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Various types of gene transfer into live tissues have
een tried. However, in vivo gene transfer into brain
issue or neuronal cells without virus vector has re-
uired a great effort. Particle-mediated gene transfer
nto live brain tissue was thought to be impossible
ecause of its fragility and the mechanical problem of
previous type of gene gun. In addition, particle-
ediated DNA transfer into monolayer-cultured cells
ithout mechanical damage has been difficult. We suc-

essfully transferred DNA into rodent live brain tissue
nd also into monolayer-cultured cells without me-
hanical damage by using a new type of gene gun and
lso confirmed gene expression in the brain. This new
ethod represents another variation of gene transfer

nto the brain. © 2000 Academic Press

Gene transfer methods are classified into two types,
iral and nonviral. A viral transfer method has a risk
n itself, because transfected viruses may revert to the
ild type even if they are replication-defective viruses.

n addition, neutralizing antibodies against viruses
uch as herpes and adenovirus exist naturally in
dults, and it is possible that these antibodies might
nterfere with the transfection of the viruses. To avoid
hese disadvantages of viral vectors, it is desirable that
ighly efficient nonviral gene transfer methods be
vailable. In terms of nonviral gene transfer, electro-
oration (1) is very hard to use for brain or cultured
euronal cells because of its potent cytotoxicity toward
euronal cells and possible danger of causing convul-
ions. Liposomes (2) also are cytotoxic. To express for-
ign genes in nondividing neuronal cells, DNA trans-
ection methods such as phosphate calcium precipita-
ion can be used, but are not very effective. Therefore,

1 To whom correspondence should be addressed. Fax: 81-45-783-
121. E-mail: kanno@med.yokohama-cu.ac.jp.
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ransgenic mouse are available for gene transfer into
euronal cells. However, the microinjection technique

s technically difficult, and it takes long time to gener-
te a transgenic mouse.
A particle-mediated gene transfer method, the so-

alled “gene gun,” was first applied to the transforma-
ion of plants tissues (3), which have strong cellular
alls. At high velocity, DNA-coated gold particles can
e injected efficiency by such guns into target organs,
issues, or single cells.

The Helios gene gun system (Bio-Rad) has been used
or transfection of DNA into organitypic cultures of
rain (4–6). However, the particle bombardment with
strong stream of helium gas causes severe damage to
onolayer-cultured cells (7) or to a fragile tissue such

s brain. The minimum gas pressure of the Helios gene
un is 100 psi, which can destroy the center of the
arget. The presently described PIGG-3 system was
esigned as a new apparatus for gene delivery into soft
issues. The principle of this system is as follows: A
ullet accelerated by helium gas strikes the upper sur-
ace of a metal plate which is dented by the impact, and
articles on the lower surface of the metal plate are
elivered to the target by the shock from the bullet. So
o harmful impact of helium gas can injure the target
ells or tissues.
Here we present a first report of successful gene

ransfer into live rodent brain tissue by use of this
mproved of type gene gun, PIGG-3, without severe
rain damage.

ATERIALS AND METHODS

PIGG-3 gene gun. The PIGG-3 system (Nippon Ikakikai Sei-
akusyo, Japan), which can release particles of adequate speed with-
ut gas impact on the target, was used. The plates, 5 mm in thick-
ess, were autoclaved. The bullet and plate were also made by
ippon Ikakikai Seisakusyo. The gold particles (Tokurikihonten,
apan) were 1 mm in diameter.
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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FIG. 1. Stability of DNA on gold particles treated with sonication. Lane 1, l HindIII digestion. Lane 2, untreated DNA. Lanes 3–5, soluble
NA. Lanes 6–8, dissolved DNA in TE after sonication of DNA-coated gold particles. Lanes 9–11, free DNA in TE after sonication of
recipitated DNA. Duration of treatment with Sonifer 250: 2 s (lanes 3, 6, 9), 5 s (lanes 4, 7, 10), 10 s (lanes 5, 8, 11). Free DNA in TE was
estroyed in longer duration of the treatment, but DNA on gold particles and precipitated DNA were stable even with long treatment.
t
d
p

FIG. 2. The center of a 203G cell culture subjected to gene
ransfer by use of the gene gun of the PIGG-3 system operated at the
aximum pressure of 160 psi. Black dots are gold particles. No
echanical damage was shown (3100).
164
FIG. 3. The center of a 203G cell culture subjected to gene
ransfer by the Helios-type gene gun. Remarkable gas mediated
amage to the center of the culture is evident. The pressure was 100
si (340).



