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ABSTRACT We recently reported that exo-
genous DNA injected into testis as a liposome complex
can be transferred into the egg via sperm by natural
mating and integrated in the genome (testis-mediated
gene transfer: TMGT). Here, we studied the efficiency
of each of the several liposomes in associating foreign
DNA with sperm, the expression of an introduced gene
in early embryos, and the presence of the DNA in
fetuses and pups at different ages. The CMV/b-actin/
EGFP fusion gene, encapsulated with different lipo-
somes, was injected into rat testis, and spermatozoa in
the cauda epididymis were obtained 1, 4, and 14 days
after injection. We tested each of the 8 liposomes, and
found that only 2, DMRIE-C and SuperFect, led to the
detection of foreign DNA on all of the days examined,
with relatively higher ratios of rats having positive
sperm. By means of TMGT using either of those two
liposomes, more than 80% of morula-stage embryos
expressed EGFP, as observed by fluorescence micro-
scopy. Then we detected introduced DNA in the
progeny by PCR and Southern dot blot, and found that
the ratio of animals carrying the foreign DNA decreased
as they developed, and that only a part of postpartum
progeny were foreign-DNA-positive with high inci-
dence of mosaicism. These results suggest that,
although, the success rate is still limited, foreign
DNA could be integrated into the genome of the
progeny by TMGT at least under specific experimental
conditions, the efficiency of which depends largely
on the characteristics of the liposome. The results
also suggest that TMGT could be applicable to
fetal gene therapy as well as to the generation of
transgenic animals. Mol. Reprod. Dev. 60: 196±
201, 2001. ß 2001 Wiley-Liss, Inc.
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INTRODUCTION

Transgenic animals are recognized as a powerful tool
for analyzing the biological function of cloned genes
in vivo (Brinster et al., 1985; Hammer et al., 1985;
Palmiter and Brinster, 1986; Biery et al., 1988). Most of
these animals have been produced by microinjection of

DNA into pronuclei of fertilized 1-cell stage eggs. One of
the alternative ways is to use spermatozoa as vectors
for gene transfer (Brackett et al., 1971). Transgenic
mice and pigs have been produced by simply incubating
naked DNA with sperm cells and then using these
sperm cells for in vitro fertilization of oocytes (thus
called sperm-mediated gene transfer: SMGT) (Arezzo,
1989; Lavitrano et al., 1989; Atkinson et al., 1991;
Lauria and Gandol®, 1993; Zani et al., 1995).
Although, the capacity of the spermatozoa to capture
foreign DNA during in vitro incubation has been
intensively studied (Huguet and Esponda, 1999; Scia-
manna et al., 1999), the use of SMGT to produce
transgenic animals has had unstable, or even not
reproducible, results (Brinster et al., 1989; Maione
et al., 1998).

Another attempted approach to utilizing spermato-
zoa as vectors was to transfer foreign DNA to the
progeny via the testicular spermatozoa in vivo (testis-
mediated gene transfer: TMGT) (Anderson, 1984; Sato
et al., 1994; Ogawa et al., 1995). By this approach, DNA
was injected directly into the testis with the expectation
that testicular spermatozoa at various maturation
steps may be more susceptible to DNA transfection
than fully matured epididymal spermatozoa (Kim et al.,
1997). Along this line of study, we recently reported
that liposome-encapsulated DNA injected into the
testis could be transferred into the egg via sperm at
fertilization, and expressed in and transmitted to the
descendants (Chang et al., 1999a). We have also shown
that, in our method of TMGT, exogenous DNA injected
with liposomes is not integrated into the genome of the
sperm and that the integration occurs after fertilization
(Chang et al., 1999b). Thus, the validity of sperm as
vectors for TMGT appears to depend on a method
suitable for loading spermatozoa with foreign DNA.
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In recent years, cationic liposomes for transferring
DNA into cells have been much improved, though large
differences in ef®ciency have been reported among
various types of liposomes (Ochiya et al., 1999). In the
present study, we therefore ®rst examined the ef®-
ciency of each of the several liposomes in associating
foreign DNA with epididymal spermatozoa. Then, to
further establish optimum conditions for TMGT and to
®nd a reliable application of this method, we investi-
gated the expression of the introduced gene in early
embryos, as well as the existence of the DNA in fetuses
and pups at different ages. For these investigations, we
used the enhanced green ¯urescene protein (EGFP)
gene, a recently developed reporter gene (Cormack
et al., 1996), inserted in the strong expression vector
(Okabe et al., 1997).

