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Objective: To determine whether culture of immature human oocytes with and without autologous cumulus cells
(CC) in standard culture medium would provide additional oocytes for use in IVF procedures.
Design: Prospective study.
Setting: Hospital-based IVF practice.
Patient(s): Sixty-one women undergoing 62 IVF–embryo transfer procedures between August 2004 and June
2005.
Intervention(s): None.
Main Outcome Measure(s): Oocyte maturation after culture with and without CC, oocyte fertilization, and zygote
cleavage.
Result(s): Culture with CC did not alter the maturation rate for metaphase I (M I) oocytes to the metaphase II (M
II) stage. Germinal vesicle (GV) stage oocytes cultured with CC matured at a significantly higher rate than did GV
oocytes cultured without CC. Although acceptable fertilization rates were obtained (62.1%), ‘‘usable’’ embryo
yield was very low (13.0%).
Conclusion(s): This study demonstrated good maturation of M I oocytes but poor maturation of GV oocytes in
standard culture medium. Of the immature oocytes that did mature, were fertilized, and cleaved to embryos,
only a very small number were actually suitable for patient use. Therefore, these extended culturing techniques
were inefficient in maturing and providing additional oocytes/embryos for patient use. The use of specialized in
vitro maturation medium may improve the utility of this process. (Fertil Steril� 2008;90:1674–9. �2008 by
American Society for Reproductive Medicine.)
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Both in vivo and in vitro factors affect the ability of oocytes to
grow, mature, and develop cytoplasmic and nuclear compe-
tence. In vivo, the development of a functionally competent
ovarian follicle is a complex process requiring a series of re-
ciprocal interactions between the oocyte and its surrounding
somatic cells. These interactions are crucial to female game-
togenesis and, very likely, affect the oocyte’s potential for
embryo development after fertilization. It was once thought
that the oocyte was merely a passive recipient of develop-
mental signals from its associated somatic cells, but owing
to research conducted during the past decade, it is now clear
that the communication between these two cell types is
bidirectional (1).

Two modes of intercellular communication between oo-
cytes and their companion somatic cells, the granulosa cells
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(GC), have been described: [1] gap junctions and [2] para-
crine factors (2). Gap junctional cell-to-cell communication
links GCs to other GCs and GCs to oocytes allowing the
cell types to cooperate metabolically. However, GCs and
the oocyte also produce signaling molecules that are too large
for transmission through gap junctions. Therefore, the initial
step in the transmission of these paracrine signaling mole-
cules is secretion into the extracellular space followed by
binding to target cells. Although gap junctional and paracrine
communication are potentially bidirectional, the majority
of GC-to-oocyte communication occurs through gap junc-
tions, whereas oocyte-to-GC communication is mediated by
paracrine factors (3).

It is known that the culture conditions used for in vitro mat-
uration of oocytes can significantly influence maturation
rates and subsequent embryo development. The presence of
cumulus cells (CC) surrounding oocytes is particularly im-
portant for normal cytoplasmic maturation of oocytes be-
cause they play essential nurturing roles in the regulation of
oocyte metabolism, such as in the use of energy sources
(4). Unlike intact immature oocytes, which are completely
surrounded by CC, cumulus-free oocytes are in direct contact
with the surrounding medium. Therefore, it is likely that me-
dium optimized for somatic cells is not always suitable for
cumulus-free oocytes (5). In support of this conclusion, there
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now is a growing body of literature dealing with in vitro
maturation of immature oocytes in modified culture medium
(6–13).

In the performance of micromanipulation procedures such
as intracytoplasmic sperm injection (ICSI), human oocytes
are denuded (stripped of their surrounding CC). Frequently
after stripping, a cohort of oocytes will contain one or more
immature oocytes (i.e., oocytes at the metaphase I [M I] or
germinal vesicle [GV] stage of development). In an effort
to maximize the number of mature oocytes available for
IVF procedures, many laboratories attempt to mature these
immature oocytes in their standard culture medium. The suc-
cess and utility of this procedure is the focus of this study.

MATERIALS AND METHODS

We performed a prospective analysis of 239 immature oo-
cytes retrieved from 61 women undergoing 62 IVF proce-
dures using either their own oocytes (55 patients) or donor
oocytes (7 patients) between August 2004 and June 2005.

