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abstract: Identifying the events and molecular mechanisms that regulate oocyte growth has emerged as a key objective of research in human
fertility, fuelled by evidence from human and animal studies indicating that disease and environmental factors can act on oocytes to affect the health
of the resulting individual and by efforts to grow oocytes in vitro to enable fertility preservation of cancer survivors. Techniques that monitor the
development of growing oocytes would be valuable tools to assess the progression of growth under different conditions. Most methods used to
assess oocytes grown in vitro are indirect, however, relying on characteristics of the somatic compartment of the follicle, or compromise the
oocyte, preventing its subsequent culture or fertilization. We investigated the utility of T-cell factor/lymphoid enhancer-binding factor (TCF/
Lef)-LacZ transgene expression as a predictor of global transcriptional activity in oocytes and early embryos. Using a fluorescentb-galactosidase
substrate combined with live-cell imaging, we show that TCF/Lef-LacZ transgene expression is detectable in growing oocytes, lost in fully grown
oocytes and resumes in late two-cell embryos. Transgene expression is likely regulated by a Wnt-independent mechanism. Using chromatin ana-
lysis, LacZ expression and methods to monitor and inhibit transcription, we show that TCF/Lef-LacZ expression mirrors transcriptional activity in
oocytes and preimplantation embryos. Oocytes and preimplantation embryos that undergo live-cell imaging for TCF/Lef-LacZ expression are
able to continue development in vitro. TCF/Lef-LacZ reporter expression in living oocytes and early embryos is thus a sensitive and faithful
marker of transcriptional activity that can be used to monitor and optimize conditions for oocyte growth.
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Introduction
Post-natal oocyte development comprises two stages—a prolonged
period of growth, which requires about 4 months in humans, followed
by a very brief process, termed meiotic maturation, which occurs coin-
cident with ovulation and requires only about 36 h in humans. Although
meiotic maturation has been studied extensively, oocyte growth has until
recently received much less attention. Advances in medicine and tech-
nology, however, have sparked new and widespread interest in identify-
ing key events and molecular mechanisms that regulate oocyte growth.
On one hand, emerging evidence from human and animal studies now
indicates that disease and environmental factors can act on oocytes in
a manner that affects the health of the resulting individual and perhaps
even succeeding generations (Wang and Moley, 2010; Luzzo et al.,

2012; Ge et al., 2013; Lane et al., 2014). Although when and how their
effects are transmitted to the oocyte are largely unknown, the prolonged
duration of growth suggests that in many cases they likely target oocytes
at this stage. On the other hand, the dramatic increase in the number of
young cancer survivors owing to improved therapeutic treatments is gen-
erating reproductive-age adults burdened with a high risk of infertility as a
result of therapy (Wallace, 2011; Donnez and Dolmans, 2013; De Vos
et al., 2014). Fertility can be restored in some cases by transplantation
of ovarian fragments that were removed prior to the therapy, but this
option is not feasible in the case of cancers such as leukaemia that may
have invaded the ovarian tissue (Demeestere et al., 2007; Bastings
et al., 2013; Dolmans et al., 2013; Donnez et al., 2013). An alternative
option is to grow oocytes in vitro; however, although several approaches
have been developed using animal models, the success rate remains
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much too low for clinical translation (Desai et al., 2010; Smitz et al., 2010;
Belli et al., 2012; Telfer and Zelinski, 2013; Shea et al., 2014).

During its growth, the oocyte undergoes a diverse set of processes,
including an �200-fold increase in its volume (Wassarman, 1988), amp-
lification of mitochondrial DNA (Mahrous et al., 2012), accumulation and
storage of messenger RNAs (Flemr et al., 2010; Clarke, 2012), acquisi-
tion of genomic imprints (Lucifero et al., 2004; Anckaert et al., 2013),
turnover of specific proteins (Chalupnikova et al., 2014) and a spatial re-
organization of the chromatin, termed the non-surrounded nucleolus-
to-surrounded nucleolus (NSN-SN) transition, at the end of growth
(Wickramasinghe et al., 1991; Debey et al., 1993; Zuccotti et al., 1995;
Christians et al., 1999; Tan et al., 2009). Underpinning and driving
these changes is robust RNA synthesis, which is continuous in the
growing oocyte until, when the oocyte reaches its full size, it declines
to an undetectable level (Sánchez and Smitz, 2012). It is likely that
some of these processes fail to occur normally under adverse health cir-
cumstances or environmental influences and during growth in vitro,
resulting in arrested oocyte development or poor embryonic develop-
ment after fertilization.

