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Quantitative bioluminescence imaging of
transgene expression in intact porcine antral
follicles in vitro
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Abstract

Background: The porcine oocyte maturation in vivo occurs within the ovarian follicle and is regulated by the
interactions between oocytes and surrounding follicular components, including theca, granulosa, and cumulus cells,
and follicular fluid. Therefore, the antral follicle is an essential microenvironment for efficient oocyte maturation and
its developmental competence. Quantitative bioluminescence imaging of firefly luciferase reporter genes in an
intact antral follicle would allow investigation of changes in cellular and molecular events and in the context of the
whole follicles. In this study, we investigate factors influencing bioluminescence measurements as a first step
towards developing a new bioluminescence imaging system for intact antral follicles.

Methods: We analyzed the time course of bioluminescence emitted from transfected living intact follicles using a
cationic lipid mediated gene transfer method with increasing doses (1-3 μg) of firefly luciferase reporter gene
(pGL4). In addition, a standard luciferase assay was used to confirm the luciferase expression in granulosa cells in
the transfected intact antral follicles. Finally, the dose effects of substrate, D-luciferin, were determined for optimal
quantitative bioluminescence imaging of intact porcine antral follicles in vitro.

Results: The level of luciferase activity of follicles with 3 μg pGL4 was significantly (P < 0.05) greater than the 1 μg
and 2 μg groups at 1 min after D-luciferin injection. The bioluminescence intensity of transfected follicles reached a
peak at 1 min, and then it was significantly (P < 0.05) reduced within 2 min after injection of D-luciferin; with the
level of bioluminescence emission remained constant from 2.5 to 10 min. The bioluminescence emission was
maximal with 300 μg of D-luciferin.

Conclusions: The results of this study suggested that the investigation of factors influencing bioluminescence
measurements is a critical step toward developing a new bioluminescence imaging model. This study is the first to
demonstrate that reporter genes can be transferred to intact granulosa cells with a lipid-mediated gene transfer
method within intact follicles in vitro, and the level of transgene expression can be assessed by bioluminescence
imaging in living intact antral follicles.
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Background
The ovarian antral follicle consists of an oocyte and sur-
rounding follicular components, including theca, granulosa,
and cumulus cells, and follicular fluid. It is an essential
microenvironment for oocyte maturation and its develop-
mental competence; reviewed by Moor et al. [1] and
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Hunter [2]. In order to investigate cellular and molecular
events during the oocyte maturation and to determine fac-
tors influencing oocyte quality, several methods have been
routinely used; e.g., studies of morphological characteristics,
such as follicular diameter and color are usually followed
by molecular and biochemical analysis of oocytes and fol-
licular components collected from a group of follicles at de-
fined stages of the estrous cycle. For example, the amount
of protein or mRNA of estrogen receptors in lysed granu-
losa cells has been determined through Western blotting or
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qRT-PCR to assess and investigate the role of estrogen
receptors in follicular development and oocyte matur-
ation [3,4]. The estrogen contents in follicular fluid or in
granulosa cell culture medium were subsequently mea-
sured. However, these methods do not provide information
regarding whether functional specific genes are present
or active since proteins often require activation (e.g.,
phosphorylation and methylation), and mRNA is often
degraded during the RNA processing and transport prior
to its translation into protein [5]. With recent advances in
gene transfer methods, many laboratories have used re-
porter gene technologies to study functional gene activity
and transcription factor interactions in signal transduction
pathways involved in follicular atresia and steroidogenesis
in cultured granulosa cells in vitro [6-9]. Although these
studies have offered the opportunity to elucidate gene
functions and cellular pathways within cultured granulosa
cells, it does not take into account major interactions be-
tween the oocyte and the follicular components in the
context of the whole follicle. Moreover, results from these
studies usually rely on static measures using granulosa cell
and follicle tissue lysates or immunohistochemistry of
follicle sections. Therefore, in this study, we determine
the potential to develop a new methodology to measure
changes in cellular and molecular events during the oo-
cyte maturation in the context of the living intact fol-
licular environment.
First, we use an in vitro intact antral follicle culture

