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Quick Detection of Firefly Luciferase Gene Expression in
Live Developing Bovine Embryos by Photoncounting

A. Nakamura, J. Okumura and T. Muramatsu'
Department of Biological Resources and Environmental Sciences, School of Agricultural Sciences, Nagoya
University, Chikusa-ku Nagoya-shi 464-0814, Japan

ABSTRACT : The present study was designed, first to
develop the new methodology to measure the biolumin-
escence activity easily in live developing bovine embryos
by photoncounting, and secondly to compare the expres-
sion efficiency of four [uciferase reporter genes in bovine
embryos at four- to 16-cell stages. In experiment 1,
equimolar pSVlacZ and pSVEluc were microinjected into
the pronucleus of fertilized bovine oocytes. At 2 days
after microinjection, bioluminescence activity of these
embryos was measured by photoncounting with a lumino-
meter for | min, and lacZ gene expression in the same
embryos was assayed by X-gal staining. All the luciferase-
positive oocytes showed some bacterial g -galactosidase
activity irrespective of the intensity. In experiment 2, four
firefly luciferase genes (pTKEluc, pTK6WEluc, pSVEluc

and pMiwluc) were introduced by microinjection, and the
injected embryos were cultured for the following 2 days.
Detection of the luciferase gene expression was done by
photoncounting at 5 to 55 min. Over the measurement
period, the I[uciferase activity was almost constant
irrespective of the iransgenes microinjected. The lucifer-
ase activity and expression efficiency at 2 days after
microinjection were not significantly affected by the
difference in the microinjected transgemes. The present
results demonstrated that the bioluminescence activity in
live developing bovine embryos could be measured
quickly by photoncounting.

{(Key Words: Bovine Embryo, Gene Expression, Microin-
jection, Firefly Luciferase, Luminometer)

INTRODUCTION

Production of foreign proteins in milk using
genetically engineered livestock has been considered to be
a suitable system for making therapeutic recombinant
proteins (Harris et al., 1990; Muramatsu and Nakamura,
1997). However, the production efficiency of transgenic
cattle by using microinjection is very poor due to a low
rate of embryos camying transgenes in total transplantable
ones (Roschlau et al., 1989; McEvoy and Sreenan, 1990;
Krimpenfort et al., 1991; Hill et al, 1992). Therefore,
selection of transplantable bovine embryos carrying
transgenes is of crucial importance to improve its
production. For this purpose, we have developed a
qualitative screening method in which the transgene
expression is visualized by using photonimaging in
microinjected bovine embryos (Muramatsu and Nakamura,
1997).

So far, quantitative analyses of gene expression in
preimplantation embryos have been done with bacterial
chloramphenicol acetyltransferase (Majumder et al., 1993),
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bacterial g -galactosidase (Ueno et al., 1987) and firefly
luciferase (Majumder et al., 1993; Mélin et al, 1993;
Thompson et al., 1994, 1995b) as reporter proteins. In
these quantitative assays, however, fertilized oocytes have
to be sacrificed and their cell extracts are to be assayed.
During such procedures, some, if not all, of the enzyme
activity derived from the reporter gene may be lost.
Moreover, once sacrificed, the embryos can no longer be
usable for examining the luciferase activity at later
developmental stages nor for transplantation to recipient
cattle. These problem could be solved by developing a
noninvasive monitoring system of gene expression in live
developing embryos.

The present study was conducted to establish a new
methodology for measuring bioluminescence activity
easily in live developing bovine embryos, and to compare
expression efficiency of four luciferase genes at four- to
16-cell stages of embryos.