Techniques that could monitor these processes in individual oocytes
would be valuable tools to assess the progression of oocyte growth.
However, almost all current assays require oocytes to be fixed or phys-
ically disrupted and hence are unsuitable when the objective is to track
oocyte development over time or to fertilize the in vitro-grown
oocytes. Additionally, depending on the assay, it may be necessary to
pool many oocytes to obtain sufficient material for analysis, so informa-
tion about individuals cannot be obtained. Moreover, even though it is
possible to measure the diameter of living oocytes, this is typically
done following fixation or after removal from the follicle to ensure accur-
acy (Pesty et al., 2007; McLaughlin and Telfer, 2010) and in any case does
not provide direct information regarding underlying molecular activity. In
addition, the NSN-SN transition at the end of growth can be assayed in
living oocytes using the cell-permeable fluorescent DNA stains, but
these may damage DNA (Erba et al., 1988) and thus compromise subse-
quent development. Because of the technical difficulties associated with
directly assaying the growing oocyte development, characteristics of the
somatic portion of the follicle are often assayed instead. These typically
include the size of the follicle, presence of an antrum and secretion of
steroid hormones or growth factors (Adriaens et al., 2004; Telfer
et al., 2008; Xu et al., 2009; McLaughlin and Telfer, 2010). Such surrogate
measures are valuable but necessarily provide an indirect read-out of the
quality of the oocyte. Thus, the arsenal of tools available to assess the
progression of oocyte growth is surprisingly limited.

We previously generated and characterized a transgenic mouse line
carrying the bacterial lacZ gene whose expression is controlled by a
T-cell factor/lymphoid enhancer-binding factor (TCF/Lef) element
that can be activated by nuclear b-catenin (Mohamed et al., 2004). Im-
portantly, activity of the encoded b-galactosidase can be monitored in
living cells. In a variety of somatic cell types, this reporter reflects activa-
tion of the Wnt signalling pathway (Mohamed et al., 2004, 2005; Ohyama
et al., 2006; Lin et al., 2007; Abdul-Ghani et al., 2011; Paek et al., 2011;
Usongo and Farookhi, 2012; Kuroda et al., 2013). We report here that
the TCF/Lef-LacZ transgene is expressed in growing oocytes, likely by
a Wnt-independent pathway in contrast to other cell types. When
oocytes reach full size and become transcriptionally inactive, both the
mRNA and the encoded protein become undetectable. Expression
resumes at the two-cell stage after fertilization, coincident with the

activation of embryonic transcription. This reporter thus provides a sen-
sitive and easily assayed read-out of the transcriptional status of oocytes
and thus of their developmental progression during growth. It should be
useful for rapidly assaying the progression of oocyte growth under differ-
ent conditions, both in vivo and in vitro, as well as for comparing the quality
of individual oocytes within a population.

Methods
Experimental protocols were approved by the Animal Care Committee of
the McGill University Health Centre following the regulations and policies
of the Canadian Council on Animal Care (protocol 4735). Transgenic mice
homozygous for the b-catenin/Tcf-responsive LacZ reporter gene were
maintained at McGill and have been previously characterized (Mohamed
et al., 2004). Five breeding pairs were maintained and replaced at yearly inter-
vals. CD1 female mice were obtained from Charles River Laboratories
(St-Constant, QC, Canada). Mice were euthanized by CO2 asphyxiation fol-
lowed by cervical dislocation.

Collection and culture of granulosa–oocyte
complexes (GOCs) and cumulus–oocyte
complexes (COCs)
To obtain GOCs, ovaries were removed from two or three day-8 or day-12
TCF/Lef-LacZ female mice and disaggregated mechanically and enzymati-
cally using 28-gauge needles in a 35-mm dish containing 2 ml of HEPES-
buffered minimal essential media [MEM; pH 7.2, containing 28 ug/ml
sodium pyruvate, 63 ug/ml penicillin G, 50 ug/ml streptomycin and 1 mg/ml
bovine serum albumin (BSA)] (Sigma, Windsor, ON, Canada) supplemented
with 0.01 mg/ml collagenase (Type V, Worthington Biochemical, Lake-
wood, NJ, USA) and 0.02 mg/ml DNase I (Sigma) at 378C. To obtain
denuded oocytes, oocytes were released from surrounding granulosa cells
in calcium- and magnesium-free Hank’s balanced salt solution (Gibco Life
Technologies, Oakville, ON, Canada) supplemented with 0.05% (w/v)
trypsin (Sigma). After collection, GOCs and oocytes were transferred to a
35-mm dish with 2 ml of fresh media using a mouth-operated pipette. For
in vitro growth experiments, GOCs (100–140 mm in diameter) collected
from day-12 mice were incubated in groups of 30 on type I collagen 3.0
micron inserts (VWR, Montreal, QC, Canada) in 24-well plates (VWR) con-
taining 750 ml of pre-equilibrated serum-free bicarbonate-buffered MEM
(MEM-NaHCO3) for 6 days in a humidified incubator at 378C and 5% CO2