system. It has been developed and used for large antral
follicle culture in domestic animals since the 1970s. This
culture system has been applied towards understanding
the regulation of follicular steroidogenesis [10-13] and
determining the intrafollicular factors that influence nu-
clear and cytoplasmic oocyte maturation [14] within in-
tact follicles. The advantage of the intact follicle culture
system over in vitro oocyte maturation or granulosa cell
cultures is that it offers an intact microenvironment to
that of the oocyte in the follicle in vivo, and it allows in-
vestigating interactions between the oocyte and other
intrafollicular components of follicles [1,2,15]. Second,
bioluminescence imaging is used in this study, to facili-
tate analysis of cellular and molecular events in intact
living antral follicles. Bioluminescence imaging within
organisms or tissues is a powerful tool that has been
used in a myriad of applications for monitoring cellular sig-
naling pathways, gene expression and regulation, protein-
protein interactions and disease progression in small
animals. Bioluminescence imaging is based on the de-
tection of visible light produced by a chemical reaction,
such as luciferase and its substrate, D-luciferin, in the
presence of oxygen and ATP. Therefore, only live cells
emit bioluminescence, and it serves also as an indicator
for cell viability; reviewed by Badr and Tannous [16]
and Welsh and Kay [17]. Firefly luciferase is the most
commonly used bioluminescent reporter gene. A variety of
molecular events in living cells, tissues, and animals can be
monitored depending on the genetic regulatory sequences
of interest driving the luciferase reporter gene expression
[18]. Bioluminescence imaging has advantages over other
systems due to its lower background as well as greater
signal-to noise ratio compared to fluorescence [19]. In
addition, for real-time imaging in living systems, the sub-
strate, D-luciferin, is known to be non-toxic to mammalian
cells and small animals, and luciferase has a short half-life
and does not require excitation of the probe to quantify
activity, which allows for dynamic measurements [20,21].
Therefore, bioluminescence imaging has a great potential
to determine functional gene activity and transcription fac-
tor interactions that may play essential roles in oocyte
maturation and developmental competence in living intact
ovarian follicles.
In this study, we explored the quantitative biolumines-

cence imaging of luciferase reporter-mediated gene tran-
scription in intact living antral follicles from porcine
ovaries. Bioluminescence measurements can be influ-
enced by a variety of factors, including the time courses
of luciferase-luciferin reactions, and effective plasmid DNA
and D-luciferin doses and combinations [22-24]. Therefore,
first, we analyzed the time course of bioluminescence emit-
ted from transfected living intact follicles using a cationic
lipid mediated gene transfer method with increasing doses
of plasmid DNA (pGL4) containing a luciferase reporter
gene under control of a constitutively active promoter.
Second, a standard luciferase assay was used to confirm
the luciferase expression in granulosa cells in the trans-
fected intact antral follicles. Finally, the dose effects of
substrate, D-luciferin, were determined for optimal quan-
titative bioluminescence imaging of intact porcine antral
follicles in vitro.

Methods
Porcine ovary collection and antral follicle dissection
All of the culture medium and its supplements used in the
present study were purchased from Invitrogen (Carlsbad,
CA) unless otherwise indicated. Ovaries in the late follicu-
lar phase of the estrous cycle were collected from mature
sows at a local slaughterhouse. The stage of estrous cycle
was predicted based on the morphological description of
[25]. An example of porcine ovaries collected from a ma-
ture sow is shown in Figure 1A. The ovaries were trans-
ported on ice to the laboratory within 3 hours in a sterile
polypropylene container (Corning, Lowell, MA), contain-
ing 200 ml of ice cold CO2 Independent Medium supple-
mented with L-glutamin (4 mM), penicillin (100 U/ml),
and streptomycin (100 μg/ml), which was also used as a
dissection medium. On arrival at the laboratory, ovaries
were rinsed in ice cold phosphate-buffered saline and kept
in the sterile beaker with fresh dissection medium on ice.



Figure 1 Porcine ovaries, dissected antral follicles and DNA lipid complex microinjection of ovarian antral follicles. A pair of porcine
ovaries in follicular phase of the estrous cycle (A); dissected porcine antral follicles between 6.5 to 7.5 mm in diameter (B); DNA lipid complex
microinjection into an antral follicle size between 6.5 to 7.5 mm in diameter on 100 × 15 mm sterile polystyrene disposable petri dish containing
approximately 20 ml of CO2 Independent Medium using the Eppendorf FemtoJet® microinjector under a standard dissecting microscope (C); and
representative in vitro antral follicle culture condition on the membrane of Millicell-CM culture plate insert in the 6-well plate with Opti-MEM®-I
reduced serum medium (D). Scale bars (A) and (D) = 1.0 cm.
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Porcine intact follicles were dissected as described by [26].
Briefly, antral follicles between diameters of 6.5 to 7.5 mm
were dissected from the surrounding connective tissue of
the ovary using a dissecting knife with disposable blades.
These dissected follicles were trimmed of any remaining
connective tissue and stromal cells using a pair of scissors
and forceps (Fine Science Tools Inc., Foster City, CA)
under a dissecting microscope. All the follicles were kept
on ice with the dissection medium in 24-well culture plates
during the entire dissection. Healthy follicles were se-
lected on the basis of morphological criteria as de-
scribed previously by [27,28]. Dissected porcine ovarian
follicles between 6.5 to 7.5 mm in diameter are shown
in Figure 1B.