Patient Population

The average age of the 55 women who used their own oo-
cytes was 33.7 � 4.0 years (range 21–41 years). The average
age of the seven donor oocyte recipients was 38.9 � 2.9
years (range 36–43 years) and the average age of the oocyte
donors was 29.4 � 4.0 years (range 24–34 years). The aver-
age age of the men was 37.2 � 6.3 years (range 25–56
years). None of the couples used donor sperm. Of the cou-
ples using their own gametes, 83.6% were white, 5.5%
were African American, and 10.9% were from other ethnic
groups. Approximately 51% (50.9%) of the couples pre-
sented with a combination of infertility risk factors. For
those couples presenting with a single risk factor, male fac-
tor infertility was the most common at 30.9%, followed by
10.9% with endometriosis, 3.6% with ovulatory dysfunction,
1.8% with tubal factor, and 1.8% with another risk factor.

Our institutional review committee approved this study
and patients signed consent forms indicating awareness that
their data might be used to monitor and possibly improve
methodologies used in assisted reproductive technologies
(ART).

Oocyte Collection and Preparation for ICSI

Controlled ovarian stimulation was carried out as previously
described (14). Briefly, most patients who used their own
oocytes as well as all of the oocyte donors underwent ovula-
tion induction with gonadotropins (FSH was initiated on cy-
cle days 2–4 at a dose of two to six ampules daily), usually in
concert with a midluteal leuprolide acetate (LA; Lupron, TAP
Pharmaceuticals, North Chicago, IL) suppression. Patient/
donor response to gonadotropins was monitored by transva-
ginal ultrasound and the measurement of serum E2 levels.
When three or more follicles reached R16 mm in diameter,
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the patient/donor was administered 10,000 IU of hCG (Pro-
fassi, Serono Laboratories, Randolph, MA) IM.

Those patients not undergoing the standard protocol re-
ceived a modified microdose flare protocol in which they re-
ceived oral contraceptives (OC) followed by 40 mg of Lupron
twice daily. Beginning 2 days after the start of Lupron, go-
nadotropins were started, generally at a dose of six ampules
per day. As in the standard protocol, when three or more fol-
licles measured R16 mm in diameter, hCG was adminis-
tered.

Donor oocyte recipients received OCs overlapped with 1
week of Lupron injections to synchronize their menstrual cy-
cle to that of the donor. Recipients continued Lupron injec-
tions for another 2 weeks and began uterine preparation for
embryo transfer by applying 0.1-mg Vivelle patches (Noven
Pharmaceuticals, Miami, FL) beginning 4 days before the oo-
cyte donor started her gonadotropin stimulation. Patients ap-
plied one to three patches per day. The patches were changed
every 3 days and were continued at least until the results of
the recipient’s pregnancy test was known. Progesterone sup-
plements (both injectable [100 mg/day] and suppositories [50
mg/day]) were started by the recipient 2 days before her
embryo transfer and were continued at least until the results
of her pregnancy test were known.

All patients/donors underwent oocyte retrieval 34–36
hours after hCG injection. Approximately 3–6 hours after re-
trieval, the majority of CC were dissected from the oocyte–
cumulus complexes, rinsed in culture medium, and retained.
The oocyte–cumulus complexes then were placed into 50-mL
drops of a 1% solution of hyaluronidase (Sigma Chemical
Co., St. Louis, MO) in sperm washing medium (Irvine
Scientific, Santa Ana, CA) and overlaid with washed, equil-
ibrated mineral oil (Roberts Pharmaceutical Corp. [formerly
Squibb], Eatontown, NJ). After approximately 30 seconds,
the cumulus-free oocytes were transferred to 50-mL drops
of sperm washing medium and the corona cells were removed
by aspirating the oocytes into a small bore pipette (150 or 125
mm Stripper Tips; Mid Atlantic Diagnostics, Marlton, NJ).
Denuded oocytes were rinsed through two additional 50-mL
drops of sperm washing medium and then assessed for matu-
rity. Those oocytes demonstrating a first polar body were
selected for ICSI, which was performed 0–3 hours after
stripping.

Recovered oocytes deemed immature after stripping were
divided into two groups, either GVor M I, based on their de-
gree of immaturity. Both groups of immature oocytes were
cultured with and without the rinsed and retained CC in
50-mL drops of culture medium. Every other M I oocyte
was selected to be cultured with CC (convenience allocated)
regardless of the oocyte’s patient origin. Germinal vesicle
oocytes were handled in the same manner. Each patient’s/
donor’s oocytes were cultured with her own CC only. Each
dissected cumulus mass was reunited with the oocyte it orig-
inally contained. The volume of CC varied between oocytes
and was not quantified. Cumulus cells were transferred to the
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new culture drops containing the immature oocytes in a min-
imal amount (�5 mL) of human tubal fluid (HTF; Irvine Sci-
entific). Oocytes were individually cultured in 50-mL drops
of HTF supplemented with 10% synthetic serum substitute
(SSS; Irvine Scientific) under oil at 6% CO2, 5% O2,
36.7�C, and high (>90%) humidity.

