate thrombolysis through
exposure to ultrasound energy. In such conditions,
thrombolysis is mediated by a microjet-stream emanating
from a microbubble rupture generated by ultrasound
exposure (Tachibana and Tachibana, 1995). Following
various experimental modifications, ultrasound-medi-
ated microbubble rupture has been proposed as a tech-
nique for introducing drug uptake and exogenous gene
transduction in vitro (Ay et al., 2001; Feril et al., 2003)
and in vivo (Anwer et al., 2000). Although the exact
mechanism underlying efficient drug uptake and gene
transduction remains incompletely understood, the
rapid collapse of microbubbles during sonoporation has
been considered to play a major role in drug/gene deliv-
ery into cells. It has also been speculated that the pres-
ence of microbubbles can significantly reduce the
threshold of acoustic cavitation production upon ultra-
sound exposure in a target site.

Endoh et al. showed that the GFP (green fluorescence
protein) gene injected with a microbubble solution into
the amniotic cavity was introduced into late-staged em-
bryonic skin of a mouse by sonoporation. Based on
electron microscope examination, the introduced
mouse embryos displayed microholes in the cutaneous
surface but still maintained their normal cell morphology
within 24 h of the treatment (Endoh et al., 2002). Thus,
it has been speculated that ultrasound exposure with
microbubbles might generate transient cellular micro-
holes on the surface of target organs, thereby efficiently
introducing genes into the operated sites.

However, application of sonoporation has so far been
predominantly performed on nonembryonic tissues. To
test the efficacy of gene transduction with sonoporation

for application in embryology, we transduced GFP or
LacZ expression vectors into the limb bud mesenchyme
of chick embryos and examined the resulting expres-
sion. The introduced gene expression was monitored
and expression was successfully detected in tissues, e.g.,
limb bud mesenchymal cells. We were able to show that
sonoporation achieves efficient gene transduction into
chick limb bud mesenchyme with relatively simple ex-
perimental procedures. When Shh (sonic bedgehog) was
misexpressed in the anterior region of limb bud mesen-
chyme by sonoporation, the transduced limb bud dis-
played prominent digit duplication phenotypes suggest-
ing the utility of this procedure for analyzing various
aspects of organogenesis during vertebrate develop-
ment. Examination of various parameters and experi-
mental conditions for sonoporation to transduce exoge-
nous genes into embryos was performed and is
discussed.

RESULTS

Gene Transduction Utilizing Microbubble-
Enhanced Sonoporation

Application of sonoporation procedures to chick em-
bryos are composed mainly of two steps, i.e., DNA-
microbubble mixture injection and exposure to ultra-
sound (Fig. la-d). A mixture containing DNA and
microbubbles (typically 0.25 pl, depending on the target
site) was first injected into developing chick limb bud
mesenchyme to evaluate the introduction efficiency into
developing chick limb buds (Fig. 1a,b). Immediately af-
ter injection, ultrasound irradiation was performed uti-
lizing an ultrasound probe placed adjacent to the in-
jected limb bud (Fig. 1c,d). GFP or LacZ expression was
detected to monitor the gene transduction efficiency
after several hours, e.g., 12 h for the case of Figure 2.
Thus, the whole procedure could be performed in a few
minutes, mainly ultrasound exposure time, after rapid
microinjection of the DNA-microbubble mixture.

Experimental parameters, including duty cycle (On
cycle/Off cycle; pulse repetition frequency), intensity,
and exposure time of the ultrasound irradiation were
examined to achieve better gene transduction efficiency
for chick limb bud (Fig. 2). In the case of limb buds, it
was found that an ultrasound intensity of less than 1.0
W/cm? achieved only a very low level of exogenous
gene expression judged by GFP expression (Fig. 2a). An
ultrasound irradiation duration time of less than 30 sec
also resulted in less exogenous gene expression (Fig.
2¢). Although more analyses are required to examine
several parameters, gene transduction for developing
limb buds appeared to require an ultrasound intensity of
more than 1.0 W/cm? and an irradiation time longer than
30 sec (Fig. 2a-d). It was found that gene transduction
under conditions of 2.0 W/cm? with 60 sec of irradiation
resulted in a high frequency of gene transduction into
chick limb buds (Fig. 2d).
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Step 1: Injection
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FIG. 1. Procedures for sonopora-
tion-mediated gene transduction.
Procedures consist of two steps.
a,b: DNA-microbubble mixture
was injected into chick limb bud
at HH stages 20-21. c¢,d: Imme-
diately after injection, ultrasound
irradiation was performed with
the ultrasound probe placed ad-
jacent to the injected site (intro-
duction into the chick forelimb
bud is illustrated in d).

