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Summary. Species of small fish are becoming useful tools
for studies on vertebrate development. We have investi-
gated the developing embryo of the Japanese medaka
for its application as a transient expression system for
the in vivo analysis of gene regulation and function.
The temporal and spatial expression patterns of bacterial
chloramphenicol acetyltransferase and galactosidase re-
porter genes injected in supercoiled plasmid form into
the cytoplasm of one cell of the two-cell stage embryo
was promoter-specific. The transient expression was
found to be mosaic within the tissue and organs reflect-
ing the unequal distribution of extrachromosomal for-
eign DNA and the intensive cell mixing movements that
occur in fish embryogenesis. The expression data are
consistent with data on DNA fate. Foreign DNA per-
sisted during embryogenesis and was still detectable in
some 3- and 9-month-old adult fish; it was found in
high molecular weight form as well as in circular plasmid
conformations. The DNA was replicated during early
and late embryogenesis. Our data indicate that the devel-
oping medaka embryo is a powerful in vivo assay system
for studies of gene regulation and function.
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Introduction

A central problem in developmental biology is how ex-
pression of those genes which are instrumental in the
development of an organism is regulated. Fish have
proven to be advantageous in the study of developmen-
tal processes (for a review see Powers 1989): most species
produce an abundance of eggs which are of relatively
large size, embryogenesis proceeds quickly through mor-
phologically distinct and clearly defined stages and, be-
cause of the transparency of the embryo, development
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can be observed relatively easy allowing, for example,
cell lineage studies (Streisinger et al. 1981 ; Kimmel and
Warga 1988). In addition, fish offer the possibility of
combining genetic and molecular approaches for the
study of developmental processes in vertebrates in gener-
al, similar to successful strategies that have elucidated
the mechanisms of early embryogenesis in Drosophila.
This has recently led to the isolation and structural char-
acterisation of homeotic genes (Eiken et al. 1987; Fjose
et al. 1988; Njolstad et al. 1990), growth hormone genes
(Sekine et al. 1985; Agellon and Chen 1986; Gonzales-
Villasenor et al. 1988) and metallothionein genes (Bon-
ham et al. 1987) in fish. Another aspect of the molecular
basis of fish embryogenesis is the function and regula-
tion of potentially oncogenic genes which are assumed
to regulate normal developmental processes (Wittbrodt
et al. 1989; Vielkind et al. 1989; Schartl et al. 1991). Sev-
eral such proto-oncogenes have been isolated (Nemoto
et al. 1986; Van Beneden et al. 1986; Hannig et al. 1991)
and a large number of potentially important develop-
mental genes of all kinds may be expected in the near
future.

For functional analysis of regulatory regions of devel-
opmental genes, an in vivo system rather than an in
vitro assay is required. Generally, for such analyses, sta-
ble transgenic animals have been produced in Caenor-
habditis elegans (Fire 1986), sea urchins (Flytzanis et al.
1985), Drosophila (Rubin and Spradling 1982), Xenopus
(Etkin et al. 1984), mouse (Palmiter and Brinster 1986
Jaenisch 1988), and recently in fish (for a review see
Maclean et al. 1987; Stuart et al. 1988 ; Guyomard et al.
1989). However, stable transgenic systems have several
limitations: (1) production of stable transgenic lines is
time consuming and therefore only a limited number
of regulatory sequences can be tested; (2) integration
site and integrated copy number can obscure the true
characteristics of such sequences; and (3) genomic im-
printing, as reported in the mouse (Surani et al. 1988),
may additionally alter the expression of the transgene.

Transient expression systems, on the other hand, may
not be affected by these disadvantages. Therefore, they
represent alternative test systems and have been success-
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fully employed in gene regulation and gene function stu-
dies in Drosophila (Steller and Pirrotta 1984; Martin
et al. 1986) and sea urchins (McMahon et al. 1985). In
Drosophila it was shown that the introduced DNA is
expressed in a temporally and tissue-specific manner
(Steller and Pirrotta 1984; Martin et al. 1986). In verte-
brates, Xenopus oocytes and embryos have been used
as transient expression systems. However, expression of
foreign DNA was only examined in early embryogenesis
at the midblastula stage (Etkin and Balcells 1985) or
up to early tailbud stage (Krone and Heikkila 1989).

In fish there has so far been only one single report,
showing that foreign DNA microinjected into the ferti-
lized egg of the medaka fish can be transiently expressed
during development (Chong and Vielkind 1989). This
and earlier attempts to use the medaka for production
of stable transgenic fish (Ozato et al. 1986, 1989) sug-
gested that this organism might be a suitable experimen-
tal system for gene transfer experiments, because it was
shown that the medaka embryo is easier to micromani-
pulate and to inject, and tolerates a wider concentration
range of injected foreign DNA than other species com-
monly used for fish developmental biology, e.g. the ze-
brafish (Stuart et al. 1988 ; Vielkind et al. 1990).

