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Traditionally, follicles have been grown in standard incubators with atmospheric oxygen concentration. How-
ever, preantral follicles exist in the avascular cortex of the ovary. This study examines the effectiveness of an
oxygen delivery protocol that more closely mimics the in vivo environment of the ovary on oocyte viability,
maturation, parthenogenetic activation, and fertilization from in vitro cultured rat preantral follicles. Of 54 oocytes
cultured in the dynamic oxygen environment, 35 were viable while only 22 of 50 oocytes cultured within an
ambient oxygen concentration remained viable ( p< 0.05). Germinal vesicle breakdown was observed in 56% of
oocytes from the dynamic oxygen group compared to 30% of oocytes from the ambient oxygen group ( p< 0.05).
Parthenogenetic activation was observed in a significant number of oocytes from the dynamic oxygen group,
while none of the oocytes from the ambient oxygen group activated ( p< 0.05). However, the proportions of
oocytes from the dynamic oxygen group that remained viable underwent germinal vesicle breakdown, and
activated were still significantly less than those from the in vivo control group ( p< 0.05). Fertilization of the oocytes
from the dynamic oxygen group was confirmed through a successful trial of intracytoplasmic sperm injection.

Introduction

Therapeutic treatments for cancer and other diseases
often adversely affect the reproductive cells of a patient.

The very therapy that kills the cancer cells also kills the germ
cells within the reproductive organs. For girls and women,
this is a particularly harsh consequence because mammalian
females are born with all the eggs they will ever have.1

Should this original complement of eggs be destroyed, the
result is sterility. For adult women, depletion of the supply of
eggs results in menopause. Children whose eggs have been
destroyed fail to undergo puberty. One step that can be ta-
ken to salvage some of the eggs is to remove and freeze the
ovaries of girls and women before their undergoing poten-
tially sterilizing therapies.2 This banked tissue can then be
used for transplant back into the patient to restore hormone
and egg production. However, the major drawback with this
procedure is that re-implanting the ovarian tissue carries the
very real risk of transferring cancer cells that were resident in
the tissue, thus re-introducing the cancer as well.3 This pos-
sibility could be avoided entirely by using the preserved
tissue as a source of follicles that would be grown to maturity
in vitro. This process could then be used as a source of ma-
ture oocytes for routine in vitro fertilization (IVF) procedures.
The in vitro approach has here to fore been limited in that
there is currently no technology to produce fertilizable eggs

from the immature follicles present in the frozen ovaries of
most mammals, including humans.

The spherical follicle is the major anatomic and functional
unit of the ovary. Follicles consist of an oocyte surrounded
by epithelial-like granulosa cells. The granulosa cells are
surrounded by a basement membrane. Outside the basement
membrane is a mesenchymal layer of theca cells.1 In repro-
ductive age mammals, the vast majority of the follicles exist
as very small, nongrowing, primordial follicles in what has
been called a resting pool of follicles.

An unknown mechanism results in the activation and
growth of some follicles, while the majority of the follicle
complement remains in the resting pool. When follicles are
activated from the resting pool, they progress through mor-
phologically distinct stages known in order as primary, sec-
ondary, preantral, antral, and Graafian, or preovulatory.1 At
ovulation, an egg is released that undergoes mechanical
transport to the fallopian tube, where it undergoes further
maturation and if sperm are present, may undergo fertil-
ization and further development as a zygote. In human IVF
procedures, the recovered eggs are at the preovulatory stage
and are matured and fertilized in culture or by intracyto-
plasmic sperm injection (ICSI). Some labs have begun to at-
tempt to culture and mature retrieved eggs that are earlier
than preovulatory in a process called in vitro maturation.
This name is somewhat deceptive; however, in that these
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eggs are already from late antral follicles. In this study, we
have grown follicles from very early secondary stages of
development all the way up to ovulation, maturation, and
fertilization—a much more complex and prolonged period
than in vitro maturation of eggs.