0.5 W/cm?, 1.0 W/cm?, 2.0 W/cm?, 2.0 W/em?,
60 seconds 60 seconds 30 seconds 60 seconds

A

FIG. 2. Examination of gene transduction conditions by sonoporation into chick limb buds with GFP expression vector. a-c: Exogenous
gene expression was not optimal with ultrasound intensities less than 1.0 W/cm? or exposure time less than 30 sec. d: 2.0 W/cm? with 60
sec of exposure resulted in efficient gene transduction. All conditions were performed with a 20% duty cycle. Scale bar = 1 mm.

Histological Analysis of the Site of Gene formed after 12 h of transduction in chick limb buds at
Expression in Transduced Chick Limb HH stages 20-21. The injected region displayed promi-
Mesenchymes nent LacZ staining with clustered LacZ-positive cells

To examine gene transduction efficiency in chick limb  scattered at the injected site in the limb mesenchyme
bud mesenchyme by sonoporation, expression of LacZ (Fig. 3a,b). Estimation of gene transduction efficiency
was examined histologically. LacZ staining was per- was calculated to be ~20% of the injected site in the
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FIG. 3. Histological analysis of transduced chick limb buds. a: pEBActN-LacZ was introduced into limb buds (at HH stages 20-21) by
utilizing sonoporation. LacZ expression was detected in anterior limb buds after 12 h. The white line in a represents the position of a section
in b. b: In the transverse section of a transduced limb bud, LacZ-positive cells were detected in the mesenchyme. c-e: Examination of the
cell death after sonoporation. After performing sonoporation with the GFP expression vector in the anterior chick limb bud at HH stage
24-25 (transduced site was shown by white arrow in c), cell death was examined by Nile blue staining after 12 h. The operated site of the
embryo did not manifest cell death (dotted circle region in e). Note the endogenous cell death in the anterior necrotic zone of the limb
(shown by black arrowheads in d,e). d: The control side of the non-sonoporated limb. Scale bar = 1 mm in a,c,d,e and 50 pm in b.

limb mesenchyme based on the percentage of LacZ-
positive cells among the average total cells included in
the injection site after such a volume of injection. This
suggests that injection into the limb bud mesenchyme
followed by sonoporation achieved efficient gene trans-
duction.

To examine the extent of damage and deterioration of
tissues subjected to sonoporation, cell death was exam-
ined by Nile blue staining 12 h after sonoporation (Fig.
3¢-e). No significant cell death signals were detected for
such limb specimens (Fig. 3e).

Kinetics of Exogenously Introduced GFP
Expression by Sonoporation In Ovo

In order to evaluate the efficacy of gene transduction
by sonoporation, we introduced a GFP expression vec-
tor into chick embryonic limb buds to assess the kinetics
of the introduced gene expression (introduced at HH
stages 20-21). GFP expression was detected 3 h after
sonoporation (Fig. 4a,e), becoming stronger after 6 h
(Fig. 4b,f), reaching a maximum level after 12 h (Fig.
4c,g). Although GFP expression gradually decreased

(Fig. 4d,h), the expression was still detected at 48 h
(occasionally at 72 h) after sonoporation (data not
shown). In gene transduction by electroporation, it has
been reported that a GFP expression vector with similar
promoter activities enables exogenous gene expression
a few hours after the transduction for a similar duration.