v
a
fl
p
T
m
a
c
o
2
p
c
a
o
m
t
f
g
b
c
s
p

g
p
D

t
i
w
t

W
n
(
k
r
d
o
t
d
F
p
m
f
n

t
r
t

c
c
1

i
d

Vol. 270, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Preparation of injected DNA with the gene gun. The expression
ectors injected with the gene gun were pCMV b (Clontech, Japan)
nd pEFEGFP, reconstituted from pEF-BOS (8), encoding green
uorescence protein, GFP, derived from pEGFP-N1 (Clontech, Ja-
an). Before the shot, the DNA was attached to the gold particles.
he procedure for their preparation is described as follows: Five
illigrams of gold particles were added to 400 mg of 100% ethanol

nd then sonicated for 5 s with a Sonifier 250 (Branson, Japan). After
entrifugation and drying, the dry weight was measured. Then, 20 ml
f TE, Tris-EDTA, was added and sonication conducted for 5 s. DNA
0 mg was added to the particles 20 ml of the particles in TE and
recipitated with 100 ml ethanol and 4 ml of 3 M CH3COONa. After
entrifugation, the supernatant was removed. DNA on particles was
dded to 100 ml of 100% ethanol and sonicated for 2 s. Finally, 10 ml
f the solution containing DNA on gold particles was painted onto the
etal. Before shooting at the target, we sonicated the solution con-

aining the DNA on gold particles in order to disperse the particles
or equal gene delivery to the target cells. The stability of DNA on the
old particles or DNA pellet was examined by inspection of DNA
ands after electrophoresis on 0.6% agar in TBS. The stability was
ompared with that of free dissolved DNA. Five or ten seconds of
onication was employed to examine the stability of DNA on the gold
articles.

Gene transfer to cultured cells via the PIGG-3 system. A mouse
lioma cell line, 203G (9), was used for transfection with pCMV b and
EFEGFP. 203G cells were cultured in monolayer fashion with
MEM containing 10% FCS. At the semi confluent stage, the injec-

FIG. 4. Scanning electron microscope pictures of a 203G cell into w
n the cell are observed. However, not all particles penetrated the c
etected in one cell at this pressure of 160 psi. Left, 310000; right,
165
ion was performed with the gene gun of the PIGG3-system. The
njection pressure was set at 160 psi. The green fluorescence
as observed by fluorescence microscopy 24 h and 7 days after the

ransfection.
In addition, primary cultures of neuronal cells obtained from
istar rat brain were used for transfection with pCMV b. Cortex

eural cells were prepared as described previously (10). Wistar rats
of 17–18 days’ gestation) were anesthetized with diethyl ether and
illed by transection of the aorta. The cerebral hemispheres were
emoved from 8–12 fetuses and placed in cold Leibovitz L-15 me-
ium. After removal of the meninges, the hippocampi were dissected
ut, and the cortices were minced and incubated in PBS with 0.25%
rypsin for 12 min at 37°C. The cortical tissue was rinsed once and
issociated in 1:1 mixture of Dulbecco modified Eagle’s and Ham’s
-12 media supplemented with 5% FCS. Twenty-four hours after
lating, the medium was changed to a serum-free medium (Dulbecco
odified Eagle’s and Ham’s F-12 media supplemented with trans-

errin, insulin, progesterone, and selenite). For the present study,
eural cells cultured for 7 days were used.
X gal staining was performed 24, 48, and 96 h after the pCMV b

ransfection. The medium was removed just before the injection and
eplaced as soon as possible after the transfection. The distance from
he plate to the target was 5 mm.

The relationship between the pressure of released gold particles
onjugated with DNA and the mechanical damage to the cultured
ells was examined. The pressure was elevated up to a maximum of
60 psi. The mechanical damage was assessed by observation of the

ch DNA on gold particles was injected by the PIGG system. Particles
particularly agglutinated particles. One or more gold particles are

000.
hi
ell,
35



A
B

Vol. 270, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
FIG. 5. Expression of LacZ on cultured primary neural cells and 203G cells. pCMV b was transferred to the cells by the PIGG system.
pproximately 30% of the neurons and almost 100% of the 203G cells expressed lacZ, as found by Xgal staining, 24 h after the transfection.
lack dots are gold particles. Upper: 203G cells (340). Lower: neurons (3400).
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FIG. 6. Pictures of craniectomy of rodent skull with preservation of the superior sagittal sinus before (left) and after (right) adminis-
ration of DNA on gold particles. The surface of the brain appears to be gold in color after the administration (right).

FIG. 7. Fluorescent pictures of brain in horizontal section. Left: GFP plasmid on particles was administered by the PIGG system, and
reen fluorescence in the live brain tissues of all rats was detected. The expression was found 24 h and 7 days after the administration. Right:
nly particles were administered. No fluorescence was detected in the brain tissues. Original magnification, 340.
167



cultured neuronal cells under light and scanning electron micro-
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copes (S-3500N Hitachi, Tokyo).