Primordial follicles have a greater likelihood of surviving
this cryopreservation due to their smaller size, slow metab-
olism, and the undifferentiated state of the cells that comprise
them.4 Although primordial follicles derived from mice can
be grown to maturity using static culture techniques under
atmospheric oxygen conditions,5–7 to date there has been no
successful complete in vitro follicle development from larger
species, such as rats, pigs, and humans.8,9 In other words, in-
tact rat, primate, or human preantral follicles have not yet
been successfully cultured to maturation in vitro. Successful
development of a technology in which preserved ovarian
tissues can be utilized to restore fertility would be a major
development in reproductive science.

Over the past several years, several groups have worked
to develop a defined culture system for preantral follicular
development. This work has identified a number of factors
important for follicular growth in vitro. It has been shown
both in vivo and in vitro that preantral follicles respond to
follicle-stimulating hormone treatment with increased cell di-
vision, growth, and differentiation.10 Other factors that pro-
mote growth or differentiation of rat preantral follicles in
short-term culture have been identified (Mullerian inhibi-
tory substance,11 keratinocyte growth factor,12 growth and
differentiation factor 9,13 and activin11). It has also been de-
termined that transforming growth factor-b induces apo-
ptosis,11 whereas cyclic guanosine monophosphate (cGMP)
analogs inhibit apoptosis in preantral follicles.10 While these
studies have added to our knowledge of early follicle de-
velopment and greatly improved the media used for in vitro
culture of isolated follicles, a number of obstacles still remain
before follicles can be supported in the proper environment
long enough to result in normal oocyte maturation.

We have recently performed studies to determine why rat
follicles fail to progress beyond the preantral follicle stage
in vitro. Our preliminary studies14 demonstrated that under
conventional conditions, rat follicles frequently undergo
flattening and rupture with loss of anatomic integrity that is
important to the normal egg maturation process. When fol-
licles were cultured in suspension culture systems, consisting
of orbiting test tubes and rotating-wall vessels, the follicles
did not rupture and exhibited more robust growth. There-
fore, we believe that advances in bioreactor technologies
hold great promise toward the development of a system that
can support the complex needs of larger follicles that are
required for proper development. In the short term, the rat
model will allow for more complex studies of follicle de-
velopment in vitro that are unnecessary for the maturation of
the smaller mouse follicles. In the long term, it may represent
the hope for young cancer patients to retain fertility. More
generally, the problems associated with nurturing the de-
velopment of larger follicles mirror many of the unmet
challenges in tissue engineering as a whole.

Follicles have traditionally been grown in standard incu-
bators with atmospheric oxygen concentrations. However,
primordial and primary follicles exist in the avascular cortex
of the ovary. Throughout this region, blood vessels are not
observed in close proximity to these follicles.15 The oxygen

available to these small follicles would have to diffuse from
the peritoneal cavity or nearby large follicles that do have a
blood supply. The partial pressure of oxygen in the perito-
neal cavity has been measured at 40 mmHg, a far cry from
the *140 mmHg obtained in media exposed to normal in-
cubator conditions.16 Further, the partial pressure of oxygen
is expected to be even further reduced by crossing the ovarian
capsule. The oxygen gradient across the walls of microcapi-
llaries is steep, reducing the intracapillary levels by half.17

The Po2 across the subrenal capsule drops from the perito-
neal level of 40 to 14–19 mmHg.16 In contrast, an abundance
of blood vessels are found in the region of the ovary that
contains secondary and antral follicles.15 Differential regu-
lation of follicle development in environments reflecting the
in vivo Po2 has never been investigated, though it is likely
that in vivo follicles experience a transition from relative
hypoxia in early development to the high volume of blood
flow and oxygen delivery for preovulatory follicles. The
difficulty in achieving in vitro oocyte maturation may be due
to the dysregulation of follicle development by exposure of
early stage follicles to inappropriate oxygen concentrations.

In this study, we examined the effectiveness of a dynamic
oxygen delivery protocol on oocyte viability and maturation.
Ovarian follicles were cultured in suspension under two
different oxygen conditions, a static 20% or a dynamic en-
vironment in which the oxygen was increased over the du-
ration of the culture period. Along with an in vivo control
group, the resulting oocytes were analyzed for survival, ger-
minal vesicle breakdown, and polar body extrusion. Further,
additional oocytes derived from these three groups were
placed into strontium chloride to determine the efficiency of
parthenogenetic activation. As a result of the activation study,
oocytes from the dynamic oxygen group underwent ICSI to
verify that they were competent to undergo fertilization.