MATERIALS AND METHODS

Preparation of CMV/b-Actin/EGFP and
Cationic Liposomes

The plasmid (pCX-EGFP) of the EGFP gene that
contains CMV enhancer, chicken b-actin promoter, and
the rabbit b-grobin 30 ¯anking sequence was generously
donated by Dr. M. Okabe, Genome Information Rese-
arch Center, Osaka University (Okabe et al., 1997). The
plasmid DNA was puri®ed by the Plasmid Puri®cation
System (Qiagen, Hilden, Germany). The plasmid was
linearized using Sall, puri®ed by phenol-chloroform
extraction, and ethanol-precipitated twice.

The cationic liposomes used in this experiment
were as follows. Lipofectin: N-[1-(2,3-dioleoyloxy)pro-
pyl]-N,N,N-trimethylammonium chloride (DOTMA)/
dioleoyl phosphatidylethanolamine (DOPE); Lipofect
AMIN: 2,3-dioleoyloxy-N-[2(sperminecarboxamido)
ethyl]-N,N-dimethyl-1-propanaminium tri¯uoroace-
tate (DOSPA)/DOPE; CellFECTIN: N,N,N,N-tetra-
methyl-N,N,N,N-tetrapalmitylspermine/DOPE, and
DMRIEC: 1,2-dimyristyloxypropyl-3-dimethyl-hydroxy
ethyl ammonium bromide (DMRIE)/cholesterol were
all obtained from Gibco BRL (Palo Alto, CA). Gene
transfer: N-(a-trimethyalammonioacetyl)-didodecyl-D-
glutamate chloride (TMAG)/DOPE was obtained from
Wako (Osaka, Japan). SuperFect: tris(2-aminoethyl)-

amine (TAEA) core polymidoamine (PAMAM) dendri-
mers were obtained from Qiagen (Hilden, Germany).
DOTAP: N-[1-(2,3-dioleoyloxy)propyl]-N,N,N,-trime-
thylammonium methylsulfaten (DOTAP) was obtained
from Boehringer Mannheim (Mannheim, Germany).
TransIT in Vivo (composition not announced) was
obtained from Mirus (Madison, WI).

Injection of Liposome-DNA Complexes
Into the Testis

Male rats (Wistar-Imamichi strain) 7±8 weeks of age
were purchased from Animal Reproduction Laboratory
(Omiya, Japan). The liposome-DNA complexes for the
TMGT method were prepared as follows. First, 10 mg
linearized plasmid DNA dissolved in HEPES buffered
saline (HBS) was mixed with each liposome to make
100 ml solution. The weight ratios of cationic liposomes
to DNA were determined by the respective manufac-
turers' recommendations (Table 1). The mixed 100 ml
solution without visible aggregates was incubated at
room temperature for 5±10 min. The entire solution
was drawn into a sterilized Hamilton microsyringe
with a 30 G needle, and injected into bilateral testes
(100 ml/side). Prior to being injected, the animals were
lightly anesthetized by ether, the scrotum was disin-
fected, and the skin was cut to make the testes visible
through the tunica muscularis. The tip of the needle
was ®rst placed near the rete testis through the rim
of the testis, and then withdrawn slowly while
liposome-DNA complexes were injected. The injection
speed was �100 ml/50 sec. After injection, the skin
was sutured.

Observation of EGFP Expression
in Early Embryos

Each male rat was mated with a proestrous female 4
days after an injection of liposome-DNA complex into
the testis. Four days after mating, each females' uterus
was ¯ushed with saline to collect the embryos. The
embryos, in a microdrop of saline, were observed by a
¯uorescence microscope (E800, Nikon) under a GFP
excitation light (490 nm).