In this report we have microinjected the chloram-
phenicol acetyltransferase (CAT) and the /acZ genes as
reporter genes driven by various heterologous and ho-
mologous transcriptional control regions into fertilized
eggs of the Japanese medaka. We document that this
system can be used as an in vivo system for the analysis
of sequences regulating gene expression during ontogen-
esis.

Materials and methods

Egg collection and embryo culture. Oryzias latipes (Te-
leostei: Cyprinodontidae) were purchased from Carolina
Biological Supply Company (Burlington, North Caro-
lina, USA). Adult fish were maintained under standard
conditions (Kirchen and West 1976) with an artificial
photoperiod of 10 h darkness to 14 h light to induce
reproductive activities. Clusters of fertilized eggs were
collected 1-2 h after the onset of light and kept in Yama-
moto Ringer saline (0.75% NaCl, 0.02% KCl, 0.02%
CaCl, pH 7.3; Yamamoto 1961) prior to injection. In-
jected medaka embryos were reared in a medium con-
taining 0.1% NaCl, 0.003% KCl, 0.004% CaCl,-2H,0,
0.016% MgSO,-7H,0, 0.0001 % methylene blue (Rugh
1962) and transferred to aquarium water immediately
after hatching.

Reporter gene constructs. All constructs were tested for
fidelity of expression in vitro prior to the embryo injec-
tion experiments (data not shown).

1. Chloramphenicol acetyltransferase (CAT) plasmids.
pCMVTKCAT (Altschmied, Schulz and Renkawitz, un-
published). A 700 bp Akl fragment containing the hu-
man cytomegalovirus enhancer (CMV) was cloned in
front of the thymidine kinase (Tk) promoter from herpes

simplex virus, fused to a CAT gene which was followed
by the simian virus 40 (SV40) polyadenylation signal.
The Tk-CAT transcription unit is contained within
pBLCAT2.

phMTIIA-CAT (Friedenreich and Schartl 1990) was
constructed by cloning the 835 bp human metallothion-
ein ITA (hMTy,) HindlII-Ncol promoter fragment from
p84H (Karin and Richards 1982) in front of the CAT
gene of pBLCAT?2, after excision of the Tk promoter,

pX47CAT (Friedenreich and Schartl 1990) contains
830 bp of a promoter (X47) from the platyfish Xipho-
phorus maculatus in front of the CAT gene. The promot-
er shows some similarity to the consensus sequence for
metal responsive elements (Karin and Richards 1982)
and contains TATA, CAAT and SP1-like sequence mo-
tives. Plasmids were originally constructed by cloning
the 830 bp EcoRI-Hindlll fragment of X47 into the 5
polylinker of pBLCAT2, after excision of the Tk pro-
moter.

pBLCAT2 (Luckow and Schiitz 1987) contains the
Tk promoter from herpes simplex virus in front of the
CAT gene.

pBLCAT3 (Luckow and Schiitz 1987) contains the
CAT gene without any functional promoter sequences.

2. B-Galactosidase (lacZ) constructs. pSV40/2lacZ (B.
Schmidt and J.R. Vielkind, unpublished) contains the
SV40 ori/early promoter region in front of the lacZ gene.
The contruct is a modified pCH110 plasmid (Pharma-
cia), due to an additional SV40 polyadenylation signal.

pRSVlacZ (Altschmied, Schulz and Renkawitz, un-
published) contains the 600 bp HindIII-Ndel fragment
of the Rous sarcoma virus long-terminal repeat
(RSVLTR) (Gorman et al. 1982a) in front of the lacZ
gene and the SV40 polyadenylation site.

Preparation of plasmid DNA. Plasmid DNA was extract-
ed according to a modified boiling method (Holmes and
Quigley 1981). Lysis was performed in STET (8% su-
crose, 0.5% Triton X-100, 50 mM TRIS-HCI pH 8.0,
50 mM EDTA) and 10 mg/ml lysozyme by boiling for
1 min. After high speed centrifugation and phenol-chlo-
roform extraction, the crude nucleic acids were precipi-
tated with isopropanol and subjected to an ethidium
bromide-CsCl centrifugation step. Plasmid DNA was
obtained after purification by two successive CsCl-ethi-
dium bromide equilibrium density centrifugations.

Microinjection. Microinjection was performed essentially
as described (Chong and Vielkind 1989). Approximately
500 pl (equivalent to 25 pg) of supercoiled plasmid DNA
were microinjected into the cytoplasm of one cell of a
two-cell stage medaka embryo. DNA was dissolved to
a final concentration of 50 pg/ml in Yamamoto Ringer
saline containing 0.1% phenol red, to follow the injected
solution. Injections were done under a Zeiss stereomic-
roscope under a magnification range of 30-50 x using
glass capillary needles (3-5 pm in diameter) mounted
on a micro-manipulator (Leitz). Constant pressure for
injection was provided by an Eppendorf micro-injector.
During injection embryos were held in egg-size wells of



a 1.5% agarose bottom submerged in Yamamoto Ringer
saline (Yamamoto 1961).