Materials and Methods

Animals and ovarian dissection

All animal experiments were performed in accordance with
National Institutes of Health guidelines and with institutional
approval. Sprague-Dawley rats were obtained from Hilltop
Lab Animals (Pittsburgh, PA) and housed under standard
conditions. The animals were sacrificed by CO2 exposure and
cervical dislocation. Ovaries were dissected and placed im-
mediately in warmed culture medium, consisting of Leibovitz
L-15 medium (Invitrogen, Carlsbad, CA). The follicles were
then mechanically dissected from the ovary using a pair of
syringes with 26-gauge needles. All follicles used in the ex-
periments were measured in two dimensions, using an in-
verted microscope fitted with an ocular micrometer. Only
intact follicles that were between 140 and 170mm in diameter
were used in culture.

Follicle culture

Culture media consisted of a-minimal essential medium
(Gibco BRL–Invitrogen, Grand Island, NY) with additives of
8-bromo-cGMP (5 mM), ITSþ (1% solution of insulin,
10 mg=L; transferrin, 5.5 mg=L; linoleic acid, 4.7 mg=L; and
selenium, 5 mg=L), Pen=Strep (1%, penicillin 100 U=mL
and streptomycin 100mg=mL) (all from Sigma Chemical,
St. Louis, MO), and recombinant follicle-stimulating hor-
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mone (0.7 IU=mL) (Serono Laboratories, Rockville, MD).
Culture media was placed into 12�75 mm polypropylene
culture test tubes (500mL=tube) and cultured in 5% CO2 and
378C humidified incubator. Two hundred microliters of
culture media was exchanged every 3 days.

Suspension culture was attained by placing the 6 mL cul-
ture tubes in a circular rotator plate (Glas-Col, Terre Haute,
IN), having a diameter of 30.5 cm, which was rotated around
its horizontal axis at rate between 8 and 15 rpm. Therefore, as
the plate rotates, the tubes slowly orbit the axis of the plate.

Oxygen protocols

The incubators used for this study were both CO2 and O2

controlled. For the ambient oxygen group, the oxygen ten-
sion was cultured in the traditional static oxygen tension of
20% (Fig. 1). For the preliminary low oxygen experiment, the
oxygen tension was set at 2% (15.2 mmHg). For the dynamic
oxygen group, the oxygen tension in the incubator was ini-
tially set at 4% (30.4 mmHg), a concentration more similar to
what a preantral follicle would experience in vivo.16 To mimic
the in vivo transition from avascular to vascular oxygen
levels, the oxygen tension was increased 1% every 24 h until
the end of the 7-day culture period with a final oxygen
tension of 11% (83.6 mmHg), a level within the normal range
for arterial oxygen (Fig. 1).

Histology

The morphology of preantral follicles cultured at different
oxygen tensions was analyzed by hematoxylin and eosin
staining. Preantral follicles were cultured in either 15%
(115 mmHg) or 2% (15.2 mmHg) oxygen tension. After 7
days, the follicles were retrieved from culture and fixed in
4% paraformaldehyde. Follicles were then embedded in op-
timal cutting temperature compound for sectioning. Frozen
sections were cut at 5mm and stained with hematoxylin and
eosin before being imaged using a Leica CMR microscope
(Leica Microsystems, Wetzlar, Germany).

Ovulation induction and oocyte maturation

Follicles were removed from the culture media and placed
into media containing a-minimal essential medium, Pen=

Strep (1%, penicillin 100 U=mL and streptomycin 100 mg=
mL), and hCG (1.0 IU=mL) for 12 h. Oocytes were then
removed from their surrounding cumulus and placed into
IVF-30 media (Vitrolife, Göteborg, Sweden). Oocytes were
initially observed for viability. Oocytes with vacuoles in their
cytoplasm or voids in their perivitelline space were consid-
ered nonviable. After 6 h in the IVF-30 media, oocytes were
examined for germinal vesicle breakdown and the presence
of an extruded polar body. Oocyte diameter was measured
from inside the zona pellucida using SPOT version 3.2.4
software (Diagnostic Instruments, Sterling Heights, MI).