The Helios-type gene gun. The Helios Gene Gun System (Nippon
io-Rad Laboratories, Japan) was used. DNA-coated gold particles

n a cartridge were accelerated by pressurized He gas and were
ransferred to the monolayer cultured 203G cells. The pressure was
et at 100, 150, 200, or 250 psi. Details of the method used are
escribed in the manual for the Helios Gene Gun or were given
reviously (7).

Gene transfer to rodent brain surface. Ten rats were given 3 mg/g
annitol before surgery to reduce the intracranial pressure. Under

eneral anesthesia with ether and hyperventilation, oval-shaped (12
m 3 7 mm) bilateral craniectomies were performed on 5 Wistar

ats with preservation of the superior sagittal sinus. The dura mat-
er was carefully removed under a microsurgical scope, and the
ortical surface was exposed. The GFP expression vector was deliv-
red by this PIGG-3 system. The injection pressure was set at 160
si. After the injection, an artificial dura was placed on the brain, the
kin was sutured and then the rats were returned to their cages.
wenty-four hours or 7 days after the delivery, the rats were decap-

tated and the removed brains were rapidly frozen and sectioned at
0 mm with a cryostat. Expression of GFP was examined by fluores-
ence microscope.

Immunohistochemical analysis. After blocking with PBS plus 5%
onfat dry milk, the sliced sections of the GFP-transfected brains
ere labeled with mouse anti-glial fibrillary acidic protein (GFAP)
Ab (Dako, Code No. M761) as a marker for astrocytes or rabbit

nti-neurofilament 200 mAb (Sigma, Product No. N4142) as a
arker for neurons. The sliced sections were washed twice with PBS

nd added blocking buffer containing secondary antibody which was
hycoerythrin conjugated anti-mouse Igs or Texas-Red conjugated
nti-rabbit Igs. Specificity of antibody binding was examined by
taining with isotype-matched antibodies as negative controls for
rst mAb and followed by staining with fluorescence conjugated
econd Ab.

Approval of the animal study. This study was approved by our
nstitutional animal care and use committee.

ESULTS

tability of DNA on Gold Particles

There was no difference in particle dispersion be-
ween 5 and 10 s of sonication as judged by observation
ith a light microscope. Therefore, 5-s sonication was

ufficient time to disperse the particles. Electrophore-
is of sonicated DNA on gold particles showed a defi-
ite band of DNA. On the other hand, electrophoresis
f sonicated free DNA showed a dispersive pattern of
NA. These results showed that 5-s sonication broke

ree dissolved DNA but that DNA on gold particles was
table against 5- or 10-s sonication (Fig. 1).

ittle Mechanical Damage to Monolayer-Cultured
Cells Caused by the PIGG-3 System

When the center of monolayer cultures was targeted
y the PIGG-3 system at the maximum pressure of 160
si, 203G cells or neural cells subjected to the gene gun
ediated DNA delivery showed little mechanical dam-

ge when observed by light or electron microscopy.
old particles were detected in the cells at the pressure
f 160 psi (Figs. 2 and 4); however, they rarely pene-
168
ddition, we found that aggregated particles forming
igger complexes could injure the targets. To reduce
his injury, we sonicated the gold particles just before
ainting onto the metal plate. 203G cells shot with
articles from the Helios Gene Gun were lost in the
entral area of the culture even at the lowest pressure,
00 psi (Fig. 3).

ene Transfer to Monolayer-Cultured Cells

In the gene transfer to monolayer cells with the
IGG3-system, the cultured cells, even if shot by the
aximum pressure of 160 psi, showed no mechanical

amage. Primary cultured neurons of rat brain and
03G cells were transfected with pCMV b. 203G cells
ere also delivered the GFP gene in pEFEGFP. Pro-

ein expression of lacZ was found in approximately
0% of the primary neurons and in almost 100% in
03G cells (Fig. 5). GFP was expressed strongly in
03G (data not shown).

n Vivo Gene Transfer to Rat Brain

Craniectomy preserving superior sagittal sinus to
xpose the rat cortical surface was performed. Green
uorescence were detected in all horizontal sections of
rains on the side where pEFEGFP was delivered by
he PIGG-3 system in horizontal section. The expres-
ion period was at least 7 days. On the other hand, no
uorescence was detected when only particles were
dministered to the opposite side of the same rat’s
rain (Figs. 6 and 7). Protein expression was found to
ccur to a depth of 100 mm from the surface in coronal
ections and was detected in astrocytes (Fig. 8), but few
FP were shown in neurons (data not shown).