The maturational state of each oocyte was determined after
18 hours of culture. At that time, if they were needed or if time
permitted, oocytes that matured overnight were inseminated
using ICSI. Subsequently, fertilization and developmental
rates of the oocytes in the four groups (M I with CC, M I with-
out CC, GV with CC, GV without CC) were assessed.

Sperm Collection and Preparation for ICSI

Of the 62 semen specimens used for ICSI, 60 were collected
by ejaculation (96.8%). The remaining two (3.2%) were col-
lected surgically and cryopreserved. These two specimens
were prepared for ICSI using the spider drop method that
we have described previously (15).

Fifty of the ejaculated semen specimens were prepared us-
ing density gradient centrifugation (80.6%). Briefly, this
technique involved layering 2 mL of 90% AllGrad gradient
solution (Life Global, www.LifeGlobal.com) with 2 mL of
45% AllGrad gradient solution (Life Global) in a conical cen-
trifuge tube (Falcon 2095; Becton-Dickinson Labware,
Franklin Lakes, NJ). Up to 2 mL of neat semen was then lay-
ered onto the gradient solutions and the tube was centrifuged
at approximately 300 � g for 20 minutes. After centrifuga-
tion, the supernatant was removed and the resultant sperm
pellet was resuspended in 2–3 mL of AllGrad wash solution
(Life Global). The tube was centrifuged a second time at ap-
proximately 500 � g for 10 minutes. The sperm pellet was
then resuspended in 0.3 mL of sperm washing medium.

Seven ejaculated semen specimens were prepared using
the swim-up technique (11.3%) and two were prepared using
a simple wash technique (3.2%). We have previously de-
scribed both of these techniques (15). One ejaculated semen
specimen (1.6%) from an HIV-positive male was washed
to decrease the viral load and cryopreserved by an outside
facility.

Statistical Analysis

Data collected on oocyte maturation and fertilization rates
were analyzed by c

2 analysis with two-by-two contingency
tables. A P value of< .05 was considered indicative of statis-
tical significance.

RESULTS

A total of 893 oocytes were recovered from patients using au-
tologous oocytes, whereas 194 oocytes were recovered from
oocyte donors. Of the 239 immature oocytes involved in this
study, 180 were derived from patients using autologous oo-
cytes and 59 were derived from donor oocytes. In the group
of 180 autologous oocytes, 41.1% (74/180) were M I stage
1676 Johnson et al. Oocyte maturation using cumulus cel
and 58.9% (106/180) were GV stage. In the group of 59 donor
oocytes, 39.0% (23/59) were M I stage and 61.0% (36/59)
were GV stage.

The mean age, basal FSH, peak E2, total number of oocytes
recovered, and number of immature oocytes recovered for the
patients who used autologous oocytes are presented in Table 1.
Data demonstrate that approximately 80% of oocytes were
mature at the time of retrieval. Donor oocytes are not repre-
sented in Table 1 (low numbers of donors/recipients and
data were confounded due to some donor oocytes being split
between two recipients).

Data regarding the maturation rate and subsequent fer-
tilization rate of in vitro matured oocytes are presented in
Tables 2 and 3. One hundred of the 239 immature oocytes
matured after overnight culture. Eighty-seven of these oo-
cytes were inseminated; 54 fertilized normally (2 pronuclei
[PN]), seven were polyploid (3 PN), and 26 did not fertilize.
The fate of the 54 normally fertilized (2 PN) zygotes was as
follows: 16 failed to divide, 21 arrested at a multicell stage, 6
arrested at the morula stage, 9 developed to the blastocyst
stage, and 2 were dead. Overall, from this pool of 54 zygotes,
only 7 were suitable for patient use; 4 were transferred (7.4%)
and 3 were of sufficient quality to be cryopreserved (5.6%),
whereas 47 were discarded (87.0%).

The four embryos that were transferred were all derived
from patients using autologous oocytes. All four of the sub-
sequent embryos were recovered as M I stage oocytes; three
of these oocytes were cultured with CC and one was not. In
the group of three cryopreserved embryos, two were derived
from patients using autologous oocytes and one was derived
from an oocyte donor. All three of the subsequent embryos
were recovered as M I stage oocytes; none of these oocytes
were cultured with CC.

Culture with CC did not alter the maturation of M I stage
oocytes to the M II stage (P¼.47). However, GV stage oo-
cytes cultured with CC matured at a significantly greater
rate than did those GV stage oocytes cultured without CC
(P¼.03). Although acceptable fertilization rates were ob-
tained (54/77; 62.1%), ‘‘usable’’ embryo yield was very
low (7/54; 13.0%).