DNA complex formation and microinjection into the
follicular antrum
The pGL4 [luc2/CMV/Hygro] vector (Promega, Madison,
WI) carrying a luciferase reporter gene controlled by a
cytomegalovirus (CMV) promoter and enhancer was used
as a reporter plasmid throughout this study. pGL4 was
transformed into One Shot® MAX Efficiency® DH5α™-T1R
Competent Cells (Invitrogen, Carlsbad, CA). pGL4 plas-
mid was isolated from transfected cells and purified with
the EndoFree Plasmid Maxi Kit (Qiagen, Valencia, CA)
and eluted in distilled water to a final DNA concentration
of 1.5-3 μg/μl. DNA complexes were prepared using the
lipid based reagent FuGENE® 6 (Roche, Indianapolis, IN),
according to the manufacturer’s protocol with modifica-
tions. The DNA lipid complexes were formed with a
pGL4 (μg) to FuGENE® 6 reagent (μl) ratio of 2:5 (20 μg
pGL4: 50 μl of FuGENE® 6). Briefly, 20 μg (1.5-3 μg/μl) of
pGL4 was diluted in 50 μl of distilled water. The diluted
pGL4 was transferred into a 500 μl sterile microcentrifuge
tube. Fifty μl of FuGENE® 6 reagent were added to diluted
pGL4, and the 100 μl of the lipid complex mixture was
mixed thoroughly by brief vortexing and incubated for
20 min. The DNA lipid complex volume of 5 μl, 10 μl,
and 15 μl DNA was injected into individual follicles in
1 μg, 2 μg, and 3 μg groups, respectively while the concen-
tration of DNA lipid complexes was held constant.
For the injection of DNA complexes into the follicu-

lar antrum, a FemtoJet® (Eppendorf, Hauppauge, NY)
microinjector was used in combination with Femtotips II
(Eppendorf, Hauppauge, NY) injection capillaries under
a standard dissecting microscope. Isolated follicles were
kept for 4 hours at 38.5°C in an incubation containing
45% O2, 50% N2, and 5% CO2 prior to starting the micro-
injection procedure. The follicles were transferred indi-
vidually to a 100 × 15 mm sterile polystyrene disposable
petri dish (Fisher Scientific, Pittsburgh, PA) containing ap-
proximately 20 ml of CO2 Independent Medium (Invitro-
gen, Carlsbad, CA). Five μl, 10 μl, and 15 μl of DNA
complex were then loaded into an injection capillary
(Femtotip II) using a Microloader (Eppendorf, Hauppauge,
NY) pipette tip inserted through the back of the injection
capillary. Each tip of the injection capillary was broken
slightly by gently pressing the tip against the edge of the
fine forceps so that the DNA complex could pass through
easily without clogging. Individual follicles were held by fine
forceps, and the injection capillary tip was pushed into the
antrum of the follicle. Then, DNA lipid complexes were
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injected slowly by pushing the injection button manually
with an injection pressure range from 100 to 150 hPa,
depending on the inner diameter of the injection capil-
lary. The procedure of microinjection into an antral fol-
licle is shown in Figure 1C. After injection the capillary
was quickly withdrawn from the follicle to avoid introdu-
cing air into the follicle. The injection of each follicle was
not conducted more than once to avoid losing follicular
fluid. After the injection, the follicles were incubated for
20 hours at 38.5°C with 45% O2, 50% N2, and 5% CO2.
In vitro intact follicle culture
Opti-MEM®-I reduced serum medium supplemented with
1% (v:v) of Insulin-Transferrin-Selenium-X Supplement
(100X), penicillin (100 U/ml), and streptomycin (100 μg/
ml) (Invitrogen, Carlsbad, CA) was used for the intact fol-
licle culture. The follicles were cultured individually on a
membrane of Millicell-CM culture plate insert (Cat. No.
PICM0RG50; Millipore, Billerica, MA) in tissue-culture
treated 6 well culture plates (Fisher Scientific, Pittsburgh,
PA). The intact follicle culture condition in vitro is shown
in Figure 1D. The insert was rested in 1.1 ml of culture
medium in order to cover the surface of the follicle with a
thin film of culture medium. This culture system was used
to prevent the follicle surface from dryness and expose it
to the air for sufficient oxygen diffusion to the inside of the
follicular cells. The antral follicles were cultured at 38.5°C
in a Modular Incubator Chamber (Billups-Rothenberg Inc.,
Del Mar, CA) containing 45% O2, 50% N2, and 5% CO2