Superovulation protocol

To compare the quality of the oocytes from both cul-
ture conditions with an in vivo control, immature Sprague-
Dawley rats were stimulated to superovulate using pregnant
mare’s serum gonadotropin (PMSG) subcutaneous injections.
Rats were injected with PMSG (15 IU) at 10 a.m. The rats were
then injected with human chorionic gonadotropin (30 IU)
48 h later. After 24 h, the rats were sacrificed, and the fallo-
pian tubes dissected to retrieve the ovulated oocytes. The
recovered oocytes were placed into the IVF media for 6 h and
examined for germinal vesicle breakdown and the presence
of an extruded polar body.

Parthenogenic activation

Follicles were removed from the culture media and placed
into media containing a-minimal essential medium, Pen=
Strep (1%, penicillin 100 U=mL and streptomycin 100 mg=
mL), and hCG (1.0 IU=mL) for 12 h. Oocytes were then
removed from their surrounding cumulus and placed into
IVF-30 media (Vitrolife). To determine oocyte competency,
oocytes from the dynamic oxygen group, the ambient oxy-
gen group, and the in vivo control group were partheno-
genically activated using strontium chloride–supplemented
IVF-30 media. Only those oocytes that matured through
germinal vesicle breakdown were put through the proto-
col. For mammalian oocytes, activation is triggered by intra-
cellular calcium oscillations.18 These calcium oscillations occur
as intracellular calcium is released across the egg.19 This
process is necessary for the progression of the egg through
the cell cycle.20 Studies on mouse21 and rat22 oocytes have
shown that strontium can provoke the calcium oscillations
necessary for activation. However, in the case of strontium-
induced parthenogenetic activation, there is no consensus on
an optimum protocol regarding strontium concentration
used and time spent in strontium that would result in the
most efficient activation rates and the formation of the
greatest number of blastocysts.

Strontium chloride (Sigma Chemical) was dissolved
into IVF-30 medium at a concentration of 0.625 mM. After
the 6-h culture in IVF-30 media, oocytes from the dynamic
oxygen group were placed into 50 mL drops of strontium-
supplemented IVF-30 media. They were incubated for 8 h at
378C in 5% CO2 in air. They were then washed in IVF media
and cultured for 8 h in IVF media alone. Finally, they under-
went a second 8-h culture in the strontium-supplemented
IVF media before being placed back into IVF media for 24 h.
Oocytes were then examined for the presence of two or more
cells. For all incubation periods, the microdrops of IVF media
were covered with mineral oil.
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FIG. 1. Dynamic oxygen delivery protocol. The oxygen
tension in the incubator was initially set at 4% (30.4 mmHg)
and increased 1% every 24 h until the end of the 7-day cul-
ture period with a final oxygen tension of 11% (83.6 mmHg).
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Oocyte DNA staining

Activated oocytes were stained with Hoechst 33342 to
confirm the presence of a nucleus in each cell. At the end
of the activation protocol, oocytes that displayed two or
more cells were placed into a 1mg=mL working solution of
the Hoechst 33342 for 10 min followed by two phosphate-
buffered saline washes, 5 min. Oocytes were then digitally
imaged using a Leica DM IRB fluorescence microscope. Only
those oocytes displaying positive staining in all cells were
considered to be activated.

Intracytoplasmic sperm injection

ICSI was performed using a controlled volume microin-
jection system (Narishige, East Meadow, NY) attached to a
Leica DM IRB microscope. Spermatozoa were collected from
the cauda epididymidis of a mature male Sprague-Dawley
rat. The spermatozoa were suspended in a 10% poly-
vinylpyrrolidone solution (Irvine Scientific, Santa Ana, CA).
Spermatozoa were then injected into the oocytes in a drop of
human tubal fluid (HTF) media supplemented with 10% v=v
synthetic serum substitute (Irvine Scientific). After injection,
the oocytes were transferred into IVF-medium and incubated
at 378C and 5% CO2 in air. The oocytes used for injections
were retrieved from follicles cultured in the dynamic oxygen
condition and cultured for an additional 6 h in the IVF me-
dia. Only those oocytes that matured through germinal
vesicle breakdown were injected. The injected oocytes were
observed over the next 24 h for the presence of two pronuclei
(2pn) and subsequent progression to a two-cell embryo.