The survival rate for sonoporated embryos was ~96%
during a period of 24 -48 h after operation (n = 48 out
of 50 trials; embryos sonoporated at HH stage 20-21).
All surviving chick embryos displayed GFP expression
under the above experimental conditions (a total of 48
embryos). Based on the high survival rate of the sono-
porated embryos, further assessment of surviving em-
bryos after a longer incubation period was performed to
examine the influence on late embryogenesis. Approxi-
mately 60% of the sonoporated embryos survived for 7
days after the operation and reached HH stage 35-36
(sonoporated at HH stage 20-21). The sonoporated em-
bryos showed no morphological abnormalities, indicat-
ing that gene transduction using sonoporation caused
little damage to embryos.
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12 hours

3 hours 6 hours

24 hours

FIG. 4. Time course of GFP expression after sonoporation. pEGFP was transduced into chick limb buds by utilizing sonoporation at HH
stage 20-21. Brightfield photos of the transduced limbs are shown in a-d. a,e: Three hours after transduction, GFP expression was
detectable in the limb bud mesenchyme. The level of GFP expression progressively increased (b,f), reaching a plateau after 12 h of gene
transduction (c,g). d,h: The level of GFP expression decreased after 24 h of transduction. Scale bar = 1 mm.

Induction of Additional Digit Formation by Shh
Misexpression Using Sonoporation

In vertebrate limb buds, one of the embryonic signal-
ing regions is located at the posterior region of the limb
bud known as the zone of polarizing activity (ZPA; Saun-
ders and Gasseling, 1968). Signaling emanating from the
ZPA is involved in establishing the anteroposterior pat-
terning for the limb as suggested by many studies, in-
cluding ZPA grafts which induced mirror-image digit
duplication upon transplantation into the anterior limb
bud. Numerous functional studies have postulated Shh
as one of the key signals in this process (Riddle et al.,
1993). To further analyze the consequences of gene
transduction by sonoporation, we transduced the
PCAGGS-cShh vector with CMV promoter and chick
B-actin enhancer (Miyazaki et al., 1989) into anterior
limb bud mesenchyme with the GFP expression vector
at HH stages 20-21. Gli1 is one of the signaling genes of
the Shbh signaling pathway (Marigo et al., 1996). We
observed ectopic Glil expression at the injected site of
the limb bud (Fig. 5b), which indicated ectopic activa-
tion of the Shh signaling pathway in the transduced limb
bud mesenchymal region. The transduction efficacy was
confirmed by GFP expression after 12 h of transduction
(Fig. 6a), also examined by in situ hybridization for Shh
after 24 h of transduction (data not shown). The
PCAGGS-cShh transduced limb bud showed digit dupli-
cation (Fig. 6¢), with some phenotypic variations prob-
ably due to varying levels of $Shh misexpression. The
observed phenotypes varied from complete duplication

of digit 3 to incomplete digit 2 formation (Fig. 6¢; com-
plete digit 3 duplication; n = 3/12, complete digit 2
duplication; n = 6/12, incomplete digit 2 formation; n =
3/12). Mirror-image digit duplications, which have been
reported after ZPA grafts or high doses of SHH applica-
tion (Tickle, 1981; Yang et al., 1997), were not observed
in the current experimental conditions. Judged by pre-
vious reports on the estimation of SHH levels for the
degree of digit duplication, pCAGGS-cShh vector trans-
duction by the current sonoporation conditions may be
equivalent to the effects by the transplantation for
~35-79 ZPA cells (Tickle, 1981).

Exogenously Transduced GFP or LacZ Expression
in Various Chick Embryonic Tissues by
Sonoporation In Ovo

To assess the possibility of applying sonoporation for
analyzing various gene functions, gene transduction into
the branchial arch at HH stages 20-21, lateral plate
mesoderm at HH stages 15-16, neural tubes at HH stages
10-11, and surface ectoderms of limbs at HH stages
21-22 were performed by a single round of injection and
sonoporation (Table 1). Clusters of cells which express
GFP were detected in the branchial arch and the lateral
plate mesoderm after sonoporation into each mesen-
chyme similar to the trials for limb bud regions (Fig.
7a-d). Histological examination revealed prominent
LacZ expression in the mesenchyme of the branchial
arch and the lateral plate mesoderm. Sonoporation-me-
diated gene transduction into the neural tubes resulted
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Control

Gli1

pCAGGS-cShh

FIG. 5. Ectopic Gli1 expression by introducing of cShh expression vector (0)CAGGS-cShh). a: pEGFP was transduced into anterior limb
buds at HH stage 20-21 as a control. b: pPCAGGS-cShh was transduced into anterior limb buds at HH stages 20-21. Ectopic Gli1
expression was observed in the anterior limb bud only by pCAGGS-cShh transduction after 24 h of the gene transduction. The endogenous
Gli1 expression in the posterior region and distal most region of the limb bud was also observed (a,b). Scale bar = 1 mm.