TABLE 1. Conditions of DNA-Liposome Complexes

Liposome

Applied condition

DNA:Lipid ratioa DNA solutionb Lipid solutionb

SuperFect 1 mg: 5 ml 10 mg/50 ml 150 mg/50 ml
DMRIE-C 1 mg: 5 mg 10 mg/50 ml 50 mg/25 ml�25 ml HBS
LipofectAMIN 1 mg: 5 mg 10 mg/50 ml 50 mg/25 ml�25 ml HBS
Cellfectin 1 mg: 5 mg 10 mg/50 ml 50 mg/50 ml
TransIT in Vivo 1 mg: 1 ml 10 mg/10 ml 17 mg/10 ml�80 ml HBS
DOTAP 1 mg: 5 mg 10 mg/40 ml 60 mg/60 ml
Lipofectin 1 mg: 5 mg 10 mg/50 ml 50 mg/50 ml
Gene Transfer 1 mg: 50 nmol 10 mg 0.5 mmol/100 ml HBS

aThe weight ratios of DNA to cationic liposomes were determined by the manufacturers'
recommendations.
bDNA solution and Lipid solution were mixed and injected to each testis.
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PCR Analysis of the Sperm, Fetus,
and Offspring

Detection of injected DNA in the spermatozoa of the
cauda epididymis and the progeny was done by PCR
analysis. DNA was extracted from the spermatozoa at
1, 4, and 14 days after the injection of the liposome
DNA complexes, from whole fetus at day 14 post-coitus
(p.c.), and from tails or ®ngers of pups at 1±7 days,
2±3 weeks, and 1 month old. The tissues were resolved
in 500 ml of lysis buffer (30 mM Tris±Cl, 15 mM EDTA,
0.3% SDS) at 378C overnight. The DNA was puri®ed
by phenol-chloroform extraction and then ethanol-
precipitated.

The PCR primers designed to amplify a 548-bp
fragment the promotor sequence of the pCX-EGFP
costruct were as follows: 50-CTG CTA ACC ATG TTC
ATG CC-30 (50primer), 50-CGT TGT GGC TGT TGT
AGT TG-30 (30 primer). For a reaction mixture for use in
PCR, 25 ml of reaction bufer containing 10 mM Tris±Cl,
pH 8.3, 1.5 mM MgCl2, 50 mM KCl, 0.01% gelatin (Bio-
Rad, Hercules, CA), 200 mM of each of dATP, dTTP,
dGTP, and dCTP, 50 pM of each of two PCR primers
and 0.1 ml of Ampli Taq Gold polymerase at 5 U/ml
(Perkin-Elmer, Branchburg, NJ) were mixed with
0.25 mg of the extracted DNA. Respectively, 30 and 35
cycles of PCR ampli®cation for the spermatozoa and for
other tissues were performed with cycle times of 1 min
at 948C, 1 min at 608C, and 1 min at 758C. The reaction
mixture was then analyzed on a 1.5% agarose gel. The
gels were stained with ethidium bromide, and ampli®ed
DNA bands were visualized by ultraviolet trans-
illumination.

PCR and Southern Dot Blot Analyses of
the Liver and Tail of Neonates

In the separate experiment, pCX-EGFP was encap-
sulated with SuperFect and injected into the testis of
males, which were then mated with normal females.
The neonates thus obtained were subjected to the
analysis of foreign DNA in the liver and tail by PCR
followed by Southern dot blot. DNA samples were
isolated from the liver and tail of neonates of 1±7 days
old. First, DNA was analyzed by PCR as mentioned

above. Second, the positive samples by PCR were
further analyzed by Southern dot blot. Twenty micro-
grams of DNA from each sample was blotted onto
nitrocellulose ®lters. An EGFP probe of 732 bp was cut
out using Eco RI and puri®ed according to Kato et al.
(1999), and were labeled by [a-32P] dCTP using a
random priming labeling kit (Amersham, United King-
dom). Hybridization with the probe was performed in
hybridization mix (5�SSC, 2.5�Denhardt's reagent,
5 mM EDTA, 0.1% SDS, 10% dextran sulfate, 100 mg/
ml salmon sperm DNA) for overnight at 658C. The
®lters were washed in washing mix (2�SSC, 0.1%
SDS) for 20 min and were exposed to the Imaging Plate.
The signals were detected with FLA system (Fuji Photo
Film, Japan).