in air. One-third of the culture media was removed and replaced with pre-
equilibrated fresh media on the third day of culture. To obtain COCs,
ovaries were dissected from day-18 to day-21 TCF/Lef-LacZ female mice,
and the large follicles were punctured using 28-gauge needles in a 35-mm
dish containing 2 ml of HEPES-buffered media supplemented with 0.1 mg/ml
dibutyryl cyclic adenosine monophosphate (dbcAMP, Sigma) to prevent
meiotic maturation. In some experiments, oocytes were cultured in the pres-
ence of 10 mg/ul a-amanitin (Sigma, diluted from 1 mg/ml stock stored at
2208C).

Embryo collection and in vitro culture
Seven-week-old CD1 female mice were superovulated by intraperitoneal
(i.p.) injection of 7.5 international units (IU) of equine chorionic gonadotropin
(eCG, Sigma), followed by i.p. injection of 5 IU hCG (Sigma) 44–48 h later.
Female mice were placed individually with adult TCF/Lef-LacZ males for
mating overnight. One-cell embryos were collected from 2–3 females in
the following morning (designated E0.5) in a 35-mm dish containing MEM-
HEPES by puncturing the oviducts no later than 21 h post-hCG injection.
Cumulus cells were disaggregated by incubating the embryo masses in
2 ml of MEM-HEPES supplemented with 0.01% hyaluronidase (Sigma) for
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3–5 min. Embryos cleared of cumulus cells were transferred to fresh col-
lection media. When required, two-cell-stage embryos were collected at
E1.5 in MEM-HEPES by flushing the oviducts with 0.5 ml of MEM-HEPES
using a 30-gauge needle. Flushed two-cell embryos were collected,
washed three times and cultured in a 35-mm dish containing 40-ml drops
of pre-equilibrated commercial potassium simplex optimized media
(KSOM, Millipore, Toronto, ON, Canada) under 2 ml of in vitro fertilization-
grade light mineral oil (Sigma) at 378C and 5% CO2 in air. Seven-week-old
CD1 females were superovulated as previously described (Clarke et al., 1992).
In some experiments, embryos were cultured in the presence of 10 mg/ul
a-amanitin (Sigma, diluted from 1 mg/ml stock stored at 2208C).

Fluorescein-di-galactoside (FDG) staining
and fluorescent imaging
To detect LacZ activity, GOCs collected from TCF/Lef-LacZ females [live or
after fixation for 5 min in 3.7% formaldehyde and permeabilization for 20 min
in 0.5% Triton X-100 in phosphate-buffered saline (PBS)] were incubated for
1 hour at room temperature shielded from light in PBS containing 500 mM
FDG (Marker Gene Technologies, Eugene, OR, USA). Embryos were incu-
bated for 1 hour at 378C and 5% CO2 in air in KSOM containing 500 mM
FDG. FDG was diluted from 100 mM stock in dimethyl sulphoxide
(DMSO) stored at 2208C. Cells intended for subsequent in vitro culture
were transferred to pre-equilibrated MEM-NaHCO3 or KSOM prior to
imaging; otherwise, cells were washed once in PBS and placed in 500 ml of
PBS in one well of a four-well plate for visualization. Fluorescence was visua-
lized using confocal microscopy (Zeiss CLSM 510 Meta) using an excitation
wavelength of 488 nm and a 500–550 nm band pass emission filter.
Cells were categorized as FDG+ (presence of any green fluorescence) or
FDG– (no fluorescence detected). Cells for in vitro culture were maintained
in a humidified incubator at 378C and 5% CO2 in air.

WNT3A stimulation of oocytes
Oocytes were collected from day-12 TCF/Lef-LacZ females and cultured in
MEM-NaHCO3 with or without 100 ng/ml recombinant mouse WNT3A
(R&D Systems, Minneapolis, MN, USA) for 6 h at 378C and 5% CO2 in air.
Oocytes were subsequently processed for whole-mount immunofluores-
cence for total b-catenin.