[10,29,30] for 20 hours.
Bioluminescence imaging
Transient luciferase expression from a transfected porcine
intact follicle was monitored 20 hours after DNA:lipid com-
plex injection. Bioluminescence emitted from the intact fol-
licle was detected using a Xenogen IVIS 100 Imaging
system (Caliper Life Sciences, Hopkinton, MA). Ten μl of
XenoLight RediJect D-luciferin (30 μg/μl in PBS; Caliper
Life Sciences, Hopkinton, MA) was injected to each follicle
with the microinjection method as described previously.
After injection, each intact follicle was immediately

placed into a light-tight and temperature controlled cham-
ber (39°C). Bioluminescent Images were acquired with a
30 seconds exposure. For time-course studies, images
were acquired every 30 seconds for 10 minutes using a
sequential image capture mode with medium binning. A
constant size, circular region of interest (ROI; 1.5 cm in
diameter) was drawn on the capture images over each
follicle unit, and luminescence emitted from each unit
was quantified using Living Image software, version 3.0
(Caliper Life Sciences, Hopkinton, MA). The signal in-
tensity was reported as normalized total photon flux
(photons/sec; p/s) within the ROI.
Granulosa cell isolation and luciferase assay
Individual follicles were transferred into a sterile 1.5 ml
microcentrifuge tube and cut in half using scissors. The
follicular fluid of each follicle was isolated by centrifugation
for 10 min at 1,500 × g at 4°C. Follicles from the each group
were placed into 3 ml of HBSS (Ca2+/ Mg2+ free Hank’s
Balanced Salt supplemented with 0.25 mM of HEPES)
medium on a 35 mm petri dish and kept on ice. Granulosa
cells were isolated by scraping the inside follicle wall
using a pair of small curved forceps and centrifugated
for 10 min at 1,500 × g at 4°C. Oocytes were removed
by using 40 μm nylon cell strainers (Fisher Scientific,
Pittsburgh, PA). The granulosa cells were washed three
times in HBSS medium, counted in a hemocytometer,
and suspended in a CO2 Independent Medium. For lu-
ciferase assay, 2 × 105 granulosa cells per well were plated
into 24-well culture dish in triplicate, and Bright–Glo
(Promega, Madison, WI) was used to assay luciferase
activity following the instructions given by the supplier.
Luminescence emission was detected and quantified
using a Xenogen IVIS 100 Imaging system (Caliper Life
Sciences, Hopkinton, MA).
Experiment 1. Time courses of bioluminescence emitted
from transfected intact antral follicles
To determine whether gene transfection by a cationic lipid
mediated gene transfer method was dose dependent, 1, 2,
and 3 μg of plasmid DNA (pGL4) carrying a luciferase re-
porter gene complexed with lipid transfection reagent
(Fugene® 6) was injected into intact antral follicles. A total
number of 87 follicles at late follicular phase were ran-
domly distributed in four different groups (DNA only,
1 μg, 2 μg, and 3 μg groups). The DNA only group repre-
sents a group of intact follicles (n = 22) transfected with
2 μg pGL4 (a luciferase reporter) only; 1 μg group repre-
sents a group of intact follicles (n = 22) transfected with
1 μg of pGL4: lipid complexes; 2 μg group represents a
group of intact follicles (n = 21) transfected with 2 μg of
pGL4: lipid complexes; and 3 μg group represents a group
of intact follicles (n = 22) transfected with 3 μg of DNA:
lipid complex. After 20 hours, we further analyzed the
time course of bioluminescence emitted from individual
transfected follicles in each group by imaging them every
30 seconds for 10 minutes. The luciferase activity (photon
flux; photons/sec) of each follicle was represented as
mean ± SEM from nine independent experiments.
Experiment 2. Luciferase activity in granulosa cells
To verify the luciferase expression in granulosa cells, the
cells were isolated from the transfected intact antral fol-
licles in the DNA only, 1 μg, 2 μg, and 3 μg groups and
assayed for luciferase activity using a standard luciferase