RESULTS

Detection of Foreign DNA in Epididymal
Spermatozoa

To evaluate the ef®ciency of liposomes for associating
DNA with spermatozoa, we ®rst examined the presence
of foreign DNA by PCR in epididymal spermatozoa
obtained 1, 4, and 14 days after intratesticular injec-
tion. As shown in Table 2, foreign DNA was already
detected 1 day after the injection when the DNA was
mixed with 6 out of 8 liposomes tested, though the ratio
of animals exhibiting positive signals varied according
to the liposome used. Similarly, 4 days after injection,
foreign DNA injected with most of the liposomes was
still detected in the sperm. On day 14, however, the
DNA was present only when injected with DMRIE-C,
SuperFect or Lipofectin. Without any liposome, foreign
DNA was not detected in epididymal spermatozoa at
any of the days examined. Thus, by using DMRIE-C
and SuperFect, the DNA was detected at any of the
days, with relatively higher ratios of animals having
positive sperm. We therefore used DMRIE-C and
SuperFect in the following experiments.

EGFP Expression in Early Embryos

Four days after the injection of a liposome-DNA
complex into the testis, each male was mated with a
normal female. Then, EGFP expression in embryos of

TABLE 2. Detection of Foreign DNA in Epididymal Spermatozoa

Liposome
1 daya

�/nb
4 days
�/n

14 days
�/n

DMRIE-C 2/2 3/3 1/3
SuperFect 2/2 2/3 3/3
LipofectAMIN 2/3 0/3 0/3
TransIT in Vivo 1/4 2/4 0/3
Cellfectin 1/3 1/3 0/3
DOTAP 1/4 1/4 0/3
Lipofectin 0/4 1/5 1/5
Gene Transfer 0/1 1/2 0/2
No liposome 0/2 0/2 0/1

aDays after intratesticular injection of DNA.
bNumber of rats having PCR-positive spermatozoa/Number of rats examined.
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day 4 p.c. was examined under a ¯uorescence micro-
scope. As shown in Figure 1, morula-stage embryos
with EGFP signal were observed. The ratios of EGFP-
positive embryos to the total number of embryos
examined were more than 80% when either SuperFect
or DMRIE-C was used (Table 3). With either of them,
however, some of the embryos showed mosaic expres-
sion. The ratios of mosaic embryos to total EGFP-
positive ones were 38% (DMRIE-C) and 16% (Super-
Fect).

Detection of Foreign DNA in Fetuses and
Offspring

Foreign DNA in fetuses of day 14 p.c., and offspring of
1±7 days, 2±3 weeks, and 1 month old were examined
by PCR. As shown in Figure 2, the PCR product, if any,
was obtained as a clear single band at the predicted size
in any of the experiments. Table 3 summarizes the

results of the PCR analysis. When SuperFect was used,
more than 20% of fetuses of day 14 p.c. were shown to
carry foreign DNA. After birth, at any of the ages
examined, around 5% of the offspring still had the
foreign DNA. On the other hand, in the case of DMRIE-
C, only 2.4% of the fetuses showed a positive signal, and
the signal disappeared after offspring reached 2±3
weeks of age.

In the separate experiment, DNA extracted from the
liver and tail of neonates was analyzed by both PCR
and Southern dot blot analyses. From the tail, foreign
DNA was detected in 5 of the 50 neonates examined by
PCR in this experiment (Table 4). The liver of one out of
these 5 animals was shown to carry the DNA by PCR.
Foreign DNA was detected in the liver and tail of only
this particular animal by Southern dot blot analysis
(Table 4, Fig. 3).

DISCUSSION

In the present study, we found that foreign DNA was
already detected in the sperm of the cauda epididymis
the day after intratesticular injection, when the DNA
was mixed with most of the cationic liposomes tested.
Since it takes more than 4 days for the sperm to descend
from the caput to the caude epididymis (Bedford, 1978),
the present observation suggests that the DNA injected
into the testis is carried to the epididyamis by the rete
testis ¯uid and then transferred through the epididy-
mis unaccompanied by the sperm. Yet cationic lipo-
somes seem mandatory for the processes, because
foreign DNA was not detected without liposomes. The
liposomes may facilitate the transport of DNA from the
interstitial space to the lumen of the seminiferous
tubules and/or the stability of DNA, and ®nally the
association of DNA with spermatozoa in the cauda
epididymis.