ISCUSSION

We compared the transfection of neurons in primary
ulture by the gene gun to that by herpes virus. Most of
he neurons expressed lacZ protein after herpes virus
ransfection, but the cells were shrunk or lost their
endrites because herpes virus itself was cytotoxic
data not shown). Only 30% of the neurons expressed
he lacZ gene delivered by the gene gun were detected,
ut the neurons were not remarkably changed morpho-
ogically after the transfection (Fig. 5).

Gene gun-mediated gene transfer can directly ad-
inister DNA into the nucleus of a cell and can lead to

xpression of foreign genes even in nondividing neuro-
al cells. This type of transfer method has several
dvantages: simple and rapid procedure of transfec-
ion, availability for all species of cells, small volume of
NA, many target cells hit by one shot, different from

he microinjection method, and higher efficiency of
ene transfection rate than attenuated by electropora-
ion or lipofection. Thompson et al. reported that the
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uciferase activity by gene-gun mediated gene transfer
as 2000 to 10000 times greater than that by other
ene transfer systems (11).
It has been very hard to transfer DNA to the brain of

iving mammals, for this brain surface is so fragile to
eceive a particle-mediated gene from a conventional
ene gun such as the Helios type (Bio-Rad) (4, 5). Bom-
ardment with particles in a strong stream of helium gas,
hich occurs with these guns, causes severe damage to

ultured cells or tissues (7). Approximately 130 psi is the
inimum pressure of the Helios gene gun and even it

ause severe damage to the center of the target.
The PIGG-3 system has a great advantage when used

n the fragile target tissues as well as on monolayer
ultured cells compared with the Helios-type one. That is,
t can release particles of sufficient speed without the
as impacting the target, as described earlier. Thus, no
armful gas injury to the target cells or tissues occurs.

FIG. 8. GFP plasmid was administered by the PIGG system. Fluo
een in 100 mm depth from the surface. Middle: Immunofluoresc
hycoerythrin-conjugated anti-mouse Igs. Lower: The cells expressi
cation, 3400.
169
Even using this system, we found that the target was
amaged when aggregated particles were present. The
ells were pressed by them and given a critical injury
n monolayer cultured cell. Furthermore, aggregated
articles were so heavy that they could penetrate
eeper in brain tissue or agarose gel as previously
escribed (7). The routes which they passed through
esulted in laceration of the tissue. To reduce these
njuries, we dispersed the particles by sonication just
rior to paint to the metal. Although dissolved DNA in
uffer was broken by a few seconds of sonication, the
NA on particles or precipitated DNA was stable
gainst even ten seconds sonication. Thus we estab-
ished a method for very low damage gene transfer
ith this gene gun.
Most of the cells that expressed GFP in brain tissue
ere astrocytes (Fig. 8), but not neurons. The neuronal

ransfection using the particle-mediated gene transfer

cent pictures of brain in coronal section. Upper: GFP expression were
e showing staining with anti-GFAP. Secondary antibodies were

GFP colocalized with GFAP-expressing astrocytes. Original magni-
res
enc

ng
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ivo system, we could not transfer gene into neurons.
he reason may be thought as follows. The particles
ere able to reach 100 mm in depth from the surface of

he brain, which was the molecular layer. The molec-
lar layer, which are the most upper layer of the cere-
rum in histological analysis, consist of the glia cells
nd process of the neurons, but few neuronal cell bod-
es. So it was eligible that the expression was found in
nly glia cells. We do not know how long the protein
an be expressed, although expression was still de-
ected at least 7 days after the transfection.

Previously in vivo gene gun-mediated gene transfer
o many organs was reported, the target organs being
kin (12), oral mucosa (13), liver, pancreas (14), muscle
15), kidney, mammary gland (16), and testis (17).

This PIGG-3 method should significantly expand the
sefulness of particle-mediated gene transfer into fragile
issues, especially brain, for gene therapy. For example,
umor suppressor gene (18), tumor angiogenesis factor
nhibitor gene (19), and cytokine genes such as interferon
ene (2, 20) and interleukin gene (21) may be useful for
umor therapy. After removal of a malignant brain tu-
or, the use of the PIGG-3 system for injection of such

enes into the wall of the cavity formed by the removal of
he tumor by a gene gun may be effective for killing
nvasive tumor cells. Also, stereotaxic injection of ty-
osine hydroxylase gene (22) into the striatum with a
ene gun may be effective against Parkinson’s disease.
ther applications of gene transfer to brain tissue with

uch a gene gun can also be envisioned.
Gene transfer using the PIGG-3 gene gun may well

rove to be very useful as an alternative method for
ene transfer into brain tissue.
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