assay. The experiment was repeated three times.
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Experiment 3. Effect of increasing D-luciferin (substrate) dose
To investigate luciferase activities in transfected intact folli-
cles responding to D-luciferin substrate doses, a total num-
ber of 96 follicles were transfected with 3 μg of pGL4
(luciferase reporter gene) and randomly distributed to n = 6
different D-luciferin substrate groups (5 μg, 15 μg, 75 μg,
100 μg, 150 μg, and 300 μg groups). After 20 hours trans-
fection, increasing doses of 5 μg, 15 μg, 75 μg, 100 μg,
150 μg, and 300 μg D-luciferin were injected (10 μl volume)
into each follicle. The bioluminescence from each follicle
was detected using the IVIS system after 1 min of the
D-luciferin injection and expressed luciferase activity
was quantified (photon flux; photons/sec). The data are
represented as mean ± SEM from nine independent
experiments.
Statistical analysis
For time course studies, data were analyzed by repeated
measures MANOVA with Wilks’ Lambda using the Stat-
View program (SAS Institute Inc., San Francisco, CA).
For the remaining studies, data were analyzed by one-
way ANOVA followed by Fisher’s PLSD test. Data are
expressed as mean ± SEM. A probability of P < 0.05 was
considered to be statistically significant.
Results
Experiment 1. Time courses of bioluminescence emitted
from transfected intact antral follicles
Analysis via repeated measurements showed that the lucif-
erase activity of follicles in the 3 μg group was significantly
greater than the 1 μg group (MANOVA with Wilks lambda
post hoc comparison; P = 0.01) over time; as shown in
Figure 2. There was no significant difference between
the 2 μg group and 1 μg group (P = 0.16), or between
the 3 μg group and 2 μg group (P = 0.12) in luciferase
activity. The luciferase activity reached a peak at 1 min
in the 1 μg (2.30 × 107 ± 7.53 × 106 p/s), 2 μg (4.38 × 107 ±
1.53 × 107 p/s), and 3 μg (1.31 × 108 ± 4.69 × 107 p/s) groups
and was significantly reduced (P < 0.05) within 2 min after
the injection of D-luciferin (Figure 2) among all groups.
The mean luciferase activity of follicles in the 1 μg group,
2 μg group, and 3 μg group at 1 min was significantly
reduced (P < 0.05) at 2 min. Luciferase activity remained
constant from 2.5 to 10 min. Individual time point
analysis revealed that the luciferase expression level of
follicles in the 3 μg (1.31 × 108 ± 4.69 × 107 p/s) group
was significantly greater (P < 0.05) than the 1 μg (2.30 ×
107 ± 7.53 × 106 p/s) and 2 μg (4.38 × 107 ± 1.53 × 107 p/s)
groups (one-way ANOVA with Fisher’s PLSD post hoc
test) at 1 min after D-luciferin injection. In contrast, lucif-
erase activity of intact follicles did not differ between the
2 μg and 1 μg groups (P = 0.62) at 1 min after luciferin
injection.
Experiment 2. Luciferase activity in granulosa cells
The luciferase level of granulosa cells from the 3 μg
group (1.23 × 108 ± 1.69 × 107 p/s) was significantly higher
(P < 0.05) than the granulosa cells from the 2 μg group
(8.52 × 107 ± 1.13 × 107 p/s), 1 μg group (5.53 × 107 ± 3.78 ×
106 p/s), and DNA only group (1.12 × 107 ± 5.72 × 106 p/s)
(Figure 3A and 3B).

Experiment 3. Effect of increasing D-luciferin (substrate)
dose on the level of luciferase in intact antral follicles
We found increased luciferase activities in intact follicles
with increasing doses of D-luciferin from 5 to 300 μg as
shown in Figure 4. The luciferase activity was signifi-
cantly greater (P < 0.05) in the 300 μg (1.40 × 108 ±
3.77 × 107 p/s) group when compared to all D-luciferin
amounts, except for the 150 μg (1.29 × 108 ± 4.07 × 107

p/s) group. When compared between the 100 μg (6.28 ×
107 ± 1.63 × 107 p/s) and 150 μg (1.29 × 108 ± 4.07 × 107

p/s) groups, no differences (P > 0.05) were found. The
representative bioluminescence imaging of intact follicles
transfected with 3 μg of luciferase reporter plasmid at
1 min after 300 μg of D-luciferin (30 μg/μl in PBS) injec-
tion is shown in Figure 5.