Preparation of genomic DNA. Three embryos per exam-
ined stage were pooled and DNA was extracted accord-
ing to the method described by Olson et al. (1979). Sam-
ples were homogenized in 150 pl buffer containing 1 M
sorbitol, 0.01 M EDTA and 0.1 M sodium citrate
pH 5.8. After addition of 350 pul buffer containing 3%
Sarkosyl and 0.5 M TRIS pH 9.0, lysis was performed
at 65°C for 15min. DNA from untreated medaka
(0.5 pg/sample) was added as carrier. Following phenol-
chloroform extraction, the DNA was precipitated with
0.8 vol of isopropanol. Half of each DNA sample was
digested with a restriction enzyme that cuts the plasmid
only once; the other half was analyzed undigested.

For slot-blot analysis, DNA was extracted from three
different parts of the body (anterior: head; central: liver
and heart; posterior: muscle of trunk region) of 2- to
3-month-old fish. Tissues were homogenized in 20 mM
EDTA, 50 mM TRIS HCI pH 7.8, 100 mM NaCl, 1%
SDS, 0.2 mg proteinase K and lysed for 2 h at 37° C.
The DNA was purified by phenol-chloroform and
isopropanol-butanol (3:7) extractions.

Southern blotting and hybridization. After staining with
ethidium bromide, the gels were treated for 20 min with
0.25 M HCI. DNA was transferred to nylon membranes
(Genescreen plus, Du Pont, or Hybond N*, Amersham)
using the alkaline transfer method (Reed and Mann
1985). A 1.3 kb fragment containing part of the CAT
gene and the SV40 polyadenylation signal was labelled
with Klenow polymerase by extension of random hex-
amer primers (Feinberg and Vogelstein 1983).

Filters were hybridized in 50% deionized formamide,
0.1 mg/ml calf thymus DNA, 0.1% sodium pyrophos-
phate, 50 mM TRIS HCI pH 7.5, 5 xSSC, 1% SDS and
5x Denhardt’s solution at 42° C for at least 24 h (ap-
prox. 1.5x 107 cpm per filter). Filters were washed up
to two times in 0.1 x SSC/1% SDS at 68° C.

Slot-blot analysis. DNA was denatured by incubation
in 0.3 M NaOH at 65° C for 1 h. After cooling to room
temperature the samples were neutralized with 1 vol of
2 M ammonium acetate pH 7.0, and applied in a Mini-
fold blotting apparatus (Schleicher and Schiill) onto a
Nytran membrane (Schleicher and Schiill). Slots were
washed with 1 M ammonium acetate. Hybridization
with the probe described above was done in 3 x SSC,
10 mM TRIS HCI pH 7.5, 10 mM EDTA, 0.5% SDS,
1 x Denhardt’s solution and 0.1 mg/ml yeast tRNA at
68° C for 12 h. Filters were washed in 0.1 x SSC/0.1%
SDS at 60° C.

CAT assay. Single embryos or hatchlings were homoge-
nized in 250 mM TRIS HCI pH 7.8, and subjected to
three cycles of freeze-thawing. The protein extract was
obtained after centrifugation at 4° C and incubated for
2.5h at 37° C with 2 ul !'%C-labelled chloramphenicol
(Amersham ; 54 mCi/mmol, 200 uCi/ml) and 20 pl of an
aqueous acety! coenzyme A solution (3.4 mg/ml) (Gor-
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man etal. 1982b). After extraction with ethylacetate,
the reaction products were dried down in a speed-vac,
redissolved in ethyl acetate and spotted on TLC plates
(Polygram, Macherey-Nagel, Diiren). The reaction
products were separated by TLC in a chloroform-metha-
nol mixture (95:5) for 50 min. The plates were air-dried
and scanned in a TLC linear analyzer (Berthold, Wild-
bad) to determine CAT conversion values. Under these
conditions, CAT conversion values of up to 98% were
obtained using undiluted extracts. Due to the known
fact that values above 70% are not linear with respect
to substrate conversion, such conversion rates might be
indicative of even higher CAT expression.

5-Bromo-4-chloro-3-indolyl ~ B-D-galactopyranoside (X-
Gal) staining. Embryos were fixed for 30 min at 4° C
in 1% paraformaldehyde, 0.2% glutaraldehyde and
0.02% Nonidet P40 in PBS. After washing in buffer con-
taining 10 mM sodium phosphate, 150 mM NaCl and
1 mM MgCl, the chorion and yolk sac were removed
with fine forceps. Embryos were stained for at least 2 h
at 37° C in a solution containing 10% DMSO, 5mM
K4[Fe(CN)g], 5 mM K ;[Fe(CN),] in washing buffer (see
above).