Statistical analysis

The percentages of oocytes that were viable, went through
germinal vesicle breakdown, and extruded the first polar
body were compared between oxygen treatments using the
Fisher exact probability test. Significance was accepted at
p< 0.05.

Results and Discussion

The overall goal of these studies was to develop a reliable
method of attaining mature oocytes from in vitro cultured
preantral ovarian follicles for the purpose of restoring fer-
tility. The parameters used to compare the effects of the
dynamic oxygen environment to those of the ambient control
focused on oocyte viability and oocyte maturation. Oocyte
maturation was evaluated by observing the progression of
the cultured oocytes through a number of meiotic stages.

Oocytes that are still within a follicle are arrested in the
prophase of the first meiotic division, the germinal vesicle
stage (Fig. 2A). Mature oocytes can spontaneously resume
meiosis in vitro if they are retrieved from a follicle and sepa-
rated from the surrounding cumulus cells.23 This induces a
process known as germinal vesicle breakdown in which the
nucleus dissolves in preparation for the completion of meiosis
(Fig. 2B). At the conclusion of meiosis I, the oocyte will ex-
trude a polar body and enter meiosis II, at which point the
oocyte will arrest in metaphase II until it is fertilized (Fig. 2C).
For the purposes of this study, oocytes were observed for
germinal vesicle breakdown and the presence of a polar body
to evaluate the effectiveness of both the ambient oxygen and
dynamic oxygen groups at producing mature oocytes.

Figure 3 presents the different outcomes for the cultured
oocytes. The first picture in each series (Fig. 3A, C, F, I)
shows the preantral follicle before it was placed into the
culture tube. The second picture in each series (Fig. 3B, D,
G, J) displays the oocyte retrieved from the follicle shown in
the first frame. These oocytes were yet to be cultured in the
IVF media. The bottom 3 outcomes have an additional micro-
graph (Fig. 3E, H, K) showing the oocytes after a 6-h culture
in the IVF media.

In vivo control

The superovulation protocol yielded a total of 19 oocytes
that were observed for viability and maturation. Of the 19
oocytes recovered, all 19 were viable. After culturing the
oocytes in the IVF medium, 18 (95%) went through germinal
vesicle breakdown and extruded the first polar body (Fig. 4).
The 18 oocytes were then subjected to the parthenogenetic
activation protocol. Of the 18 oocytes, 15 (83%) were acti-
vated (Fig. 5).

Ambient oxygen culture

In an attempt to develop a long-term culture system, im-
mature ovarian follicles were cultured for 7 days in the sus-
pension culture bioreactors under ambient oxygen tension.
Figure 3A and B represents the outcome in which the oocyte
had not survived the 7-day culture. Figure 3B shows a non-
viable oocyte that had retreated from the zona pellucida
leaving a sizable portion of the perivitelline space empty. Of
the 50 oocytes cultured in the ambient oxygen environment,
only 22 (44%) remained viable.

The 22 surviving oocytes from the viability study were
placed into IVF-30 media to determine their efficiency at
resuming meiosis. After 6 h in the IVF-30 media, germinal
vesicle breakdown was observed in 15 of the oocytes. Figure
3G and H portrays a viable oocyte that went through ger-
minal vesicle breakdown. The nucleus could clearly be seen
in Figure 3G (arrow), but was no longer present after 6 h in
IVF-30 media (Fig. 3H), signifying the resumption of meiotic
maturation. This was in contrast to the outcome in Figure 3D
and E in which the oocyte failed to undergo germinal vesicle
breakdown as the nucleus was present (arrows) both before
(Fig. 3D) and after (Fig. 3E) culture in the IVF-30 media.
Ultimately, the ambient oxygen group produced two oocytes
that extruded the first polar body. Figure 3J and K shows an
oocyte that not only went through germinal vesicle break-
down, but also extruded the first polar body (arrow).