Discussion
In the present study, we have demonstrated the develop-
ment of a new methodology for measuring luciferase
transgene expression in porcine antral follicles in vitro
using an intact follicle culture system and biolumines-
cence imaging. To transfer the firefly luciferase reporter
gene (pGL4) into intact follicles, we used a cationic lipid
gene transfer method, which is a commonly used noninva-
sive, nonviral gene transfer method [31]. To our know-
ledge, this is the first report of bioluminescence imaging of
living intact antral follicles in vitro. Because of the unique
structure of ovarian follicles and their transparency, we
were able to quantify reporter luciferase gene expression
in intact follicles without disassembling the structure or
lysing cells. The intrafollicular pressure of antral follicles at
follicular stage is known to be low [32], thus it was pos-
sible to inject the lipid DNA complexes and D-luciferin
(volume up to 15 μl) into each follicle in vitro without
causing leakage of follicular fluid or disrupting the struc-
ture of follicles. Even after 20 hours of culture in vitro, and
D-luciferin injection, the structure of lipid DNA complex
injected follicles remained intact (See Figure 5A).
Bioluminescence imaging is based on the reaction in

which firefly luciferase, produced from the introduced
luc gene, catalyzes the oxidation of D-luciferin substrate
in the presence of ATP and oxygen to produce visible
light. For accurate quantification and reproducible ana-
lysis, it is necessary to determine factors that influence the
intensity of bioluminescence, such as the time course of
the reaction, dose responses of luciferase reporter gene



Figure 2 Time courses of bioluminescence emitted from transfected intact antral follicles with increasing doses of luciferase reporter
gene. A total of n = 87 follicles were randomly distributed in four different groups (DNA only, 1 μg, 2 μg, and 3 μg groups). DNA only group
represents a group of intact follicles (n = 22) transfected with 2 μg pGL4 (a luciferase reporter gene) only; 1 μg group represents a group of intact
follicles (n = 22) transfected with 1 μg of pGL4: lipid complexes; 2 μg group represents a group of intact follicles (n = 21) transfected with 2 μg of
pGL4: lipid complexes; and 3 μg group represents a group of intact follicles (n = 22) transfected with 3 μg of DNA:lipid complex. After 20 hours
transfection, each follicle was imaged with series of 30 sec exposure time and 5 binning up to 10 minutes. Data are plotted as mean ± SEM of
Luciferase Activity (Photon Flux; p/s) over time. Values with different superscripts in a group are significantly different (P < 0.05). *indicates
significant difference (P < 0.05) compared to each other.
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after D-luciferin injection, and the dose of D-luciferin
needed for optimal catalyzation reaction and light produc-
tion [22-24]. First, we analyzed the time course of bio-
luminescence emitted from transfected intact follicles.
The luciferase activity reached peak at 1 min and then was
significantly reduced within 2 min. It remained constant
from 2.5 min to 10 min after D-luciferin injection. The
initial rise of bioluminescence from 0 min to 1 min could
represent the mixing or distribution time of luciferase and
D-luciferin injected in the follicles. In addition, the max-
imum luciferase activity at 1 min is probably the result
of light produced from accumulated luciferase and D-
luciferin. Because the half-life of luciferase in live mamma-
lian cells is 2 hours [21], it can be speculated that some of
the luciferase may be accumulated in the follicles during
the incubation period. Following this, luciferase activity
decreased within 2 min as the accumulated luciferase in
the follicle was cleaved by the substrate D-luciferin. The
sustained luciferase activity from 2.5 to 10 min after D-
luciferin injection may represent turnover rates of the
enzyme in real-time [33]. Therefore, after D-luciferase
injection, bioluminescence imaging data can be analyzed
at 1 minute or after 2.5 minutes for accurate quantification
and reproducible data analysis. Based on this time course
study, luciferase activities were acquired at 1 minute after
luciferin injection in our subsequent studies with intact
antral follicles.
We also determined whether gene transfection by a
cationic lipid mediated gene transfer method was dose
dependent, 1, 2, and 3 μg of plasmid DNA carrying a lu-
ciferase reporter gene complexed with lipid transfection
reagent. We found that luciferase activity increased with
increasing doses of the luciferase reporter gene. The
higher luciferase activity was observed in follicles trans-
fected with 3 μg of pGL4. A further increase in luciferase
activity may be achieved by increasing the pGL4 dose
above 3 μg; however, due to the limitation of the injection
volume into individual intact follicles (15 μl), the 3 μg of
plasmid DNA was the maximum amount injected per fol-
licle. A large amount of transfection reagents can be toxic
to mammalian cells and decrease transfection efficiencies
[34]; however, we have not found any indication of toxicity
in 3 μg group when compared to the lower doses 1 and
2 μg of plasmid DNA groups. Moreover, standard luciferase
assays with lysed granulosa cells isolated from transfected
intact follicles confirmed that luciferase expression was in-
duced in granulosa cells in the antral follicles. The result
was consistent with the results in quantitative biolumines-
cence imaging of living intact follicles. These findings indi-
cated that the luciferase reporter gene can be transferred
and expressed in porcine granulosa cells in an intact ovar-
ian follicle by cationic-lipid mediated gene transfer.
In order to assess gene expression level or transcription