Results
Fate of injected DNA

In total, 3000 embryos have been injected with different
constructs for the determination of the fate of DNA
and expression studies. The survival rate of the injected
embryos 2 weeks after injection (at hatching stage) was
70% compared to 78% of non-injected control embryos.

To follow the fate of the injected DNA,
pCMVTKCAT plasmid DNA was injected into the em-
bryos and analyzed by Southern blot hybridization
(Fig. 1). Circular plasmid DNA was used because it has
been shown in mammals in vitro (Weintraub et al. 1986)
as well as in Xenopus oocytes (Harland et al. 1983), that
higher expression of the introduced DNA is obtained
if transfected in circular rather than in linearized form.
Similarly, there are indications that this is also true in
fish (Chong and Vielkind 1989; J.R. Vielkind, unpub-
lished data). The different conformational forms and
the relative amounts of these were confirmed in indepen-
dent experiments using topoisomerase I-treated DNA
from the injected embryos (data not shown). The DNA
preparation prior to injection consisted predominantly
of plasmid in supercoiled (RF I) and relaxed (nicked
open circular, RF II) form with minor amounts of plas-
mid multimers. Immediately after injection (0 min) the
plasmid DNA was found to be mainly in a relaxed form
(covalently closed circular, RF IV) pointing to confor-
mational changes by shearing forces during the injection
procedure. Nevertheless, RF I and RF II form plasmid
DNA could be detected. As early as 1 h after injection,
an increase in the amount of RF I and RF II form plas-
mid DNA was observed while RF IV decreased. Ad-
ditionally, a linearized form of the injected plasmid
was visible at this stage, which persisted through the
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Fig. 1. Southern blot analysis of DNA extracted from various em-
bryonic stages derived from two-cell stage embryos injected with
pCMVTKkCAT plasmid DNA. 100 pg supercoiled (lane 1), 50 pg
linearized pCMVTKCAT (lane 2) and aliquots of DNA extracted
from 1.5 embryos injected with pPCMVTKCAT (lanes 3-13) or from
untreated adult medaka (lane 14) were electrophoresed and hybrid-
ized after blotting with a 32P-labelled 1.3 kb fragment containing
part of the chloramphenicol acetyltransferase (CAT) coding se-
quence and the SV40 polyA signal. Each DNA sample also con-
tained 250 ng carrier DNA from adult, untreated medaka. DNA
in lanes 3-13 was from embryos 0, 1 h, 6 h, 22 h, 2-8 days, and
9 days after plasmid DNA injection. A, plasmid in supercoiled

first 3 days of development. The total amount of
pCMVTKCAT DNA increased to a maximum after ap-
proximately 24 h, accompanied by the appearance of
plasmid multimers (concatemers and concatenates). In-
terestingly, a hybridization signal was also observed in
the fraction which comigrates with high molecular
weight (hmw) DNA of the recipient. Between 2 and
6 days after injection a decrease in the different forms
of pCMVTKCAT was observed. A second peak in the
amount of DNA, predominantly the hmw form, was
observed at day 7. Thereafter, the amount of foreign
DNA decreased again; however, we still detected a con-
siderable amount of the donor plasmid by slot-blot anal-
ysis in DNA extracted from the anterior, central and
posterior body region of 2- to 3-month-old animals (5
out of 20) (Fig. 2A). In one such specimen, from which
sufficient DNA for additional Southern blotting was
available, extrachromosomal pCMVTkCAT plasmid as
RF I and RFII as well as barely detectable amounts
of hmw comigrating signals were detected (Fig. 2B). In
a 9-month-old fish (1 out of 5 tested) the foreign DNA
was detected in the hmw fraction by Southern blot anal-
ysis. Restriction digestion revealed two fragments of
sizes which cannot be explained as being derived from
the different monomeric or multimeric plasmid forms
described above. They therefore may represent junction
fragments indicative of an integration event (Fig. 2C).
To determine the amount of foreign DNA exactly,
parallel samples were digested with Xbal for which there

Sd 6d 7d 9d neg kb

-21.0

10 11 12 13 14

conformation (RF I); B, linearized (RF III); C, covalently closed
circular (RF IV); D, nicked open circular (RF II); E, linear plas-
mid dimer (concatemer); F, two non-covalently linked plasmid cir-
cles (concatenate); G, high molecular weight fraction; H, I, large
plasmid multimers. Time points represent the following embryonic
stages: 0 h, two-cell stage (time of injection); 1 h, four-cell stage;
6 h, late high blastula; 12 h, early gastrula; 1 day, early neurula;
2 days, early organogenesis; 3 days retinal pigmentation, body
movement, 30 somites; 4 days, body pigmentation; 5 days, fin de-
velopment; 6 days, swim bladder development; 7 days—2 weeks,
growth of embryo; 2 weeks, hatching

is a single site in pCMVTkCAT. Southern blot analysis
showed a time course comparable with that observed
with the undigested samples (Fig. 3A). The first peak
in DNA amount at 24 h was estimated to contain about
10 times the amount that was injected into the two-cell
stage embryo. At day 7, when a second increase of donor
DNA is observed, the total amount of plasmid DNA
is still approximately fivefold of that injected.