From this experiment, it was found that the majority of the
oocytes retrieved from the ambient oxygen group neither
survived the culture nor resumed meiosis. Compared to the
in vivo control, there was a significant decrease in all three of
the observed parameters, the proportion of oocytes that were
viable, underwent germinal vesicle breakdown, and ex-
truded the first polar body (Fig. 4). Although the yield of
mature oocytes was low using this culture condition, we
wanted to determine if the oocytes generated from the am-
bient oxygen environment could be parthenogenically acti-
vated. With the successful activation of these oocytes, we
would take a first step toward the derivation of embryonic
stem cell lines from in vitro matured preantral follicles.

In addition to being a source of fertilizable oocytes
for the restoration of fertility, this study also examined
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whether in vitro matured oocytes could potentially be used
to derive embryonic stem cell lines through parthenoge-
netic activation. Parthenogenesis is a form of asexual repro-
duction in some species in which the oocyte develops
without ever being fertilized (Fig. 2G, H, I). A number of
methods have been developed to induce the parthenoge-
netic activation of mammalian eggs. These eggs can di-
vide mitotically progressing to the blastocyst stage, complete
with an inner cell mass consisting of embryonic-like stem
cells.

Embryonic stem cell lines have already been derived from
the unfertilized oocytes of nonhuman primates.24,25 In the
case of human eggs, it has been shown that parthenogenesis
can be induced through several different methods.26,27 These
activations have resulted in the acquisition of pluripotent
stem cells from the resulting blastocyst.27 Although promis-
ing, the primate and human studies have been performed
with in vivo matured oocytes. However, it has been found
that preantral mouse follicles can be cultured to produce an
oocyte capable of establishing an embryonic stem cell line

FIG. 2. Meiotic stages of the
ovulated oocyte and its sub-
sequent progression through
either fertilization or parthe-
nogenesis. (A) Mature ovu-
lated oocyte. (B) Germinal
vesicle breakdown, a process
in which the nucleus dissolves
in preparation for the com-
pletion of meiosis occurs. (C)
After the first meiotic division,
the first polar body is ex-
truded. The oocyte will arrest
at this stage until it is fertil-
ized or stimulated to undergo
parthenogenesis. (D) Fertili-
zation occurs and triggers the
second meiotic division. (E)
The second polar body is ex-
truded, and two pronuclei,
one from the ovum and one
from the sperm, are present.
(F) The two pronuclei fuse
into one nucleus, forming a
zygote. (G) Parthenogenesis
activation. (H) Activation
triggers a mitotic nuclear di-
vision. (I) This is followed by
cytokinesis and the formation
of a two-cell parthenote. Color
images available online at
www.liebertonline.com/ten.
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from parthenogenesis.5 In this study, the issue of culturing
larger follicles from more complex species for the purpose of
producing oocytes capable of undergoing this activation was
addressed.

To assess whether our culture method could produce the
mature oocytes necessary to attain these stem cells, a number
of oocytes from the ambient oxygen group were subjected to
an activation protocol utilizing the chemical induction agent,
strontium. A total of 22 oocytes from the ambient oxygen
group were put through the parthenogenetic activation
protocol. Of the 22 oocytes, none were activated.

It was determined that the functional capability of the
oocytes cultured at higher oxygen tensions was significantly
diminished compared to mature oocytes that activate in re-
sponse to strontium exposure.28 This suggested that the pa-
rameters for this culture condition needed to be altered to
develop a successful long-term culture technique that could

produce mature oocytes with the same potential as those
matured in vivo. We hypothesized that if the oxygen tension
in the incubator were decreased to in vivo levels for devel-
oping preantral follicles, the result would be an increase in
the proportion of mature functioning oocytes obtained from
the culture.