factors using the luciferase reporter gene, it is critical to



Figure 3 Luciferase activities in isolated granulosa cells from intact follicles in DNA only, 1 μg, 2 μg, and 3 μg groups. Luciferase
activities in isolated granulosa cells from intact follicles in DNA only, 1 μg, 2 μg, and 3 μg groups. To demonstrate luciferase activity in follicular
granulosa cells, luciferase activity of isolated granulosa cells (2 × 105 cells per well) from intact follicles in the DNA only (n = 9), 1 μg (n = 8), 2 μg
(n = 8), and 3 μg (n = 7) groups were quantified using standard luciferase assay (Bright-Glo) in lysed cells (A). The data were expressed as mean ± SEM
of Luciferase Activity (Photons Flux/2 × 105 cells). Values with different superscripts in a group are significantly different (P< 0.05).Luminescence imaging
of luciferase activity with medium binning in a 24-well plate format (B). The scale bar on the right shows pseudocolor display for the photon flux of the
luciferase with red and blue representing highest and lowest values, respectively. The gray scale photographic image and bioluminescence color image
were superimposed.
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inject an excess amount of D-luciferin per follicle so that
the intensity of bioluminescence is proportional to the
amount of the luciferase reporter gene expressed in the
follicles [24,35]. We determined the dynamics of bio-
luminescence in transfected follicles responding to varying
D-luciferin doses and showed that the D-luciferin dose
influenced the intensity of bioluminescence in intact
follicles. Luciferase activity with 300 μg of substrate was
significantly greater when compared to lower doses except
for 150 μg. This indicated that 300 μg may be the saturating
amount of D-luciferin for our experimental model. Increas-
ing the D-luciferin dose above 300 μg may produce a fur-
ther increase in light intensity; however 300 μg is the
maximum amount of D-luciferin that can be injected per



Figure 4 Effect of increasing D-luciferin (substrate) doses on luciferase activity in intact antral follicles. A total number of 96 follicles were
transfected with 3 μg of pGL4 and randomly distributed to different D-luciferin substrate groups (5 μg, 15 μg, 75 μg, 100 μg, 150 μg, and 300 μg
groups). After 20 hours of transfection, increasing doses of 5 μg, 15 μg, 75 μg, 100 μg, 150 μg, and 300 μg D-luciferin were injected (10 μl volume)
to each follicle. The bioluminescence signal intensity was reported as mean ± SEM of luciferase activity (photon flux; photons/sec). Different letters
in a group represent the luciferase activities that are significantly different (P < 0.05).
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follicle, and use of a large amount of D-luciferin for imaging
can become costly. Therefore, we used 300 μg of D-
luciferin per follicle in subsequent studies.
We have demonstrated the potential to measure firefly