FSH stimulation of granulosa cells
Granulosa cells were collected from day-21 CD1 female mice 24 h after i.p.
injection of 5 IU eCG by puncturing large follicles with 28-gauge needles.
Approximately 1× 106 cells were cultured in individual wells of a four-well
plates containing 500 ml MEM-NaHCO3 supplemented with 5% foetal
bovine serum (FBS) overnight at 378C in 5% CO2 in air. Cells were then
washed in serum-free MEM and cultured in MEM containing 100 ng/ml re-
combinant human follicle-stimulating hormone (FSH) (National Hormone
& Peptide Program, USA) for 4 h. Cells were processed for whole-mount im-
munofluorescence to detect b-catenin.

Whole-mount indirect immunofluorescence
Cells were fixed and permeabilized in 2% para-formaldehyde containing 0.1%
Triton X-100 in PBS for 15 min, transferred to blocking solution containing
3% BSA with 0.1% Triton X-100 in PBS, then incubated overnight at 48C
in anti-b-catenin antibody (Ab-37, VWR), which recognizes both phos-
phorylated and non-phosphorylated forms of the protein, diluted 1:400 in
blocking solution. They were then washed for 2 × 5 min in blocking solution,
incubated for 1 hour at room temperature with gentle agitation in CY3-
conjugated goat anti-rabbit IgG antibody (Cedarlane, Peterborough, ON,
Canada) diluted 1:400 in blocking solution containing 5 mM DRAQ5
and 1 mg/ml 4′,6-diamidino-2-phenylindole (DAPI), and then washed.

Oocytes and embryos were mounted in 1 ml of PBS covered with mineral
oil (Sigma) on a microscope slide. Granulosa cells were imaged in blocking so-
lution. Fluorescence was visualized using confocal microscopy.

Immunohistochemistry
Ovaries were fixed overnight at 48C in freshly prepared 4% para-
formaldehyde in PBS and then embedded in paraffin (Demeestere et al.,
2012). Sections were cut at 5mm thickness and mounted on glass slides. Fol-
lowing deparaffinization, slides were incubated in blocking solution as men-
tioned earlier containing anti-b-galactosidase antibody (Life Technologies)
overnight at 48C with gentle agitation. Following washes, the slides were incu-
bated with CY3-conjugated goat anti-rabbit IgG antibody as earlier, together
with YOYO-1 (1:20 000, Life Technologies) to detect DNA. Slides were
washed and covered with a glass cover slip. Fluorescence was visualized
using confocal microscopy.

Detection of oocyte chromatin configuration
Oocytes were stained using 10 mg/ml Hoechst 33 358 (Sigma, 2.5 mg/ml
stock stored at 208C) in live cells or 5 mM DRAQ5 (New England Biolabs,
Oakville, ON, Canada) diluted from 500 mM stock in 50% glycerol stored
at 2208C after fixation and permeabilization. Stained cells were transferred
to 500 ml PBS in one well of a four-well plate for visualization using UV light
(Hoechst) or confocal microscopy (DRAQ5). Chromatin configuration
was classified as non-surrounded nucleolus (NSN) or surrounded nucleolus
(NS) as described (Bouniol-Baly et al., 1999).

5′-Ethynyl uridine (EU) incorporation
and detection
Cells were incubated in MEM-NaHCO3 containing 100 mM EU (Life Tech-
nologies) at 378C and 5% CO2 in air for 2 h, fixed for 5 min in 3.7% formal-
dehyde in PBS (Fisher Scientific, Montreal, QC, Canada) freshly diluted from
37% formaldehyde, washed twice in 3% BSA/PBS and permeabilized in 0.5%
Triton X-100 in PBS for 20 min. After washing, cells were incubated in the
Click-iT cocktail reaction (Life Technologies) containing 4 mM CuSO4,
1 mM Alexa Fluor 594 azide, 1 mg/ml DAPI and 5 mM DRAQ5 for 30 min.
After washing cells were incubated in 500 mM FDG in PBS for 30 min at
room temperature shielded from light. Cells were mounted in 1 ml PBS
covered with mineral oil on a microscope slide. Fluorescence was visualized
using confocal microscopy. Cells with fluorescence present in the nucleus
were classified as transcriptionally active.