in scattered GFP expression along the neural tubes,
probably due to the diffusion of the DNA-microbubble
mixture along the lumen of the neural tube (Fig. 7e,f).
Examination of the extent of the diffusion of the DNA-
microbubble mixture in several injected sites were mon-
itored (data not shown). Diffusion of the DNA-micro-
bubble mixture in the lumen of neural tubes or inside
limb mesenchyme was similar to the diffusion of an
equal amount of dye (1% FastGreen solution) injection,
indicating no enhancement or reduction of diffusion
after mixing with the microbubble solution (data not
shown). Electroporation, in contrast, enables electric
field-dependent expression of the introduced gene, as
typically observed for half-side specific expression in the
neural tube lumen. Gene transduction by electropora-
tion for developing neural tubes has been utilized to
analyze various gene functions (Okafuji et al., 1999;
Nakamura and Funahashi, 2001).

Endoh et al. (2002) reported gene transduction into
the cutaneous epidermis using sonoporation. To assess
the applicability of sonoporation for the embryonic sur-
face ectoderm, gene transduction was performed for
limb ectoderm. After injecting a DNA-microbubble mix-
ture adjacent to the limb ectoderm inside the amnionic
cavity, ultrasound exposure was immediately per-
formed. Scattered gene transduction at the surface of the
limb ectoderm was observed (Fig. 7g,h). In sum, the
current results indicate that sonoporation may be one of
the possible experimental approaches to study gene
functions during organogenesis.

Serially Transduced Exogenous Gene Expression
in the Developing Limb

Because of the high frequency and low tissue damage
after sonoporation, serial transduction of exogenous
genes was performed for developing chick embryos.
Given that a redundant genetic cascade may underlie
various organogeneses, elucidating several gene func-
tions in the same embryonic specimen is required. Thus,

serial gene transduction procedures were performed uti-
lizing several different types of approaches. Embryonic
specimens were treated twice with sonoporation-medi-
ated gene transduction (total 2 min of ultrasound expo-
sure in the case shown in Fig. 8). After transducing the
GFP gene into the anterior limb bud, transduction for the
posterior limb bud region was performed immediately
after the first gene transduction. As a result, specimens
were processed for two DNA-microbubble mixture in-
jections and sonoporations. Prominent two-sited GFP
expression was observed after such procedures (Fig. 8).
Such exposures did not result in embryonic damage or
morphological alterations. The survival rates of the trans-
duced embryos did not show significant deterioration after
such serial gene transduction (survival rate 82% after 48 h
of treatment; a total of 22 samples were treated).

Cotransduction of GFP and LacZ Expression
Vector Into Chick Limb Ectoderm

Examination of the tissues after cotransduction of two
expression vectors for the GFP and LacZ genes revealed
that a significantly high rate of the GFP-expressing tissue
regions coexpressed the LacZ gene in the case for ecto-
dermal sonoporation (Fig. 9). Sectioning through the
domains expressing exogenous genes revealed limb ec-
toderm tissues which coexpress two exogenous genes
upon such gene transduction by sonoporation (data not
shown). Although further analyses are necessary, rela-
tively high frequencies of coexpression of the trans-
duced genes in the target tissues may reflect the local-
ized exposure of the ultrasound at the local tissue
regions adjacent to the ultrasound probe.

DISCUSSION

Feasibility of the Gene Transduction Procedure
by Sonoporation

In this article, a new transient gene transduction pro-
cedure, sonoporation, was introduced. Generally, tran-
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12hrs after
Sonoporation

FIG. 6. Additional digit formation as a result of ectopic cShh expression. c: Additional digits were observed upon transducing pCAGGS-
cShh into anterior chick limb buds. a: pCAGGS-cShh and pEGFP were coexpressed to monitor gene transduction efficiency. GFP
expression was detected in anterior limb buds. b: Normal wing formation 12 h after sonoporation-mediated pEGFP transduction as a
control. ¢: Digit 3 duplication with truncated digit 2 formation. The asterisk shows a small cartilaginous element as previously reported
(Drossopoulou et al., 2000). Scale bar = 1 mm.