luciferase transgene expression in granulosa cells of in-
tact porcine antral follicles in vitro. We used an in vitro
intact follicle culture system, which maintains hormonal
responsiveness and physiological functions of a follicle
unit resembling the in vivo condition. In addition, bio-
luminescence imaging technology provides a quantitative
analysis of reporter gene expression in living intact folli-
cles in situ as opposed to in cell and tissue lysates or tissue
sections of follicles ex vivo. We have established a time
Figure 5 Bioluminescence imaging of a representative follicle injected
The gray scale photographic image of an intact ovarian follicle is shown in
image were superimposed with 50% of opacity, showing bioluminescence
displayed in pseudocolors and superimposed on the gray scale photograp
the photon counts of firefly luciferase with red and blue representing the h
course of plasmid DNA: cationic lipid dose response of lu-
ciferase gene expression, and the effect of D-luciferin
amount as a first step towards a working bioluminescent
imaging system for intact antral follicles. The results in
this study indicated that the factors that influence the in-
tensity of bioluminescent emissions including the time
courses of luciferase-luciferin reactions, and effective plas-
mid DNA and D-luciferin doses and combinations are im-
portant considerations for quantitative bioluminescence
imaging. These factors are critical in the development of
various experimental models (e.g., in vitro cultured cell,
tumor tissue or mouse models) and should be determined
for accurate data analysis in future studies.
with 3 μg of pGL4 at 1 min after 300 μg of D-luciferin injection.
(A). The gray scale photographic image and bioluminescence color
emitted from the intact follicle (B). Bioluminescence signals are
hic image. The scale bar on the right shows pseudocolor display for
ighest and lowest values, respectively (C). Scale bars = 0.5 cm.
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The present study has not addressed effects of gene
delivery methods, bioluminescence imaging, and long term
in vitro culture conditions on ovarian follicles. We are cur-
rently pursuing studies to optimize nonviral gene delivery
methods (e.g., lipid-mediate and electroporation) and as-
sess their effects and D-luciferin on granulosa cell viability,
in vitro oocyte maturation and fertilization, and steroid
content of follicular fluid in transfected intact follicles. It
will be important to determine factors influencing quan-
titative bioluminescence and effects of gene delivery
methods on intact ovarian follicles prior to applying this
methodology to the functional gene analysis. Moreover,
two-dimensional bioluminescence imaging used in the
present study lacks depth information, and a certain area
of the intact ovarian follicle in Figure 5C appears to have
higher luciferase activity than others. We are speculating
that it may be the site where the oocyte cumulus complex
is located in the follicle, or it may just imply that a higher
transgene expression was occurring within a certain area
of the follicle. In the future, it will be important to investi-
gate the structure inside of intact follicle using spatial
resolution of three-dimensional optical imaging, which
provides information on spatial locations.
This study is the first to demonstrate luciferase detec-

tion and quantification, indicative of transcription, within
an intact antral follicle culture in vitro. These approaches
can be used to determine specific levels of gene expression
for relevant responsive gene regulatory elements by re-
placing the constitutive promoter in a luciferase reporter
gene construct for specific transcription factors of interest;
such as estrogen and progesterone response elements and
p53. In addition, a specific gene expression could be inhib-
ited with RNA interference technology to elucidate a role
of the genes that are involved in oocyte maturation and
developmental competence of intact antral follicles; an
area of possible future research even though specific pro-
moter driven reporter genes usually leads to a weaker gene
expression compared to a constitutive promoter used in
this study. Moreover, this methodology may be used as a
model for the delivery of luciferase reporters carrying
therapeutic genes that might encode growth hormones,
steroid receptors, or anti-apoptotic factors into granulosa
cells in antral follicles to support oocyte maturation and
quality. Lastly, this study may assist in determining the
feasibility of gene transfer within the intact follicles or
the whole ovary in domestic animals in vivo via ovarian
transvaginal ultrasonography guided fine needle injec-
tion method described in [36]. The light attenuation in
tissue of large animals can be problematic. However,
bioluminescence can be visualize and monitored by an
endoscopic or laparoscopic bioluminescence imaging
tool. Moreover, transgene expression in ovaries and folli-
cles in vivo with fluorescent reporter genes can be moni-
tored using fibered confocal fluorescence microscopy [37].
Future studies need to address the feasibility of such im-
aging modalities for application in domestic animals.

Conclusions
We have demonstrated the development of a new meth-
odology for measuring luciferase transgene expression in
porcine intact follicles in vitro using an intact follicle
culture system and bioluminescence imaging. The time
course of plasmid DNA: cationic lipid dose response of
luciferase gene expression, and the effect of D-luciferin
amount were established as a first step towards a working
bioluminescent imaging system for intact antral follicles.
A higher level of luciferase expression was observed in fol-
licles transfected with 3 μg of plasmid reporter DNA, with
an optimal time for quantification at 1minute after 300 μg
of D-luciferin injection per follicle. This methodology can
be used to determine specific levels of functional gene ex-
pression during the oocyte maturation process within the
follicle and possibly applied to gene therapy approaches to
improve oocyte maturation and quality.
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