Detection of LacZ mRNA
Pools of 40 growing oocytes (day-12), 40 fully grown oocytes (day-21), 30
one-cell embryos and 20 two-cell embryos were stored at 2808C until
RNA extraction. Total RNAwas extracted from each sample (Arcturus Pico-
pure RNA, Life Technologies) according to manufacturer’s instructions.
DNA was removed by DNase I treatment (Sigma). cDNA was synthesized
using SuperScript II Reverse Transcription kit (Life Technologies) and
stored at 2208C until use. Two microlitres of cDNA was combined with
5 ml of 10× polymerase chain reaction (PCR) buffer, 1.5 ml of 50 mM
MgCl2, 1 ml of 10 mM dNTPs, 1 ml of 10 mM forward and reverse primers
(Sigma), 1 ml of Taq polymerase (Life Technologies) and 38.5 ml of sterile
water in a total reaction volume of 50 ml. PCR was performed according
to the following reaction cycle: 5 min at 958C, 35 cycles of 958C for 30 s,
538C for 30 s, 728C for 30 s and a final 10 min at 728C. Amplification of
Actb cDNA was used as a positive control and a no-template control
(water instead of cDNA) as the negative control. Primers used for LacZ:
forward 5′-ACTATCCCGACCGCCTTACT-3′ and reverse 5′-TAGCGG
CTGATGTTGAACTG-3′. Primers used for Actb: forward 5′-GCTGTGC
TATGTTGCTCTAG-3′ and reverse 5′-ATCGTACTCCTGCTTGCTGA-3′.
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Statistical analysis
Statistical analyses were performed using GraphPad Prism (Version 6.0)
software for Student’s t-test (unpaired, equal variance) or two-way analysis
of variance (ANOVA) with Tukey’s honestly significant difference (HSD)
test. Values presented in figures are the mean+ standard error of the
mean. Probability values ,0.05 (P , 0.05) were considered statistically
significant. All experiments were repeated three times using independent
replicates.

Results
To determine whether the TCF/Lef-LacZ transgene was expressed in
oocytes, we exploited the fact that a large group of oocytes and their
follicles undergo growth synchronously during the first 3 weeks of
post-natal life. We collected GOCs from 12-day-old pups, which
contain a large population of secondary follicles. Such follicles contain
mid-growth-stage oocytes surrounded by more than one layer of

Figure 1 Transgene-encoded b-galactosidase activity in oocytes. (A) Granulosa cell–oocyte complexes (GOCs) containing growing oocytes from
TCF-Lef-LacZ females were stained using the fluorescent substrate, FDG. Bright fluorescence is visible in three oocytes but not in the fourth smaller
oocyte (arrow). Very weak fluorescence is detectable in some granulosa cells (arrow head). (B) Higher-power view showing bright fluorescence in a
growing oocyte. (C) Wild-type GOCs show no fluorescence. (D) Percentage of fluorescent and non-fluorescent growing oocytes. Data are summed
from three independent replicates. Chi-square test. (E) Size of fluorescent and non-fluorescent growing oocytes (left) and their GOCs (right). Each
point represents an individual oocyte or GOC. Two-sample t-test.
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granulosa cells. When we stained the GOCs using FDG, a sensitive
b-galactosidase substrate that can be taken up by living or fixed cells
(Rakhmanova and MacDonald, 1998) and generates a fluorescent
product, we observed that most of the oocytes in the GOCs were fluor-
escent (Fig. 1A, B and D). A small minority, however, were consistently
non-fluorescent (Fig. 1A, arrow). Non-transgenic oocytes were never
fluorescent (Fig. 1C). Weak fluorescence was occasionally observed in
the granulosa cells of both non-transgenic and transgenic origins
(Fig. 1A, arrowhead), but this was clearly distinguishable from the
bright fluorescence of the transgenic oocytes. Fluorescence was never
observedwhen FDG wasomitted from the staining solution (not shown).

To determine why most oocytes contained transgene-encoded
b-galactosidase whereas some did not, we collected GOCs at an
earlier stage of growth from 8-day-old pups. We stained them as men-
tioned earlier and also measured the diameter of each follicle and its
enclosed oocyte. We found that fluorescent oocytes and their GOCs
were significantly larger than non-fluorescent oocytes and their follicles
(Fig. 1E). This suggests that expression of the transgene was activated
during oocyte growth. To test this idea, we collected GOCs from
8-day-old pups, stained them using FDG and separated the GOCs con-
taining fluorescent or non-fluorescent oocytes. Both populations were
cultured for 72 h and then stained again. We found that most oocytes
that had been non-fluorescent at the time of collection became

fluorescent during the culture period (Fig. 2A). These results strongly
suggest that the transgene is not expressed at very early stages of
growth and subsequently becomes active.