Low oxygen culture

Our preliminary low oxygen experiments focused on the
effect that this environment had on the morphology of the
preantral follicles. Hematoxylin and eosin–stained sections
were compared between follicles cultured for 7 days at 2%
oxygen tension (Fig. 6A, B) and 15% oxygen tension (Fig. 6C,
D). The low oxygen sections showed that the tissue structure
was intact and the cells were not necrotic, which is a concern
when culturing at such low levels of oxygen. Follicles grown

FIG. 3. Micrographs of follicles and subsequent oocytes. (A, C, F, I) Follicles on day 0. (B) Nonviable oocyte on day 8 from
ambient oxygen group. (D, G, J) Viable oocytes on day 8 before culture in IVF-30 media. (E) Oocyte after culture in IVF-30
media, no germinal vesicle breakdown from ambient oxygen group. (H) Oocyte after culture in IVF-30 media, germinal
vesicle breakdown from dynamic oxygen group. (K) Oocyte after culture in IVF-30 media, germinal vesicle breakdown and
extrusion of the first polar body from dynamic oxygen group. Color images available online at www.liebertonline.com/ten.
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in the high oxygen environment had ruptures in the base-
ment membrane, compromising the three-dimensional in-
tegrity of the tissue along with a loss of cell junctions creating
empty gaps around the oocyte. From these observations, it
was found that not only could preantral follicles survive in a
low oxygen environment, but also their three-dimensional
structure more closely resembled in situ follicle structure.
However, a static low oxygen tension is also not what de-
veloping follicles experience in vivo. We further hypothesized
that for long-term cultures designed to support follicle mat-
uration, a method of oxygen delivery that would increase the
partial pressure of oxygen over the duration of the culture
period should be implemented.

Dynamic oxygen culture

Utilizing in vivo oxygen tensions to enhance tissue func-
tion during in vitro culture has been used in a number of
related fields. It has been shown that maturing porcine oo-
cytes in a low oxygen environment improves not only their
ability to be parthenogenically activate but also the quality of
the resulting blastocysts.29 It was also determined that cul-
turing embryos at an oxygen tension characteristic of levels
found in the oviduct and uterus improved both the estab-

lishment and maintenance of murine stem cells.30 It is be-
coming evident that the fields of follicular development,
oocyte maturation, and embryo culture are benefiting from
this trend to mimic the unique in vivo metabolic needs of
these avascular tissues. In this spirit, several groups have
examined the effects of lower oxygen tensions on follicle
growth and development.31–33 It was found that by culturing
preantral follicles under 5% oxygen, there was a significant
increase in oocyte survival.31,33 Although these studies use
oxygen tensions that are more suitable for early follicle de-
velopment, the oxygen concentrations are still held constant
for the duration of the culture periods. To better mimic the
native oxygen environment, the oxygen concentrations for
the dynamic oxygen protocol implemented in this study
were based on the unique in vivo realities experienced by
maturing follicles throughout their life cycle in the ovary.

For the purposes of our study, this dynamic oxygen pro-
tocol was then combined with the use of bioreactors that
enable follicles to grow without flattening.14 As in the am-
bient oxygen culture, immature follicles were cultured for 7
days at which point the oocytes were retrieved and observed
for viability, germinal vesicle breakdown, and polar body
extrusion. Of the 54 oocytes cultured in the dynamic oxygen
environment, 35 (65%) were viable. After 6 h in the IVF-30
media, germinal vesicle breakdown was observed in 30
(56%) oocytes from the dynamic oxygen group, with 8 of
those oocytes extruding the first polar body.

Although these figures are still significantly less than the
in vivo control values, significant increases were observed in
the dynamic oxygen group for both the proportion of oocytes
that remained viable and the proportion of oocytes that re-
sumed meiosis compared to the ambient oxygen group (Fig.
4). The dynamic oxygen environment not only permitted the
development of mature oocytes, but also significantly in-
creased the number of oocytes that resumed meiosis by un-
dergoing germinal vesicle breakdown, showing that both the
quantity and quality of the oocytes were enhanced using this
culture method. Further, it was determined that there was no
significant difference ( p> 0.05) in oocyte diameter between
the in vivo control (70.4� 5.6 mm), the dynamic oxygen

0

20

40

60

80

100

Viable Oocytes GVBD Polar Body

P
er

ce
n

t 
(%

)

In Vivo Control Dynamic Oxygen Ambient Oxygen

*
* *

*

*

*

*

*

*

FIG. 4. Oocyte viability and maturation data (*p< 0.05).