MATERIALS AND METHODS

Transgene constructs for microinjection
The transgenes used in the present study are given in
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figure 1. The pSVlacZ (pSV g -Galactosidase Control)
and pSVEluc (pGL2-Control) containing the SV40 early
promoter and enhancer were obtained commercially
(Promega, Madison, WI, USA). The plasmid pTKEluc
was constructed by replacing the SV40 promoter region
of pSVEluc for the thymidine kinase (TK) promoter
sequences of p6WTKlacZ (Schdler et al, 1989). The
plasmid pTK6WEluc was constructed from pSVEluc by
replacing the SV40 promoter region for the fragment of
6W (a hexamer of 1W) enhancer and the TK promoter.
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Figure 1. Structures of microinjected transgenes: [a]
pTKEluc, [b] pTK6WEluc, [¢] pSVElue, [d] pMiwluc and
[e] pSVlacZ. These plasmid DNAs were linearized with
unique restriction endonucleases and dissolved in TE
buffer (10 mM Tris-HCl (pH 7.5)/0.1 mM EDTA) to give
an equimolar concentration at 3.2 . g/ml (pTKEluc), 3.4
pgiml (pTK6WEIuc), 3.2 gg/ml (pSVEluc), 3.8 ng/ml
{(pMiwluc) and 3.6 pg/ml (pSVlacZ). Abbreviation: luc,
firefly luciferase ¢DNA; TK, thymidine Kkinase; 6W,
hexamer of the |W fragment containing an octmer motif;
SV40, simian virus 40; RSV, Rous sarcoma virus; LTR,
long terminal repeat; g -actin, chicken 4 -actin; lacZ,
bacterial lacZ gene encoding B -galactosidase.
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The 1W fragment was the oligonucleotides containing the
#E4 and QOct binding sites (Scholer et al., 1989). The
pMiwluc was constructed by fusing the regulatory region
of pMiwZ (Suemori et al,, 1990) upstream to the firefly
luciferase ¢DNA and the SV4Q polyadenylylation signal
sequences. The transgenes were linearized by unique
restriction endonuclease digestion, and gel-purified with
SUPREC-01 (TaKaRa, Kyoto, Japan). The linearized gene
constructs of pSVlacZ, pSVElue, pTKElue, pTK6WEluc
and pMiwluc were resuspended in 10 mM Tris-HC] (pH
7.5) and 0.1 mM EDTA, and filtered through a 0.20 zm
filter.

Egg manipulation and microinjection

Bovine ovaries were collected at an abattoir and
transported to the laboratory at 37°C in physiological
saline (0.85% (w/v) sodium chloride). Cumulus-oocyte
complexes collected from ovarian follicles were matured,
fertilized, microinjected with DNAs, and cultured as
described previously (Nakamura et al., 1995).

In experiment 1, the mixture of 1.6 gg/ml pSVEluc
and 1.8 pg/ml pSVlacZ (1: 1} was microinjected at 1 to 3
pl into the pronucleus of the fertilized eggs. The
microinjected eggs were cultured for 2 days, and assayed
for bioluminescence intensity and histochemical staining.
In experiment 2, microinjection of four luciferase reporter
genes, pTKEluc, pTK6WElue, pSVEluc and pMiwluc,
was performed as in experiment 1 at an equimolar
concentration of 500 copies of the transgene in 1 pl, ie.
3.2, 3.4, 32 and 3.8 pg/ml, respectively. The fertilized
and microinjected oocytes were similarly cultured for 2
days, and analysed for bioluminescence intensity.

Detection of transgene expression

In experiments 1 and 2, the measurement of biolumin-
escence intensity was conducted by photoncounting with
a luminometer (AutoLumat LB953, EG & G Berthold,
Bad Wildbad, Germany). Each bovine oocyte cultured for
2 days was transferred into 50 ul of the fresh culture
medium held in a plastic bute, to which an aliquot of 100
1 modified phosphate-buffered saline (PBS) (Whitting-
ham, 1971) supplemented with 500 M D-luciferin and
150 g1 40% (w/v) sucrose was added. The solution was
mixed gently to bring the embryo up to a biolumin-
escence detectable level of the apparatus, i.e. 6 mm above
the bottom of tubes. Luciferase activity was measured for
1 min at 5 min (experiment 1), and at 5, 15, 20, 25, 30,
35, 40, 45, 50 and 55 min (experiment 2) after the
addition of D-luciferin and sucrose.