Unexpectedly, we also observed that about one-quarter of the
oocytes that had been fluorescent at the time of collection were no
longer fluorescent after the culture period (Fig. 2A). To understand
the basis for this, we collected and stained COCs containing fully
grown oocytes from 18- to 21-day-old mice. Only about one-quarter
of the oocytes were fluorescent, whereas the remaining three-quarters
were non-fluorescent (Fig. 2B and C). Similarly, using ovarian tissue sec-
tions and immunofluorescence, we detected b-galactosidase protein in
growing oocytes but not in larger oocytes (Fig. 2D). Taken together,
these results show that b-galactosidase was absent at early stages of
oocyte growth, accumulated during mid-growth and then was lost
during late growth.

We then tested whether theb-galactosidase activity would re-appear
following fertilization. We collected one-cell and two-cell embryos and
stained them using FDG (Fig. 3A and B). No fluorescence was detectable
in the one-cell embryos. In contrast, all embryos analysed at the late
two-cell stage (46–48 h post-hCG injection) were fluorescent. In
some embryos analysed at 46 h post-hCG, one blastomere displayed
substantially brighter fluorescence than its sister, consistent with an asyn-
chronous activation of expression in the sister blastomeres (Fig. 3B,

Figure2 Gain and loss of fluorescence during oocyte growth. (A) Granulosa cell–oocyte complexes (GOCs) containing growing oocytes were collected
and stained using FDG. GOCs containing fluorescent and non-fluorescent oocytes were then incubated separately for 3 days and stained again to determine
whether the oocyte was fluorescent. Data are summed from three experiments. The number of oocytes examined is shown at the base of each bar. (B) No
fluorescence is detectable in fully grown oocytes. (C) Percentage of fluorescent and non-fluorescent fully grown oocytes. Data are summed from three
experiments. Chi-square test. (D) Ovarian sections were stained using anti-b-galactosidase (red) and YOYO-1 (green). Left: Prominent b-galactosidase
staining in growing oocyte of transgenic female. Middle: Extremely weak staining in fully grown oocyte of transgenic female. Right: Undetectable staining in
growing oocyte of wild-type female. Note NSN chromatin configuration in left and right oocytes; SN configuration in middle oocyte.
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inset). Moreover, the strong fluorescent signal persisted in four-cell
embryos. Thus, b-galactosidase activity re-appeared at the time of the
major activation of the embryonic genome.

Because the TCF/Lef-LacZ transgene is expressed when the canonic-
al Wnt-b-catenin signalling pathway is activated in a variety of cell types
(see Introduction), we examined whether b-galactosidase activity in
oocytes also reflected the activity of this pathway. In FSH-stimulated
monolayer cultures from freshly isolated granulosa cells, nuclear
b-catenin was easily detectable (Fig. 4A), as previously reported (Fan
et al., 2010). In growing oocytes, however, although we detected immu-
noreactivity at the plasma membrane consistent with the known cyto-
plasmic localization of b-catenin, we never detected intra-nuclear
reactivity (Fig. 4B). We did, however, consistently observe immunoreac-
tivity at the nuclear envelope. These results show that nuclearb-catenin
is undetectable in oocytes, even though they express the transgene as
indicated by b-galactosidase activity.

In a second approach, we tested whether b-catenin could localize to
the oocyte nucleus in response to Wnt. Mid-growth-phase oocytes
obtained from 12-day-old mice were cultured for 6 h in media with or
without 100 ng/ml recombinant mouse WNT3A, an activator of canon-
ical Wnt signalling. Oocytes cultured in the presence of WNT3A, like
control oocytes, displayed only membrane-bound b-catenin (Fig. 4C
and D), as well as the immunoreactivity at the nuclear envelope. These
observations show that b-catenin is not localized to the nucleus in
growing oocytes even when cultured in the presence of a canonical
Wnt signal, WNT3A. These results strongly suggest that the growing
oocytes express the TCF/Lef-LacZ transgene independently of b-catenin/
TCF signalling.

To understand the mechanisms regulating expression of b-
galactosidase activity, we examined its relationship with known events
of oocyte development. As growing oocytes near full size, their chroma-
tin undergoes a change from a configuration termed NSN where the
chromatin is decondensed and dispersed throughout the nucleus to
one termed SN configurations where it is condensed and lines the per-
imeter of the nucleolus. These are easily distinguishable using a nuclear
stain (Bouniol-Baly et al., 1999). Chromatin in the NSN configuration is
transcriptionally active, while chromatin in the SN configuration has
been associated with transcriptional arrest (Bouniol-Baly et al, 1999).
Using EU incorporation to detect de novo RNA synthesis, we confirmed
that NSN-type oocytes were transcriptionally active, whereas SN-type
oocytes were not (Fig. 5A).