To prove that the increase of the injected DNA is
due to replication in the host embryo, DNA was digested
with Dpnl which cuts only if DNA is methylated by
dam methylase (as is the case for DNA replicated in
prokaryotes), and Mbol which cuts only DNA not meth-
ylated by dam (as is the case for DNA replicated in
eukaryotic cells). While the plasmid DNA preparation
used for injection was digested by Dpnl (but not by
Mbol) the donor DNA from the embryos was exclusive-
ly affected by Mbol, as detected by Southern blot hy-
bridization (Fig. 3, bottom).

In summary, the data show that foreign DNA in-
jected into the early embryo of medaka is replicated
and that this DNA is maintained for an extended period
as intact molecules in an extrachromosomal form.

Expression of foreign DNA

To investigate the suitability of the medaka system for
the analysis of transcriptional regulation, the CAT and



lacZ reporter coding sequences were fused to homolo-
gous as well as to heterologous promoter regions and
expression was analyzed. While the CAT gene was used
to determine the time course of overall expression during
ontogenesis of individual fish, the lacZ gene was em-
ployed to follow the spatial pattern of expression. Ex-
pression of the foreign DNA could be detected in 95%
of the injected embryos tested (n=500). Injection of the
control plasmid pBLCAT3 without any functional pro-
moter region resulted in an expression only barely above
background level. Injection of plasmid pBLCAT2, con-
taining the Tk promoter alone, revealed a low expression
of approximately 1/10-1/20 of that obtained with
pCMVTKCAT (data not shown).

Three different CAT fusion constructs were used: (i)
pCMVTkCAT which contains the cytomegalovirus
(CMYV) enhancer linked to the promoter of the herpes
simplex virus thymidine kinase (Tk) promoter; (i)
phMTCAT which contains the human metallothionein
ITa promoter; and (iii) pX47CAT which contains a pro-
moter isolated from the teleost Xiphophorus maculatus.
CAT expression determined from single embryos at dif-
ferent times during development revealed that all three
constructs display a similar temporal expression pattern,
however, with quantitative differences (Fig. 4). As early
as 12 h (early gastrula) after injection of all three plas-
mids, a low level of CAT expression was seen. Expres-
sion increased during the next 12 h and reached a maxi-
mum level 48 h after injection (early organogenesis).
CAT expression remained stable at this high level for
up to 3 weeks and decreased thereafter. After 4 weeks,
as assayed for pCMVTKCAT, expression generally
drops to low levels. However, individual embryos were

Fig. 2. A Slot-blot analysis of DNA extracted from various tissues
or parts of the body (columns a, liver and heart; b, head; ¢, muscle
from the trunk) of 2- to 3-month-old medaka derived from two-cell
stage embryos injected with: pX47CAT (lines 1-8), phMTIIaCAT
(lines 9-15), pCMVTkCAT (lines 16-22). DNA from uninjected
medaka was loaded in slots of line 23 and 50 pg, 90 pg and 100 pg
of pPCMVTKCAT was loaded in slots of line 24, a, b, ¢, respectively;
200 pg plasmid DNA without carrier DNA were loaded in lane 22,
column a. DNA per slot loaded was 2.25 pg in column a and
6 pg in b and c¢. For hybridization probe see legend to Fig. 1.
B Southern blot analysis of DNA from the head of a 3-month-old
medaka fish, which was scored positive in slot-blot analysis.
Lane 1, 10 pg undigested pX47CAT with 1 pug carrier DNA from
untreated medaka; lanes 2, 3, 4 pg undigested and 2 pg PstI-di-
gested medaka DNA, respectively. Probe as in Fig. 1. C Southern
blot analysis of DNA of a 9-month-old medaka fish, which was
injected with pPCMVTKCAT at the two-cell stage. DNA was ex-
tracted from brain, liver, heart and parts of skin and muscle tissue
from the trunk region. Lane 1, 100 pg undigested pPCMVTkCAT
with no additional carrier DNA; lane 2, 50 pg Xbal-digested
pCMVTKCAT without carrier DNA; lane 3, 8 ug of DNA ana-
lysed after digestion with Xbal; lane 4, 10 pg DNA analysed un-
treated. Probe and description of different plasmid conformations
as in Fig. 1. The fragment sizes in lane 3 (fragments marked by
asterisks) can be explained by the generation of junction fragments
due to integration of a single copy of pPCMVTkCAT. In the case
of integration of plasmid multimers in the usual head-to-tail config-
uration, an additional internal plasmid monomer fragment would
have been expected
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found which still displayed the maximum expression lev-
el. Expression values obtained for pCMVTkKCAT were
generally higher than those for phMTCAT" and
pX47CAT. In addition, the values obtained from paral-
lel samples at the same time point were more uniform
for pPCMVTKCAT but showed marked variation for the
other two constructs (Fig. 4).