In experiment 1, following the luciferase assay,
detection of the lacZ gene expression 'in the same
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embryos was also performed by histochemical X-gal
staining for bacterial g -galactosidase as reported by
Nakamura et al. (1995).

Statistical analyses

The »* test was used to examine the significance of
differences in the expression efficiency of bovine embryos
injected with the four firefly luciferase genes in
experiment 2. The quantitative data of luciferase activity
in experiment 2 were treated statistically by analysis of
variance, and significance of differences between means
was assessed by a Duncan’s multiple range test by using
General Linear Model Procedures of SAS (SAS Institute,
1985).

RESULTS

Gene expression of bovine oocytes injected with both
pSVlacZ and pSVEluc in experiment 1 is presented in
table 1. All the luciferase-expressing oocytes showed
some bacterial 3 -galactosidase activity irrespective of the
intensity. In two out of 30 (6.7%) luciferase-negative
embryos, 3 -galactosidase activity was detected.

Table 1. Gene expression at four- to 16-cell stages of
bovine embryos microinjected with both the lacZ and
firefly luciferase genes (experiment 1)

No. of embryos microinjected

Luciferase-positive 7
lacZ-positive 7
lacZ-negative 0

Luciferase-negative 30
lacZ-positive 2
lacZ-negative 28

The mixture of 1.6 pgfml pSVEluc and 1.8 pp/ml pSVlacZ (1 :
1) was microinjected into the pronuclens of the bovine zygotes.
The DNA solution contains 250 copies of each transgene.
The embryos that cleaved normally and developed to four- to 16-
cell stage were analysed at 2 days following gene transfer.

Time course of luciferase activity in bovine embryos
microinjected with pSVEluc in experiment 2 is represen-
ted in figure 2. The luciferase activity was almost stable
throughout the measurement period from 5 to 55 min, and
there was no significant difference in the luciferase level
detected at each time (p > 0.05). Similarly, the luciferase
activity in embryos microinjected with pTKElue,
pTK6WEluc of pMiwluc, was not significantly (p > 0.05)
influenced by the detection time (data not shown).
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Figure 2. Time cowse of luciferase activity in bovine
embryos microinjected with pSVEluc (experiment 2). The
zygotes that have developed normally up to 16-cell stages
were assayed. Each value represents mean + SEM of 15
to 18 replicates. There was no significantly difference in
the luciferase activity between the measurement time
points (p > 0.05).

Expression efficiency of bovine embryos injected with
the four firefly luciferase genes in experiment 2 is shown
in table 2. The efficiency was not significantly affected by
the difference in the transgenes microinjected according
to the x? test (p > 0.05). Values for bioluminescence
intensity analysed by photoncounting are also represented
in figure 3. All embryos microinjected with the luciferase
gene showed significantly higher luciferase activity than
did non-injected embryos (p < 0.05), although there was

Table 2. Expression efficiency of firefly luciferase in
bovine embryos microinjected with the firefly luciferase
genes driven by four different promoter constructs
(experiment 2)

Transgene
pTKEluc pTK6WEluc pSVEluc pMiwluc
1-cell? 70 94 92 71
> 4-cellb 45 63 62 46
Luciferase- 15 17 19 13
positive(%) (33.3%)  (25.0%) (30.7%) (28.3%)

2 No. of cocytes survived after microinjection.

® No. of oocytes developed to four- to 16-cell stage at 2 days
after microinjection.

“No. of oocytes expressing luciferase gene at 2 days after
microinjection/No. of oocytes survived after microinjection.

There was no significant difference between the genes

microinjected in expression efficiency of the luciferase gene

according to the 57 test { ° = 1.03, df = 3, p > 0.05).
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no significant difference in luciferase activity between
four different promoters (p > 0.05).