To determine whether b-galactosidase activity was correlated with
chromatin configuration and thus transcriptional activity, we then col-
lected GOCs from 12-day-old mice. Twenty were immediately stained
with FDG and Hoechst, and in all cases, b-galactosidase activity was
present and the chromatin was in the NSN configuration. The remaining
GOCs were grown in vitro for 6 days and then stained as earlier. Slightly
more than half retained the NSN configuration at the end of culture, and
90% of these were fluorescent (Fig. 5B). In contrast, most oocytes that
progressed to the SN configuration in vitro were not fluorescent. Thus,
the transition from NSN to SN chromatin configuration was associated
with transcriptional arrest and with the loss of b-galactosidase activity.
To confirm thatb-galactosidase activity was linked to ongoing transcrip-
tion, we then examined one-cell embryos, which are transcriptionally in-
active, and two-cell embryos, which are active. As observed in oocytes,
b-galactosidase activity paralleled nuclear incorporation of EU (Fig. 5C

Figure 3 Transgene-encodedb-galactosidase activity in embryos. (A) One-cell (upper), two-cell (middle) and four-cell (lower) embryos are shown. For
all panels, FDG is on the left, phase–contrast in the middle and overlay on the right. (B) Percentage of embryos at each stage that were fluorescent or not
fluorescent. Data are summed from four experiments.
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and D). Thus, b-galactosidase activity was closely linked to a state of
active transcription in both oocytes and embryos.

To test whether the correlation between b-galactosidase activity
and transcriptional activity reflected a causal relationship, GOCs and
one-cell embryos were cultured in media containing a-amanitin, a
highly specific inhibitor of RNA polymerase II (Lindell et al., 1970).
Oocytes and embryos cultured in a-amanitin showed no detectable
EU incorporation (data not shown). Moreover, when GOCs were cul-
tured in the presence of a-amanitin for 48 h, b-galactosidase activity
was no longer detectable, and one-cell embryos cultured in the pres-
ence of a-amanitin could divide to the two-cell stage, but no
b-galactosidase activity was detectable (Fig. 5D). Hence, the gener-
ation of b-galactosidase activity depends on ongoing transcription in
both oocytes and early embryos.

Because the stability of b-galactosidase protein in oocytes is unknown,
we directly tested whether its activity faithfully reflected the presence of
the encoding mRNA. We extracted RNA from growing oocytes, fully
grown oocytes, one-cell and two-cell embryos of TCF/Lef-LacZ
females. LacZ mRNA was detected in growing oocytes and two-cell
embryos but not in fully grown oocytes or one-cell embryos (Fig. 5E).
Thus, b-galactosidase activity was directly correlated with the presence

of LacZ mRNA. This is consistent with the presence of theb-galactosidase
protein in oocytes at early, but not late, stages of growth (Fig. 2D).

To determine whether FDG staining and imaging of live oocytes and
embryos were compatible with subsequent development in vitro, we per-
formed the procedure on GOCs and two-cell embryos and then incu-
bated them. Following staining and imaging, GOCs were incubated for
6 days and two-cell embryos for 3 days, and then analysed. Figure 6
shows that most oocytes continued to develop following FDG imaging
and became non-fluorescent indicating developmental progression, al-
though the per cent survival was lower than in non-imaged oocytes.
There was no difference between the ability of imaged and non-imaged
embryos to reach the blastocyst stage. These results show that the ma-
jority of GOCs and embryos are able to continue to develop in vitro fol-
lowing FDG staining and imaging.