As phMTCAT, which is expressed in vitro in fish
cells only following induction with heavy metal ions
(Friedenreich and Schartl 1990), showed high levels of
constitutive expression in the embryo, we tested whether
a superinduction of this construct is possible in vivo.
Plasmid pX47CAT itself contains sequences similar to
known metal-response elements and was therefore in-
cluded in this experiment. Embryos 4 days after injection
were incubated with 10, 100 and 1000 uM Cd* or Zn?*

standard

Sd 7d

Fig. 3. A Southern blot analysis of aliquots of Xbal digested DNA
from 1.5 embryos of various developmental stages injected at the
two-cell stage with plasmid pPCMVTkCAT. Each DNA sample
contained 250 ng carrier DNA from adult, untreated medaka.
Lanes 1, 9, 40 pg Xbal linearized pCMVTkCAT; lane 2, DNA
digest from untreated medaka; lanes 3-11, DNA digest from
PCMVTKCAT treated embryos at various times of embryogenesis;
for developmental stages see Fig. 1. B 1. Southern blot analysis of
DNA extracted from six two-day-old embryos, which were injected
with pCMVTKCAT at the two-cell stage. Lane 1, one third of the
DNA analysed untreated; lane 2, one third analysed after digestion
with Dpnl and lane 3, one third after digestion with Mbol. Probe
was used as described in Fig. 1. Lack of hybridizing signals in
lane 3 is explained by the small size of fragments generated by
Mbol digestion of pCMVTKCAT in the region covered by the
hybridization probe used. II. Gel electrophoresis of plasmid DNA
preparation of pPCMVTkCAT. Lane 4, DNA from bacteriophage
lambda, EcoRI/HindIIl digested; lane 5, 1 pg of plasmid DNA
undigested; lane 6, 1 pug of plasmid DNA Dpnl digested; lane 7,

1 ug of plasmid DNA Mbol digested. A, C, D and F represent the
different plasmid conformations as described in Fig. 1

for 48 h (LDso: 1-10 mM). Juveniles (3 weeks) were
treated for 48 h with 20 uM Cd* or 150 uM Zn2*. No
enhancement of CAT expression of either constructs was
found, as compared to controls. Moreover, a reduction
to lznasal levels was observed in juvenile fish treated with
Zn?*,

To study the spatial pattern of expression, two differ-
ent lac constructs were used: (i) pSV40/2lacZ, which
contains the SV40 early promoter; and (ii) pRSVlacZ
containing the Rous sarcoma virus LTR. Staining of
embryos after 4 and 8 days revealed large areas of lac-
positive cells. In pRSVlac injected embryos, such areas
were found in the integument, the myosepta and in the
caudal head mesenchyme. However, in 19 out of 40 em-
bryos injected with pSV40lac, staining was observed ex-
clusively in neural tissues (for example see Fig. 5C).
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LacZ expression was found in 44 of 116 embryos tested.
None of the lacZ-positive embryos showed expression
in all cells of a given tissue; only a limited fraction of
the total cell population of the whole embryo (max. up
to 20%) was lac-positive. It should be noted that the
assay for lacZ expression by X-gal staining of embryos
in our studies is not as sensitive as monitoring CAT
activity. Whereas we found CAT activity in 95% of the
500 embryos tested, the rate of embryos stained with
X-gal was only 38%. In contrast, measurement of f-
galactosidase activity in extracts of lacZ-injected em-

Fig. SA-C. LacZ expression in 4-day-
old embryos injected with pRSVlacZ
(A, B) and in a 8-day-old embryo
injected with pSV40/2lacZ (C).
Arrows indicate the background
signal presumably due to endogenous
B-galactosidase(s) present in the
intestine in (A) and (C). The
intestine has been completely
temoved in (B). (bar=0.2 mm)

broys by incubation wtih ONPG (o-nitrophenyl-8-D-ga-
lactopyranoside) revealed expression in more than 90%
of the injected embryos (data not shown).

Discussion

Our data on the expression of reporter genes regulated
by fish and heterologous transcriptional control regions
following microinjection into the two-cell stage embryo
of a teleost fish, the Japanese medaka (O. latipes), indi-
cate that this in vivo system offers a powerful approach




for studies of gene regulation in embryonic and larval
fish development. In agreement with previous data (Oza-
to et al. 1986; Chong and Vielkind 1989), we were able
to show that these fish are easy to mdintain and microin-
ject.