500
_ 1 e , b
c .
E b b
£ 4001 :
=
c
> 300
=
2
® 200
172
4
>
‘s 100
2
-

a
oLE e -
pTKEluc pSVEluc Intact
pTK6WEIluc pMiwluc

Figure 3. Comparison of the luciferase gene expression
directed by four different promoter constructs in bovine
embryos at 2 days after microinjection (experiment 2).
The zygotes that have developed normally to four- to 16-
cell stages were assayed. The values were presented as
mean + SEM with no. of replicates as: pTKElue, n = 14;
pTK6WElue, n = 17; pSVEluc, n = 18; pMiwluc, n = 13;
Intact, n = 54, *® Means not having the same letter are
significantly different at p < 0.05.

DISCUSSION

In the present study, an attempt was made first to
develop a new method for measuring firefly luciferase
acitivity in living bovine embryos by photoncounting with
a luminometer. The bioluminescence activity of living
zygotes was found to be assayed rapidly and easily by
using the photonimaging system (Matsumoto et al., 1994;
Thompson et al., 1995a; Muramatsu and Nakamura et al.,
1997). Because the imaging apparatus is very expensive
and its analysis is qualitative, we examined the possibility
of the use of photoncounting with a luminometer. So far,
it has been reported that by using a luminometer the
firefly lucifrase gene expression has been analysed
quantiatively in the cell extract of mouse preimplantation
embryos (Majumder et al, 1993; Mélin et al, 1993;
Thompson et al., 1994, 1995b). However, the embryos
can no longer be used for examining the luciferase
activity at later developmental stages nor for
transplantation to recipient cattle. To overcome this
shortcoming, we demonstrated in the present study a
noninvasive monitoring systern of firefly luciferase gene
expression in live bovine embryos.

To the substrate solution for photoncounting, ATP,

which is essential for the bioluminescence reaction of the
firefly luciferase, was not added. If the embryo is
alive, the bioluminescence reaction would proceed by
consuming endogenous ATP. On the other hand, if the
embryo is dead and hence endogenous ATP is depleted,
then the embryo would show no or little bioluminescence
irrespective of the remaining firefly luciferase activity.
Thus, with this system, only luciferase-expressing, and
at the same time presumably viable embryos can be
selected.

As seen in table 1, all the luciferase-expressing
cocytes exhibited g -galactosidase signals, demonstrating
that even a trace of luciferase activity in live ococytes
could be assayed easily and rapidly by photoncounting
with a luminometer. However, two out of 30 (6.7%)
luciferase-negative embryos showed bacterial g -galac-
tosidase activity. Most likely reason for this may be that
these two embryos were already dead, and therefore the
luciferase was not detected due to the lack of endogenous
ATP or diminished luciferase activity. As the half-life of
the frefly luciferase is short, only about 3 hrs (Thompson
et al., 1991), the enzyme would be rapidly degraded if the
synthesis is ceased. In contrast, the g -galactosidase is
more stable and therefore its remaining activity could
confer lacZ-positive signals even if the embryos were
already dead.

In experiment 2, to examine the stability of luciferase
activity, bioluminescence intensity of bovine embryos
injected with the four transgenes was measured during the
period from 5 to 55 min after the addition of D-luciferin.
So long as the bioluminescence measurement is made

‘within 55 min, the values for luciferase activity should be

almost constant as demonstrated in figure 2. It was
suggested, therefore, that the measurement of luciferase
activity in live bovine embryos could be performed any
time within 55 min after the addition of substrate.

In experiment 2, an attempt was alse made to
compare the promoter activity in the hope to construct a
good reporter gene usable for the embryo selection
method. The results showed no significant difference
among the four different promoters used in the present
study, although the embryos microinjected with the
luciferase reporter genes had significantly higher values
than did the non-injected control embryos (p < 0.05), We
reported recently that the activity of Miw promoter was
significantly higher than those of TK and TK6W
promoters (Nakamura et al, 1997, 1998). However, the
luciferase activities of pTKElc and pTK6WEluc
harboring the SV40 enhancer showed the same reporter
activity as that of pMiwluc (see figure 3). Thus, the SV40
enhancer would activate the transcriptional activity of TK
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and TK6W promoters in bovine embryos at four- to 16-
cell stages.
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