DISCUSSION

We cultured two groups of denuded immature oocytes with
and without autologous CC to determine whether culture
with CC would improve the maturation rate of these oocytes.
We determined that culture with CC did not alter the matura-
tion of M I stage oocytes to the M II stage and both groups of
these immature oocytes matured at a high rate (M I cultured
with CC, 73.5%; M I cultured without CC, 80.4%). Germinal
vesicle stage oocytes cultured with CC matured at a signifi-
cantly greater rate than did those GV stage oocytes cultured
without CC. However, despite this seemingly positive find-
ing, the maturation rate for both groups of GV oocytes was
quite low (GV cultured with CC, 26.4%; GV cultured without
ls Vol. 90, No. 5, November 2008
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TABLE 1
Descriptive statistics of patients using autologous oocytes for IVF.

Group N Mean (range) SD

Age (y) 55 33.7 (22–41) 3.9
Basal FSH (mIU/mL) 54a 6.6 (1.6–13.1) 2.5
Peak E2 (pg/mL) 55 2,192.0 (831–4,476) 908.7
Total no. of oocytes retrieved 55 16.2 (4–32) 7.0
No. of immature oocytes retrieved 55 3.3 (1–13) 2.5

a One basal FSH result was missing from this group of patients.

Johnson. Oocyte maturation using cumulus cells. Fertil Steril 2008.
CC, 11.1%), and, therefore, provided little benefit. These data
are in line with the earlier work of Eppig (16, 17), who re-
ported that murine oocytes isolated from preantral follicles
and cultured denuded of GCs (either alone or in co-culture
with GCs) do not undergo significant growth.

Oocytes must acquire both nuclear and cytoplasmic matu-
rity to achieve maximal developmental competence. How-
ever, these processes are independent of each other, and
although nuclear maturation (meiosis) may be completed
successfully, acquisition of cytoplasmic maturation may
not automatically follow. Assisted reproductive technologies
(ART) involving controlled ovarian hyperstimulation (COH)
or collection of immature oocytes followed by in vitro matu-
ration, disturb the maturation processes resulting in oocytes
with diminished developmental competence (18).

Oocyte developmental competence also is affected by
follicle size (19–21). During the growth phase, arrested oo-
cytes accumulate a large store of messenger RNA (mRNA)
and proteins that function after fertilization to support and
regulate preimplantation embryonic development (22). It
seems that oocytes from small follicles have not yet com-
pleted cytoplasmic maturation. This may reflect deficient
mRNA or protein accumulation (19, 20, 23).

Animal experiments indicate that protein synthesis is re-
quired for germinal vesicle breakdown (24–27). Protein syn-
thesis also is needed for oocytes to progress from the GV to the

TABLE 2
In vitro maturation rates of metaphase I (M I)
stage and germinal vesicle (GV) stage oocytes
cultured with and without cumulus cells (CC).

Group N
% Maturing to
metaphase II P value

M I No CC 46 80.4 (37/46) —
M I þ CC 49 73.5 (36/49) .47
GV No CC 72 11.1 (8/72) —
GV þ CC 72 26.4 (19/72) .03
Total 239 41.8 (100/239)

Johnson. Oocyte maturation using cumulus cells. Fertil Steril 2008.
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M II stage, and for the maintenance of M II arrest (28, 29). Pro-
tein synthesis appears to be needed for germinal vesicle break-
down of human oocytes as well, as protein synthetic patterns
differ before and after germinal vesicle breakdown (30, 31).

The CC that surround mammalian oocytes during follicu-
logenesis respond to gonadotropins and are known to secrete
molecules that not only control nuclear maturation but also
perform an important role in cytoplasmic maturation (6).
Communication between the oocyte and its companion CC
through gap junctions is, therefore, vital for the development
of a competent oocyte. There is clear evidence of the involve-
ment of gap junctions in the development of ovarian follicles.
During the growth of mammalian oocytes, there is continu-
ous coupling with the surrounding follicle cells through gap
junctions (2, 32).

Amino acids, glucose metabolites, and nucleotides are
among the molecules known to be transferred to the growing
oocyte through gap junctions (2). In addition, signals that reg-
ulate late meiotic maturation of the fully grown oocyte pass
through the oocyte–GC gap junctions (33–35). These regula-
tory molecules include steroids, calcium ions, inositol 1,4,5-
triphosphate, cyclic AMP, and purines (36).