Following injection of up to 25 pg of foreign DNA,
which is more than 10 times as much as the DNA con-
tent of a diploid medaka cell, into the cytoplasm of the
two-cell stage embryo, we observed conformational
changes of the donor DNA. These included not only
supercoiling and linearization of the circular molecules
but also the formation of both covalently (concatemers)
or non-covalently (concatenates) linked multimers. Simi-
lar observations have been made in higher vertebrates
after transfer of circular plasmid DNA into cells in vitro
or in vivo (Folger et al. 1982; Brinster et al. 1985; Marini
etal. 1988) and in previous studies in fish embryos
(Chong and Vielkind 1989). However, in sea urchins it
has been shown that injected circular plasmid DNA is
neither concatemerized nor replicated (McMahon et al.
1985). Only linear plasmid molecules were found to be
multimerized in random head-to-head and head-to-tail
orientations due to ligation of linear termini. In Xenopus
and mammalian cells, on the other hand, the formation
of linear, exclusively head-to-tail multimers after injec-
tion of circular DNA has been previously shown (Rus-
coni and Schaffner 1981; Folger et al. 1982; Etkin et al.
1984). A homologous recombination mechanism was
postulated that, in the case of Xenopus, is also thought
to be responsible for the formation of head-to-tail conca-
temers after injection of linearized plasmid DNA (Mar-
ini et al. 1988). In our studies using Southern blot analy-
sis we could not detect formation of head-to-head or
tail-to-tail concatemers because digestion of DNA ex-
tracted from injected embryos with an enzyme that cuts
the introduced plasmid once showed no additional
bands (Fig. 3, top). This indicates that the concatemers
shown in Fig. 1 consist mainly of head-to-tail plasmid
multimers, supporting a homologous recombination
mechanism for their formation also. Over the ‘period
analyzed, the conformational changes result in a relative
enrichment for hmw forms, which are generally consid-
ered to be a prerequisite for successful integration of
donor DNA into the host genome (Brinster et al. 1985;
Etkin and Pearman 1987; Etkin et al. 1984). The signal
comigrating with the hmw DNA of the recipient is al-
ready visible 6 h after injection at the early blastula stage
(see also Chong and Vielkind 1989), in contrast to find-
ings in Xenopus, where such signals become detectable
no earlier than late blastula stage (Etkin etal. 1984).
Although the extended presence of foreign DNA tempts
us to suggest that integration might have occurred in
a few cases — as shown in one single 9-month-old recipi-
ent fish — this possibility was not investigated in detail
because our main objective was directed to establishing
a transient expression system. However, it should be not-
ed that in a 3-month-old fish we still detected extrachro-
mosomal supercoiled plasmid DNA in addition to a
faint signal in the hmw DNA.

Surprisingly, in contrast to all findings in mammalian
DNA transfer systems (Brinster et al. 1985), we obtained
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an increase in the amount of extrachromosomally per-
sisting DNA. Although the constructs analyzed did not
contain any specific sequences which are known or pro-
posed to support DNA replication in eukaryotes (Heintz
and Hamlin 1982; Burhans et al. 1986), this increase can
only be explained by replication of the foreign DNA
in the embryo. In Xenopus, extrachromosomal replica-
tion of the introduced plasmids has also been shown
(Etkin et al. 1984, 1987; Marini et al. 1988, 1989). Repli-
cation was independent of specific sequences, but depen-
dent on number and size of injected plasmid molecules.
However, replication of foreign DNA was found only
up to gastrulation and occurred mainly in hmw conca-
temers (Rusconi and Schaffner 1981; Etkin et al. 1984;
Marini etal. 1988). In older embryos only limited
amounts of foreign DNA persisted due to degradation.
Studies using the zebrafish and the medaka (Stuart et al.
1988; Chong and Vielkind 1989) also obtained evidence
for an increase of the injected DNA during very early
development. We could show, using the Mbol/Dpnl di-
gestion, that this increase is actually due to DNA replica-
tion in the recipient. Replication was observed for a pro-
longed period of time and was also found to include
plasmid monomers. Even 3 days after injection, when
organogenesis is complete, we detected large amounts
of foreign DNA. Interestingly, we found a second peak
in the amount of DNA due to replication 7 days after
injection. This could be due to an increased rate of repli-
cation of DNA because of the rapid growth of the em-
bryo at this time.