Table 1
Parameters of Gene Transduction Into Various Chick Tissues

DNA solution (wl):
micro-bubbles (ul)
(injection volume)

Survival rates 48 hours
after sonoporation

Transduced sites and
stages (HH stages)

Ultra sound exposure
Time (seconds)

Branchial arch 20 (l): 10 (wl) (0.25 wl 60 seconds 91% (11/12)
(HH stages 20-21)

Lateral plate mesoderm 20 (pl): 20 (wl) (0.25 wl 60 seconds 80% (8/10)
(HH stages 15-16)

Neural tube 20 () 20 (uly (0.2 i 10 seconds 50% (5/10)
(HH stages 10-11)

Ectoderm of limb 20 (wl): 20 (ly (1.0 b 10 seconds 100% (15/15)

(HH stages 21-22)

The parameters for gene transduction into various chick embryonic tissues are summarized. Gene transduction into the branchial arch,
lateral plate mesoderm, and ectoderm of limbs were performed with an ultrasound intensity of 2.0 W/cm? and duty cycle 20%. The
concentration of DNA solution was 1.0 png/pl. Survival rates were calculated among chick embryos during the 48 h after the operation.

sient gene transduction procedures are required to meet
several experimental conditions for various gene trans-
ductions. Electroporation has been claimed to possess
the advantage of requiring relatively simple experimen-
tal procedures (Yasugi and Nakamura, 2000). As a com-
parison, sonoporation also requires simple procedures,

as shown in this study. Because manipulating electric
fields by setting and positioning two electrodes is nec-
essary, it could be said that the implementation of sono-
poration may require even simpler setting of the ultra-
sound probe to the target tissue (Fig. 1lc,d). A
comparison of the efficacies of exogenously introduced
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FIG. 7. Gene transduction into various chick embryonic tissues by sonoporation with GFP or LacZ expression vector. a: pEGFP
transduction into the branchial arch at HH 20-21. GFP expression was detected in the proximal and posterior part of the second branchial
arch 12 h after gene transduction. b: LacZ expression in the branchial arch mesenchyme is shown by the white line in a. c: GFP expression
in lateral plate mesoderm 10 h after gene transduction. d: LacZ expression in the lateral plate mesoderm region and surface ectoderm is
shown by the white line in c. e: GFP expression in a neural tube 12 h after gene transduction. f: LacZ expression in the neuroectoderm is
shown by the white line in e. g: GFP expression in limb ectoderm 12 h after gene transduction. h: LacZ expression in limb ectoderm is

shown by the white line in g. Scale bar = 1 mm.

FIG. 8. Serial gene transduction into the developing limb. pEGFP
was introduced first to the anterior limb mesenchyme. A second
gene introduction into the posterior limb mesenchyme was per-
formed immediately after the initial transduction. GFP expression
was detected after 12 h of the transduction at both sites. Scale
bar =1 mm.

gene expression profiles for several organs revealed
some characteristic tendencies of sonoporation. Gene
transduction into the neural tube and limb ectoderm
often resulted in dispersed gene expression, possibly
due to diffusion of the microinjected microbubbles be-

FIG. 9. Cotransduction of GFP and LacZ expression vector into
chick limb ectoderm. Examination of the limb ectodermal tissues by
GFP and LacZ staining after cotransduction of two expression
vectors for GFP gene and LacZ genes. Equal amounts of each DNA
solution were mixed to make 1.0 png/pl solution. After cotransduc-
tion of the GFP and LacZ expression vector, GFP expression was
first monitored. Subsequently, LacZ expression was stained after
fixing the limb bud. The two images were photo-processed and
shown as overlaid images.