Oocytes collected from small follicles and then stripped for
ICSI and cultured in vitro face two major obstacles: they may
not have acquired cytoplasmic maturity, and removal of CC

TABLE 3
Normal (2 PN) fertilization rates of in vitro
matured metaphase I (M I) stage and germinal
vesicle (GV) stage oocytes cultured with and
without cumulus cells (CC).

Group N % 2 PN Fertilization P value

M I No CC 32 59.4 (19/32) —
M I þ CC 33 63.6 (21/33) .72
GV No CC 6 66.7 (4/6) —
GV þ CC 16 62.5 (10/16) 1.0
Total 87a 62.1 (54/87)

a Although 100 oocytes matured, only 87 were injected.

Johnson. Oocyte maturation using cumulus cells. Fertil Steril 2008.
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severs gap junctions and oocyte–CC intercommunication,
which may negatively affect nuclear maturation.

Severing the communication between oocytes and their
surrounding CC when micromanipulation procedures are
performed appears to have a negative impact on the ability
of immature oocytes to mature in vitro in standard culture
medium. To offset this effect, much research has been, and
is currently being, conducted to develop maturation media
that will increase the rate of maturation of immature oocytes
without reducing their developmental potential. The oocytes
of several mammalian species have been studied in an at-
tempt to optimize maturation medium. These include bovine
(37), porcine (38–40), murine (41, 42) and, of course, humans
(6, 10–13, 43–45).

Supplementation of standard culture medium appears to be
necessary to optimize maturation of immature oocytes re-
gardless of species. Growth hormone (37) and leptin (40)
have been used as supplements for maturing bovine oocytes.
Supplements used to optimize the maturation of porcine oo-
cytes include epidermal growth factor, gonadotropins such as
equine chorionic gonadotropin and hCG, and essential and
nonessential amino acids (38). Cysteine added to porcine
maturation medium has been found to improve rates of nu-
clear maturation (39). Leptin has also been shown to stimu-
late porcine oocyte maturation (46). Leptin (47), FSH (41),
and cysteamine (42) added to murine maturation medium
have demonstrated positive effects on oocyte maturation.

For human oocyte maturation, medium has been supple-
mented with hMG (48, 49), pregnant mare serum gonadotro-
pin (6, 45), hCG (6, 13, 44, 45), FSH and LH (10–13, 43, 44),
pyruvic acid (10), E2 (11, 44, 45), and recombinant FSH (45).
Insulin, transferrin, and selenium have also been added to in
vitro maturation medium (44).

Undefined protein sources such as fetal bovine serum (6,
45), human maternal serum (10, 12, 13, 44), synthetic human
serum (11), and human follicular and peritoneal fluid (50, 51)
also have been used to supplement maturation medium.

Clearly, one recipe for maturation medium does not suit all
researchers and further research remains to be performed to ad-
dress the mechanism of oocyte maturation to optimize the cul-
ture conditions for oocytes matured invitro (52). Having stated
this, it is unlikely that a collection of immature oocytes pro-
duced during a stimulated cycle that were destined for atresia,
or had already begun the atretic process could be improved,
irrespective of the quality of the culture media. Immature
oocytes from an unstimulated cycle may be very different.

Although this study provides sound data that the current
methods are ineffective in producing additional oocytes for
IVF procedures, there are limitations to the study. The fact
that M I oocytes were not assessed until after 18 hours of cul-
ture may have yielded slightly postmature oocytes. On the
other hand, this same allotted time may have been insufficient
to mature GVoocytes. Although the study only evaluated the
87 oocytes that were inseminated, it would have been helpful
1678 Johnson et al. Oocyte maturation using cumulus cel
to inject all 100 of the matured oocytes. However, in many in-
stances we believed that it was unnecessary to create embryos
that more than likely would not be used. We also realize that
culture of the immature oocytes with intact CC potentially
could have allowed for more efficient in vitro maturation. Fu-
ture studies might include a mechanism to evaluate oocytes
without CC removal if the researcher can truly obtain an
accurate assessment of the oocyte despite the obscuring CC.

Our study demonstrated good maturation of M I oocytes but
poor maturation of GV oocytes in our standard culture me-
dium. Of the immature oocytes that did mature (100), were in-
seminated (87), were fertilized (54), and cleaved to embryos
(43), only a very small number (7) were actually suitable for
patient use. Therefore, this procedure was inefficient in pro-
ducing additional oocytes for use in IVF procedures. Because
so little reward is reaped, it appears that this procedure is not
worth the extra time and effort required. However, as more
specialized media for in vitro maturation of immature oocytes
are developed/used, laboratories may decide that this process
is indeed worthy of the extra effort involved.
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