In our studies, DNA was always injected into the
cytoplasm, however, it is possible that significant
amounts could have ended up in the nucleus, undergoing
replication there. Alternatively, replication might also
occur outside the nucleus. Following injection of phage
lambda DNA, the formation of so called nucleus-like
particles from the foreign DNA has been reported in
Xenopus (Forbes et al. 1983). It was also shown in Xeno-
pus that in later stages the foreign DNA is mainly local-
ized in the nucleus (Etkin and Pearman 1987). It was
suggested that the nucleus-like particles may randomly
fuse with the nucleus in the following developmental
stages. Such processes could be responsible (i) for a mo-
saic distribution of foreign DNA to daughter cells, and
(ii) for replication and transcription of the foreign DNA
by host nuclear enzymes. Additionally, it has been sug-
gested that maternal enzymes are responsible for the
conformational changes in and replication of the foreign
DNA in the very early embryo (Zierler et al. 1985; Mar-
ini et al. 1988). This might not account for the findings
in the medaka system, because here replication occurs
also in later stages.

We could show that the foreign DNA is expressed
and that this expression is dependent on the promoter
used. The CMVTk promoter construct was found to
result in the highest and most persistent expression,
which is consistent with findings in vitro in fish cells
(Friedenreich and Schartl 1990) and in higher vertebrate
cells (Boshart et al. 1985). The hMT promoter, in con-
trast to the in vitro data (Friedenreich and Schartl 1990),
was constitutively active during embryogenesis and was
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not inducible in post-hatching fish. In transgenic mice,
constitutive activity of MT promoters was also observed
in early embryonic stages, possibly due to the presence
of embryo factors that regulate the activity of the pro-
moter. However, the MT promoters were inducible by
heavy metal ions in later stages in mice (Palmiter and
Brinster 1986). The X47 promoter, which is the only
fish promoter sequence available to date, showed the
same features in injected embryos as after transfection
into several cell lines (Friedenreich and Schartl 1990).
To the best of our knowledge this is the first report
of expression mediated by a fish promoter sequence in
an in vivo fish gene transfer system.

Using the lacZ gene as a reporter, we were able to
determine different spatial patterns of expression de-
pending on the regulatory regions used. With the SV40
early promoter we found expression mainly in develop-
ing neural organs of the fish. This is consistent with
findings in transgenic mice (Brinster et al. 1984). The
RSV promoter led to a preferential expression in epider-
mal derivatives and epithelial tissues derived from the
mesoderm. The latter findings is in agreement with re-
sults in transgenic mice (Overbeek et al. 1986) while epi-
dermal expression directed by the RSV-LTR has not
been reported so far in in vivo gene transfer experiments.

As we could show no junction fragments indicative
of integration foreign DNA in up to 1-week-old embryos
using Southern blot analysis (Fig. 3, top) it is clear that
expression of reporter genes, as shown in 95% of the
embryos tested, has to derive from non-integrated, ex-
trachromosomal plasmid copies. In total we found inte-
gration of foreign DNA in only 1 out of 25 tested adult
F, (Gy,) fish, injected at the two-cell stage. The observa-
tion that in almost all cases the expression of reporter
genes drops to zero after 2-4 weeks, together with the
observed low integration rate, confirms the fact that the
introduced DNA is mainly expressed transiently in an
extrachromosomal manner. ‘

The mosaic character of the spatial expression pattern
may be due to the rapid cell divisions and pronounced
cell migration in the early fish embryo. As a result, the
injected DNA is unevenly distributed and therefore may
be retained only in distinct cell lineages. Using even high-
er amounts of donor DNA for injection and microinject-
ing into the oocyte prior to artificial insemination could
help to overcome this problem. The patchy appearance
of the lacZ-positive organs or tissues indicates that de-
termination of organ and/or tissue specificity in the de-
veloping embryo occurs at a later stage. This supports
findings from classical embryology using the zebrafish,
which indicated considerable indeterminancy in the em-
bryonic lineage and no lineage restrictions on embryonic
cell fate before the gastrula stage (Kimmel and Warga
1988). It also shows that the descendants of different
blastomeres normally intermix extensively prior to for-
mation of embryonic organs, as has been deduced from
genetic and mutagenesis studies (Streisinger et al. 1989).

Gene expression studies in vivo using stable transgen-
ic lines are of considerable importance for experimental
cancer research. The major criticism of the usefulness
of such models is that stable transgenics cannot mimic
spontaneous tumorigenesis in one very important aspect.

Instead of small isolated nests of activated oncogene-
bearing cells that interact with normal neighbour cells,
the transgenic animals have tissues in which virtually
all cells express the activated oncogene (Weinberg 1989).
The mosaic pattern of expression which is obtained in
the medaka embryo does not have this drawback. More-
over, it mimics the actual situation of an initiated cell
or cell clone in normal surroundings.

Recently, fish embryology has attracted considerable
attention and is expected to offer a promising system
for vertebrate developmental biology in the future (Mar-
cey and Nisslein-Volhard 1986). The transient expres-
sion system of the medaka additionally allows the analy-
sis of developmental processes at the molecular level
with respect to differential gene expression. Future stu-
dies will show whether the transient expression system
described here can also be used for the functional expres-
sion of structural genes and, if phenotypic effects are
obtained, whether it will allow analysis of the function
of the respective genes.
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