Discussion
Previous transgenic lines have been described in which fluorescent pro-
teins are expressed in oocytes. An OCT4-GFP fusion protein is
expressedweakly in growingoocytes and morestrongly in fully grown im-
mature oocytes and metaphase II eggs (Yoshimizu et al., 1999). This
marker can be useful for identifying and purifying oocytes, but its expres-
sion at metaphase II indicates that it does not reflect the transcriptional
status of the germ cell. A line carrying a Dazl-Gfp transgene shows very
weak fluorescence in fully grown immature oocytes, although testicular
expression appears to be more robust (Nicholas et al., 2009). Most re-
cently, a line carrying a Sohlh1-mCherry transgene has been reported, in
which the reporter is expressed in oocytes of primordial and primary fol-
licles, but not in more advanced follicles (Suzuki et al., 2013).
Sohlh1-mCherry is thus a robust marker of non-growing and early
growing oocytes, but its extinction at the secondary follicle stage pre-
cludes its use to monitor subsequent developmental progression. The
b-galactosidase encoded by the TCF/Lef-LacZ transgene is detectable
in oocytes and embryos that are transcriptionally active and is not detect-
able in oocytes and embryos that are transcriptionally inactive. Hence, it
represents a marker that is detectable in live or fixed cells and that faith-
fully reflects the transcriptional activity of growing oocytes beyond the
primary follicle stage and of embryos and thus of their developmental
progression.

The mechanisms controlling expression of the TCF/Lef-LacZ trans-
gene remain to be identified. Although its expression is regulated by
Wnt signalling in a variety of somatic cell types and male germ cells
(Yeh et al., 2011), our results suggest that its expression in oocytes
and early embryos is Wnt independent. It seems probable that the trans-
gene integrated into a relatively ‘open’ chromosomal region that contains
genes that are active in oocytes and early embryos; however, we have not
yet been able to identify the site of integration. We note also that there
was some variability among oocytes in the intensity of the fluorescent
signal. This could reflect variation among oocytes in the stage of
growth (i.e. oocyte diameter) when the transgene becomes transcrip-
tionally activated or in the processes that regulate mRNA and protein
stability. The substantial depletion of the mRNA and protein in transcrip-
tionally inactive fully grown oocytes suggests that both are short lived, at
least in oocytes, and this characteristic enhances the value of the reporter
as a marker of endogenous transcriptional activity.

Because the reporter gene described here permits the developmental
progression of living oocytes to be assessed directly, rather than relying

Figure 4 Intracellular localization of b-catenin. (A) Nuclear localiza-
tion in granulosa cells treated with follicle-stimulating hormone. (B–D)
Cytoplasmic localization ofb-catenin in growing oocytes before culture
and following culture in the absence or presence of WNT3A. Arrow
shows staining near oocyte plasma membrane.
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Figure 5 Transcriptional regulation of b-galactosidase activity. (A) Oocytes within granulosa cell–oocyte complexes (GOCs) were incubated in the
presence of EU to label newly synthesized RNA and then fixed and processed for EU detection and stained using DRAQ5 to assess chromatin configuration.
Data are summed from four experiments. (B) Oocytes were stained using FDG to assess b-galactosidase activity and DRAQ5 to assess chromatin con-
figuration. The experiment was performed three times. The number of oocytes examined is shown at the base of each bar. Two-sample t-test. (C) One-cell
and two-cell embryos were incubated in the presenceof EU and then processed to detectb-galactosidase activity (FDG) and RNA synthesis (EU). DNAwas
stained using DRAQ5. (D) Growing oocytes and one-cell embryos were stained using FDG. Other samples were then incubated in the absence or presence
of a-amanitin for 48 h and then stained using FDG. The experiment was performed three times. The number of oocytes examined is shown at the base of
each bar. (E) RNA was purified from oocytes and embryos at the indicated stages. RT-PCR was performed using primers corresponding to Actb and LacZ.
The experiment was performed twice.
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on surrogate markers of the somatic compartment of the follicle, it may
significantly facilitate progress towards the goals of dissecting the effects
of environmental and disease on oocyte development and of recapitulat-
ing female germ cell development in vitro. First, it can be used to easily
track the developmental progression of oocytes, enabling different in
vivo conditions or culture systems to be compared. Second, it will
allow different oocytes within a group under culture to be compared.
For example, by analogy with evidence that growing follicles send
signals that inhibit neighbouring primordial follicles from initiating
growth (Da Silva-Buttkus et al., 2009), factors secreted by growing
oocytes might influence the growth of neighbouring oocytes, which
would indicate whether oocytes should be grown individually or in
groups. Third, it provides a simple and robust platform to rapidly
assess the effect of drugs or other environmental agents on oocyte
growth and development. Fourth, it provides a maker of normal
oocyte development that should be useful in studies aimed at deriving
functional germ cells from reprogrammed somatic cells (Dyce et al.,
2011; Hayashi et al., 2012). In summary, this transgenic line should be
useful for a wide range of studies that use in vitro systems either to gener-
ate fully grown mature oocytes that will give rise to healthy individuals or
to uncover the molecular and mechanistic basis of oocyte growth and
development.
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