The foreign DNA remained in epididymal spermato-
zoa 4 days after intratesticular injection, but disap-
peared 14 days after injection in most cases. The DNA
was still present there, however, when DMRIE-C,
SuperFect or Lipofection had been injected. Especially,
DMRIE-C and SuperFect appear to be more ef®cient
than other liposomes in terms of associating DNA with
sperm: when these liposomes were used, the ratio of

TABLE 3. EGFP Expression or DNA Detection in the Progeny

Ages

DMRIE-C SuperFect

�/na (%) �/na (%)

Day 4 p.c.b 18/21 (85.7) 19/23 (82.6)
Day 14 p.c.c 1/41 (2.4) 10/44 (22.7)
1±7 day oldc 3/54 (5.6) 2/38 (5.3)
2±3 week oldc 0/43 (0) 4/74 (5.4)
1 month oldc 0/20 (0) 1/25 (4.0)

aNumber of positive samples/number of samples examined.
bEGFP expression by the ¯uorescence observation.
cDetection of pCX-EGFP DNA by PCR analysis.

Fig. 1. Representative microscopic ®gures of the morula-stage
embryos subjected to the TMGT method. Each male rat was mated
with a proestrous female rat 4 days after intratesticular injection of
pCX-EGFP DNA. At day 4 Post-coitus (p.c.), the uterus was ¯ushed to
collect embryos. The embryos in a microdrop of saline were observed
by a ¯uorescence microscope. Fluorescent images were taken under an
EGFP excitation light (490 nm). Int, Intact embryo. (A, B) Embryos
with mosaic ¯uorescent obtained by TMGT using DMRIE-C (A) and
SuperFect (B). (C, D) Embryos with uniform ¯uorescent obtained by
TMGT using DMRIE-C (C) and SuperFect (D).
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animals having foreign-DNA-positive sperm was
always relatively high. The ability of sperm cells to
take up foreign DNA, which is at least partially
mediated by speci®c DNA-binding protein on the sperm
surface, has been well documented (Spadafora, 1998).
But exactly how the liposomes are involved in this
process remains to be fully elucidated. Unlike other
liposomes, DMRIE-C and SuperFect do not contain
DOPE, and are multilamellar (Ochiya et al., 1999) and
dendrimer in shape, respectively. These characteristics
in composition and/or structure might be favorable for
associating foreign DNA with sperm.

Four days after normal females were mated with
males injected with a liposome-DNA complex into the
testis, embryos were collected and EGFP expression
was examined. More than 80% of the embryos were
found to express EGFP by TMGT when either DMRIE-
C or SuperFect had been injected, though some of
the embryos (16±38%) exhibited mosaic expression.
Kato et al. (1999) reported that �40% of morula-stage
embryos that had been subjected to pronuclear micro-
injection of the same gene construct used in the present
study were EGFP-positive, among which 62% showed
mosaic ¯uorescence. Thus, the ef®ciency in transfer-
ring foreign DNA into the egg is much higher by the
TMGT method than by the pronuclear microinjection
method. The reason for this difference may be that
foreign DNA is introduced into the egg under much
more physiological condition by the TMGT method,
using the sperm as a vector, than in the case with the
microinjection method. In addition, the difference in
the timing of the introduction of foreign DNA into
the egg between the TMGT method (at the time of
fertilization) and the microinjection method (after
formation of the pronucleus) could account for the
difference in the ratio of mosaic embryos. The high and
uniform expression of transgenes in early embryos
following TMGT suggests that TMGT could be applic-

able to fetal gene therapy for the rescue of embryonal
dysfunction and early organ damage as a result of
inherited genetic diseases or gene targeting.

At day 14 p.c., the ratio of fetuses having foreign
DNA, as detected by PCR, dramatically decreased from
the ratio at the earlier stages, indicating that most of
the foreign DNA could be excluded in the course of
embryonal development without integration into the
innate chromosomes. Expression of EGFP in most of
the early embryos might result from transient tran-
scription from the DNA of extrachromosomal form. As
well, transient expression of foreign genes has been
commonly observed in liposome-mediated DNA trans-
fection both in vitro (Bebok et al., 1996; Boulo et al.,
1996; Carballada et al., 2000) and in vivo (Relloso and
Esponda, 2000). Despite the precipitous decrease in
PCR-positive fetuses in the case of DMRIE-C, in the
case of SuperFect a considerable percentage of fetuses
still carried foreign DNA. Since percentages of EGFP-
positive embrvos were not different between the two
liposomes, it is dif®cult to interpret the large differ-
ence in PCR-positive fetuses on day 14 p.c. There
might be difference in the amount and/or status of
foreign DNA molecules in the cells between the two
cases, which were not re¯ected in EGFP expression on
day 4 p.c.