0

20

40

60

80

100

Parthenogenetic Activation

P
er

ce
n

t 
(%

)

In Vivo Control Dynamic Oxygen Ambient Oxygen

*

*

*

FIG. 5. Parthenogenesis data (*p< 0.05).

FIG. 6. Hematoxylin and eosin–stained sections of follicles
cultured for 7 days in (A, B) low oxygen tension (2%) or (C,
D) high oxygen tension (15%).
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(68.5� 2.5 mm), and the ambient oxygen (68.8� 2.7 mm)
groups. Next, we determined if the oocytes generated from
the dynamic oxygen environment could be parthenogeni-
cally activated.

Utilizing strontium as a chemical-inducing agent, a total of
28 oocytes from the dynamic oxygen group were put through
the parthenogenetic activation protocol. Of the 28 oocytes
cultured in the dynamic oxygen environment, 7 were suc-
cessfully activated. This is a significant increase when com-
pared to the ambient oxygen group that failed to produce a
single oocyte capable of activation (Fig. 5). Figure 7 shows a
micrograph from an activated oocyte and its corresponding
Hoechst-stained image. Figure 7A shows the activated oocyte
at the two-cell stage, while Figure 7B is the fluorescent image
of the oocyte with the nuclear-staining Hoechst dye confirm-
ing the presence of a nucleus in each of the two cells.

The derivation of embryonic stem cells from these par-
thenotes is beyond the scope of this paper. However, by
activating these eggs, we confirmed that the oocytes re-
trieved from this improved culture environment have the
potential to become a source for embryonic stem cells. Fur-
ther, this indicates that culturing preantral follicles in a high
oxygen environment will limit the functional potential of the
oocytes.

Intracytoplasmic sperm injection

From the oocyte viability and maturation studies, it was
found that the long-term culture of preantral ovarian follicles
for the purpose of producing mature oocytes can become
more efficient by altering the oxygen environment to mimic
the native ovarian environment. However, to prove that this
culture technique can ultimately be utilized as a method to
restore fertility, the fertilization of a cultured oocyte must be
demonstrated.

In this study, eight oocytes from the dynamic oxygen
group were injected with sperm from a mature male Spra-
gue-Dawley rat. Of these eight oocytes, 2pn were observed in
two of the oocytes within 24 h. Figure 8A shows one of the
2pn oocytes, while Figure 8B is the fluorescent image of the
oocyte with the nuclear-staining Hoechst dye confirming
the presence of both pronuclei in the egg. None of these eggs
progressed to the two-cell stage (Fig. 2F); however, the
presence of both pronuclei in the egg confirms the fertiliza-
tion (Fig. 2E).

By fertilizing these oocytes, we have shown that dynamic
oxygen culturing has the potential to restore fertility in females
who undergo sterilizing therapy. As this project moves for-
ward, we will look to improve the ICSI procedure and the

FIG. 7. (A) Micrograph of
activated oocyte (400�). (B)
Hoechst-stained activated
oocyte (400�). Color images
available online at www
.liebertonline.com/ten.

FIG. 8. (A) Micrograph of
fertilized oocyte (400�). Ar-
rows indicate the two pronu-
clei. (B) Hoechst-stained
fertilized oocyte (400�). Color
images available online at
www.liebertonline.com/ten.
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media used to culture the embryos to support the embryo to
later stages of development.

Conclusions

The dynamic oxygen environment produced a signifi-
cantly higher yield of healthy oocytes than the static control.
More importantly, the oocytes from the dynamic oxygen
environment were significantly more efficient at progressing
through germinal vesicle breakdown than high oxygen
controls. In conclusion, these data demonstrate that both the
yield and quality of the oocytes derived from in vitro cul-
tured preantral follicles were improved by utilizing a dy-
namic oxygen protocol designed to mimic the in vivo
environment of the ovary. Further, it was found that not only
could immature rat preantral follicles be cultured to produce
oocytes capable of parthenogenetic activation, but also the
activation was only achieved when the oocyte had been
cultured in the dynamic oxygen environment. Finally, the
ex vivo ovulated oocytes could be fertilized by ICSI, and if we
were able to demonstrate a similar approach with human
follicles, then dynamic oxygen culturing would provide hope
to young children who must sacrifice fertility for life.
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