fore ultrasound exposure. Examination of the extent of
the diffusion for the injected DNA-microbubble mixture
was monitored (data not shown). Diffusion of the DNA-
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microbubble mixture in the lumen of neural tubes or
inside limb mesenchyme was similar to the diffusion of
injected dye (1% FastGreen solution; data not shown).
Gene transduction into branchial arches and limb bud
mesenchyme resulted in rather locally restricted gene
expression after the transduction. Because the sonopo-
ration procedure included microinjection as part of the
procedure accompanying possible diffusion, these re-
sults may imply that this procedure could be applicable
for mesenchymes with less cavitated structures. The
efficacy of gene transduction might also depend on the
nature of the cells in different regions, because neuro-
ectoderm and limb ectoderm cells tend to express ex-
ogenous genes after a relatively short period of exposure
to ultrasound (Table 1). Such regional differences includ-
ing several ectodermal regions and mesenchymal regions
should be further studied with different conditions for
sonoporation. As part of such differences of gene trans-
duction efficacy, it will be important to regulate the state
of diffusion or the retention of injected solution at the
operated site. Our previous results utilizing a higher
concentration of injected DNA, which increased the
viscosity of the DNA-microbubble mixture, failed to in-
crease gene transduction efficiency in neural tubes (data
not shown). Increasing viscosity of the injected mixtures
might also have affected several physicochemical char-
acteristics of cavitation and the disruption of the micro-
bubbles generated by ultrasound exposure, thus possi-
bly affecting the frequency of gene transduction.

Gene transduction efficiency mediated by sonopora-
tion could be affected by several parameters, including
selection of the stages and target regions of embryos and
the physicochemical nature of the injected solutions,
which may require further analyses.

Sonoporation-Mediated Gene Transduction Into
the Developing Limbs

The current study revealed that the developing limbs
of chick embryos may be one of the suitable target
tissues for molecular developmental analysis by sonopo-
ration. The developing limb bud has been investigated as
one of the major developmental systems for organogen-
esis (Izpisua Belmonte et al., 1991; Pizette et al., 2001,
Kardon et al., 2002; Tanaka et al., 2002; Trelles et al.,
2002). Chick embryos have been investigated in such
researches with electroporation or retrovirus-mediated
gene expression. Recently, gene transduction by electro-
poration utilizing various expression vectors has been
successfully performed to study gene functions in vivo
(Takeuchi et al., 1999). We performed sonoporation-
mediated gene transduction utilizing an expression vec-
tor, e.g., with the pCAGGS vector containing the chick
Shh gene. Transduction of Shh induced ectopic Glil
expression in the anterior limb bud, suggesting that
sonoporation may be useful for ectopic gain-of-function
studies for analyzing gene cascade during organogenesis.
In addition to the alteration of the marker gene expres-
sion upon Shh transduction, it resulted in limb dysmor-
phogenesis, e.g., duplication of digit 3. It is known that
an average of 79 ZPA cells grafted in the anterior limb

bud mesenchyme yielded digit 3 duplication (Tickle,
1981). Although the exact extent of the misexpressed
SHH level remains unclear, the sonoporated limb bud
specimen may represent a digit duplication plausibly
overexpressing a similar level of SHH. This result sug-
gests that sonoporation-mediated gene transduction may
be applicable to various molecular developmental anal-
yses.

Possible Advantages of Sonoporation as a Gene
Transduction Method

The current study revealed that embryonic toxicities
were observed to be significantly low after sonopora-
tion. In fact, no significant cell death was observed after
sonoporation treatment of embryonic limbs. For de-
cades, ultrasound exposure-assisted diagnosis has been
widely utilized for fetal diagnosis. As for microbubble
solutions per se, they have also been widely utilized for
blood vessel contrasting diagnosis. Because sonopora-
tion-mediated gene transduction is composed of proce-
dures including injection of DNA-microbubble mixtures
and subsequent ultrasound exposures, it is expected to
give cause a small amount of tissue damage after the
operation. In fact, it was confirmed that it could be one
of the suitable gene transduction methods manifesting
small amounts of embryonic damage. The current study
has shown that gene transduction into several embry-
onic organs is feasible. Judged by the simplicity and
small amount of damage caused by the procedure, this
method could also be utilized in combination with other
gene transduction methods. In fact, this procedure may
be regarded as one of the selectable strategies for ana-
lyzing gene cascades, because it enables serial gene
transductions. Although further analyses are necessary,
the relatively high frequency of coexpression of the
transduced genes may reflect the localized exposure of
the ultrasound at the tissue regions adjacent to the ul-
trasound probe. Retroviral gene transfer has often been
shown to be inappropriate for such purposes because of
the nature of viral infection. Due to interference of the
recombinant-virus-receptor interaction by the preceding
viral infection, serial gene transduction by the same sort
of retroviruses has been regarded as not useful due to the
nature of viral infection.