In the ®rst week after birth, about 5% of neonates
were shown to carry foreign DNA in the cases of
DMRIE-C and SuperFect. Thereafter, in the case of
SuperFect, but not in the case of DMRIE-C, the DNA
was still detected in the progeny during the whole
experimental period, up to one month of age. We also
observed in the separate experiment that foreign DNA
was detected by PCR in the tail of 10% of neonates
when it was injected into paternal testis with Super-
Fect. It should be noted, however, that the gene was
detected in the liver of only one ®fth of the neonates
with PCR-positive tail. In this particular animal,
foreign DNA could be detected in both the tail and
liver by Southern dot blot, suggesting that the animal
was transgenic. Thus, although there seemed to be
considerable numbers of mosaic animals after birth,
foreign DNA could be integrated into the genome of
the progeny by TMGT, at least under the speci®c
experimental conditions. Taking the convenience of
TMGT into account, this method could be promising
for generating animals, in particular transgenic farm
animals.

Fig. 2. Representative PCR analysis of genomic DNA from
littermate of 2-week-old pup littermates (Lanes 1±9) subjected to
TMGT using SuperFect. Note the presence of ampli®ed products of
548 bp derived from the pCX-EGFP DNA in lane 7. M, marker (f
X174/HaeIII digest); C, Nontransgenic control DNA; N, No DNA; P,
Positive control of pCX-EGFP DNA.

TABLE 4. Detection of Foreign DNA in the Tail and
Liver by PCR and Southern Dot Blot

Tissue
PCR
�/na

Southern dot blot
�/na

Tail 5/50 1/5b

Liver 1/50 1/5b

aNumber of positive samples/number of samples examined.
bSamples were obtained from rats with PCR-positive tails.

Fig. 3. Southern dot blot analysis of genomic DNA from the liver
(upper) and tail (lower) of neonates having PCR-positive tail. Note the
positive signal in lane 4.
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In summary, the present study demonstrated that
the great majority of early embryos expressed the
foreign gene by means of TMGT using speci®c lipo-
somes. Although the ratio of animals carrying the
foreign gene decreased as the animals developed, at
least a part of them was suggested to integrate the gene
into their own genome. The TMGT method could be
applicable to fetal gene therapy as well as to the
production of transgenic animals.

ACKNOWLEDGMENTS

We thank Dr. M. Okabe, Genome Information
Research Center, Osaka University, for the generous
gift of the vector plasmid pCX-EGFP.

REFERENCES

Anderson WF. 1984. Prospects for human gene therapy. Science
26:401±409.

Arezzo F. 1989. Sea urchin sperm as a vector of foreign genetic
information. Cell Biol Int Rep 13:391±404.

Atkinson PW, Hines ER, Beaton S, Mathaei KI, Reed KC, Bradley MP.
1991. Association of exogenous DNA with cattle and insert
spermatozoa in vitro. Mol Reprod Dev 29:1±5.

Bebok Z, Abai AM, Dong JY, King SA, Kirk KL, Berta G, Hughes BW,
Kraft AS, Burgess SW, Shaw W, Felgner PL, Sorcher EJ. 1996.
Ef®ciency of plasmid delivery and expression after lipid-mediated
gene transfer to human cells in vitro. J Pharm Exp Therapeutics
279:1462±1469.

Bedford JM. 1978. In¯uence of abdominal temperature on epididymal
function in the rat and rabbit. Am J Anat 152:509±522.

Biery KA, Bondioli KR, DeMayo FJ. 1988. Gene transfer by
pronuclear injection in the bovine. Theriogenol (Abstract) 29:224 p.

Boulo V, Cakoret JP, Le Marrec F, Dorange G, Miahle E. 1996.
Transient expression of luciferase reporter gene after lipofection in
oyster (Crassostrea gigas) primary cell cultures. Mol Marine Biol
Biotech 5:167±174.

Brackett BG, Baranska W, Sawichi W, Koprowski H. 1971. Uptake of
heterologous genome by mammalian spermatozoa and its transfer to
ova through fertilization. Proc Natl Acad Sci USA 68:353±357.

Brinster RL, Chen HY, Trumbauer ME, Yagle MK, Palmiter RD.
1985. Factors affecting the ef®ciency of introducing foreign DNA
into mice by microinjecting eggs. Proc Natl Acad Sci USA 82:4438±
4442.

Brinster RL, Sandgren EP, Behringer RR, Palmiter RD. 1989. No
simple solution for making transgenic mice. Cell 59:239±241.

Carballada R, Degefa T, Esponda P. 2000. Transfection of mouse eggs
and embryos using DNA combined to cationic liposomes. Mol
Reprod Dev 56:360±365.

Chang K, Ikeda A, Hayashi K, Furuhata Y, Nishihara M, Ohta A,
Ogawa S, Takahashi M. 1999a. Production of transgenic rats and
mice by the testis-mediated gene transfer. J Reprod Dev 45:29±36.

Chang K, Ikeda A, Hayashi K, Furuhata Y, Bannai M, Nishihara M,
Ohta A, Ogawa S, Takahashi M. 1999b. Possible mechanisms for the
testimediated gene transfer as a new method for producing trans-
genic animals. J Reprod Dev 45:37±42.

Cormack BP, Valdivia RH, Falkow S. 1996. FACS-optimized mutants
of the green ¯uorescent protein (GFP). Gene 173:33±38.

Hammer RE, Pursel VG, Rexroad CE Jr., Wall RJ, Bolt DJ, Ebert KM,
Palmiter RD, Brinster RL. 1985. Production of transgenic rabbit,
sheep, and pigs by microinjection. Nature 315:680±683.

Huguet E, Esponda P. 1999. Generation of genetically modi®ed mice
by spermatozoa transfectio in vivo: preliminary results. Mol Reprod
Dev (suppl) 56:243±247.

Kato M, Yamanouchi K, Ikawa M, Okaba M, Naito K, Tojo H. 1999.
Ef®cient selection of transgenic mouse embryos using EGFP as a
marker gene. Mol Reprod Dev 54:43±48.

Kim J, Jung-Ha H, Lee H, Chung K. 1997. Development of a positive
method for male stem cell-mediated gene transfer in mouse and pig.
Mol Reprod Dev 46:515±526.

Lauria A, Gandol® F. 1993. Recent advances in sperm cell mediated
transfer. Mol Reprod Dev 36:255±257.

Lavitrano M, Camaioni A, Fazio AM, Dolci S, Farace MG, Spadafora
C. 1989. Sperm-mediated gene transfer in mice. Mol Reprod Dev
50:406±409.

Ochiya T, Takahama Y, Baba-Toriyama H, Tsukamoto M, Yasuda Y,
Kikuchi H, Terada M. 1999. Evaluation of cationic liposome suitable
for gene transfer into pregnant animals. Biochem Biophys Res
Commun 258:358±365.

Ogawa S, Hayashi K, Tada N, Sato M, Kurihara T, Iwaya M. 1995.
Gene expression in blastocysts following direct injection of DNA into
testis. J Reprod Dev 41:379±382.

Okabe M, Ikawa M, Kominami K, Nakanishi T, Nishimune Y. 1997.
`Green mice' as a source of ubiquitous green cells. FEBS Letters
407:313±319.

Palmiter RD, Brinster RL. 1986. Germ-line transformation of mice.
Ann Rev Genet 20:465±499.

Relloso M, Esponda P. 2000. In-vivo transfection of the female
reproductive tract epithelium. Mol Hum Reprod 6:1099±1105.

Sato M, Iwase R, Kasai K, Tada N. 1994. Direct injection of foreign
DNA into mouse testis as a possible alternative of sperm-mediated
gene transfer. Anim Biol 5:19±31.

Sciamanna I, Piccoli S, Barberi L, Zaccagnini G, Magnano AR,
Giordano R, Campedelli P, Hodgson C, Lorenzini R, Spadafora C.
1999. DNA dose and sequence dependence in sperm-mediated gene
transfer. Mol Reprod Dev (suppl) 56:301±305.

Spadafora C. 1998. Sperm cells and foreign DNA: a controversial
relation. BioEssays 20:955±964.

Zani M, Lavitrano M, French D, Lulli V, Maione B, Sperandino S,
Spadafora C. 1995. The mechanism of binding of exogenous DNA
uptake. Exp Cell Res 217:57±64.

DETECTION OF TRANSGENE FOLLOWING TESTIS-MEDIATED GENE TRANSFER 201


	INTRODUCTION
	MATERIALS AND METHODS
	TABLE 1

	RESULTS
	TABLE 2
	Fig. 1
	TABLE 3
	Fig. 2
	TABLE 4
	Fig. 3

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