Thus, although further technical improvement will be
necessary, it may be possible to perform cotransduction
of exogenous genes and also serial gene transductions
into the target site by sonoporation.

In the current study, a 3 mm diameter ultrasound
emission probe was utilized for gene transduction into
embryos. Depending on the size of the target organ, the
selection and modification of the size and shape of the
ultrasound probes will be required. In addition to the 3
mm diameter, an ultrasound probe with a 1 mm diame-
ter is now under evaluation for gene transduction effi-
ciency in various embryonic organs (Ohta ef al., unpubl.
results). Adoption of smaller and finer ultrasound probes
might enable more restricted embryonic gene transduc-
tion with less tissue damage. Assessment of new kinds of
microbubble solutions will also be useful because of the
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potentially different physicochemical natures of the so-
lutions. Some new microbubble solutions possess posi-
tively charged microparticles, which might be useful for
stabilizing DNA upon gene transduction.

MATERIALS AND METHODS

Chick Embryos

Fertilized White Leghorn chicken eggs were pur-
chased from Marui Farm, Co. (Japan). Eggs were incu-
bated at 38.5°C and staged according to the Hamburger
and Hamilton classification (Hamburger and Hamilton,
195D).

Plasmid Construction and Preparation

pEGFP-C1 was purchased from ClonTech (Palo Alto,
CA). pEBActN-LacZ contains the coding region of LacZ
as an insert of HindII/BamHIcDNA fragment of the LacZ,
cloned into the pEBACtNII expression vector (Saeki et
al., 1998). pCAGGS-cShh was constructed by inserting
full-length chick Shh cDNA into the EcoRI site of the
pPCAGGS vector (Miyazaki et. al., 1989). Each plasmid
was purified using a Qiagen (Chatsworth, CA) plasmid
isolation kit. Plasmid DNA was dissolved in 10 mM Tris-
HCI (pH 8.0) at a concentration of 1.0 pg/pl.

Preparation of DNA-Microbubble Mixture and
Ultrasound Exposure

Optison (Mallinckrodt, San Diego, CA, purchased from
Nepagene Co., Japan) was used for the microbubble
solution. Optison is an albumin-shelled ultrasound con-
trast agent composed of perfluorocarbon-illed micro-
bubbles with an average diameter of 3-4 um (5-8 X 10%
bubbles/ml). Ten pl of a DNA solution, such as pEGFP-
Cl, pEBACtNII-LacZ, or pCAGGS-cShh, was diluted
2-fold with sterilized water and 10 pl or 20 pl of optison
was added, as described previously (Endoh et al., 2002).
The DNA-microbubbles mixture was injected into vari-
ous chick embryonic regions with a glass microneedle
made from a glass capillary tube (GD-1.2; Narishige,
Tokyo, Japan). The injected chick embryos were imme-
diately treated with ultrasound irradiation utilizing an
ultrasound probe (Sonitron 2000N, Rich Mar, Inola, OK,
USA) with a diameter of 3 mm. Optimal ultrasound
conditions are described in the text.

In Situ Hybridization for Gene Expression

Whole-mount in situ hybridization was performed
with digoxigenin-labeled probes according to standard
procedures. The probes were Shh (Riddle et al., 1993),
and Gli1 (Marigo et al., 1996).

LacZ Staining

pEBACtNII-LacZ was injected to the anterior region of
chick limb buds. After 12 h of gene transduction, em-
bryos were rinsed several times with PBS and fixed with
PBS containing 0.2% glutaraldehyde, 1% formalin, and
0.02% NP40 for 60 min at 4°C. They were washed four
times with PBS for 20 min on ice, incubated at 49.5°C for
50 min, and stained with a solution containing 20 mg/ml
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X-gal. Stained embryos were placed in Tissue Tek
(Sakura Finetek, Torrance, CA), embedded with paraffin,
and sections (5 pm) were counterstained with hematox-
ylin and eosin.

Skeletal Staining

Chick embryos (HH stages 35-36) were fixed with 4%
PFA overnight at 4°C, and then stained for 5 h with
Alcian blue solution (0.02% Alcian blue dissolved in a
mixture of 70% ethanol and 30% glacial acetic acid).
After staining, embryos were cleared with 1% KOH and
stored in 1% KOH with 50% glycerol.
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