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ABSTRACT To test the hypothesis that cul-
ture conditions influence meiotic regulation in mouse
oocytes, we have examined the effects of six culture
media, four organic buffers, and pH on spontaneous
maturation, the maintenance of meiotic arrest and
ligand-induced maturation in cumulus cell-enclosed oo-
cytes from hormonally primed immature mice. The
media tested were Eagle’s minimum essential medium
(MEM), Ham’s F-10 (F-10), M199, M16, Waymouth’s MB
752/1 (MB 752/1), and Leibovitz’s L-15 (L-15). All six
media supported $94% spontaneous germinal vesicle
breakdown (GVB) during a 17–18 hr incubation period,
but polar body formation was lower in M199 and MB
752/1 than in the other media. The incidence of polar
bodies could be increased in these two media by the
addition of pyruvate. With the exception of M16 and MB
752/1, 4 mM hypoxanthine maintained a significant
number of cumulus cell-enclosed oocytes in meiotic
arrest. Inhibition could be restored by the addition of
glutamine to M16 and pyruvate to MB 752/1. Follicle-
stimulating hormone (FSH) and epidermal growth factor
(EGF) stimulated GVB in those media in which hypoxan-
thine was inhibitory. dbcAMP was able to maintain
meiotic arrest in all of the media, but was least effective
in M16. FSH stimulated GVB in all dbcAMP-arrested
groups except L-15, and FSH became stimulatory in
L-15 when the pyruvate level was reduced to 0.23 mM
and galactose was replaced with 5.5 mM glucose.
When MEM was buffered principally with the organic
buffers MOPS, HEPES, DIPSO, or PIPES (at 20 mM),
high frequencies of GVB and polar body formation were
observed in inhibitor-free medium. dbcAMP suppressed
GVB in all groups; hypoxanthine also maintained meiotic
arrest in all buffering conditions, although this effect
was nominal in PIPES-buffered medium. FSH and EGF
stimulated GVB in all dbcAMP- and hypoxanthine-treated
groups. When the concentration of HEPES was in-
creased from 20 mM to 25 mM, a more pronounced
suppressive effect on maturation in both dbcAMP- and
hypoxanthine-supplemented groups was observed in
the absence of FSH. But whereas HEPES reduced the
induction of maturation by FSH in dbcAMP-arrested
oocytes, this buffer had no effect on FSH action in
hypoxanthine-treated oocytes. When MEM was buffered
with HEPES and the pH was adjusted to 6.8, 7.0, 7.2,
or 7.4, a dramatic effect of pH on meiotic maturation
was observed. pH had no significant effect on hypoxan-
thine salvage by oocyte-cumulus cell complexes, but

FSH-induced de novo purine synthesis was significantly
augmented by increased pH, in parallel with increased
induction of GVB. The results of this study demonstrate
that the use of different culture media, or minor
changes in culture conditions, can lead to significant
variation in (1) the spontaneous maturation of oocytes,
(2) the ability of meiotic inhibitors to suppress GVB, or
(3) the efficacy of meiosis-inducing ligands. Further-
more, such observations provide a unique opportunity to
examine specific molecules and metabolic pathways that
can account for this variation and thereby gain valuable
insights into themechanisms involved in meiotic regulation.
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INTRODUCTION
Oocyte maturation is a complicated process involving

regulation of the nuclear events of cell cycle progression
as well as the cytoplasmic changes required for acquisi-
tion of developmental potential. Throughout its intrafol-
licular growth phase, the oocyte remains arrested in
prophase I of meiosis while it is attaining meiotic compe-
tence and accumulating molecules essential for early em-
bryo development. At the culmination of folliculogenesis,
fully grown, meiotically competent oocytes are stimu-
lated to resume meiotic maturation, indicated morpho-
logically by breakdown of the germinal vesicle, when
host Graafian follicles are exposed to a preovulatory
surge of gonadotropic hormones. Reinitiation of meiosis
will also occur if oocytes are removed prior to hormone
stimulation and placed in a suitable culture medium.
Numerous media have been formulated for the pur-

pose of somatic cell culture that support the spontane-
ous maturation of oocytes in vitro in inhibitor-free
medium. Such maturation, however, can be blocked if
the culture medium is supplemented with agents that
modify certain transducing signals within the cell, such
as cAMP-elevating agents (Skoblina, 1988; Schultz,
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1991; Downs, 1995a) and protein kinase C activators
(Urner et al., 1984; Bornslaeger et al., 1986; Lefevre et
al., 1992), as well as various follicular fluid components
(Tsafriri and Adashi, 1994). Yet germinal vesicle break-
down (GVB) can be induced in arrested oocytes by
treatment with stimulatory ligands such as follicle-
stimulating hormone and epidermal growth factor
(Dekel and Beers, 1978; Downs et al., 1988). Apart from
establishing conditions whereby spontaneous oocyte
maturation in vitro will be supported, little work has
been carried out to analyze how specific components of
different culture media might influence the control of
meiotic maturation, particularly when the germ cells
are exposed to putative physiological inhibitors and
stimulatory ligands.
Since many different media are available for oocyte

culture, it is not always clear which medium is most
appropriate for a particular experiment. Consequently,
there is a need for assessing how alterations in the
culture medium affect meiosis-arresting or -inducing
mechanisms in oocytes if one is to optimize culture
conditions or gain a better understanding of meiotic
regulation. Whereas the use of a simple medium may
minimize confusion by eliminating components that
could potentially interfere with the phenomena being
studied, it could also generate unanticipated complica-
tions by omitting specific components such as energy
substrates, amino acids, or macromolecules normally
available to, and utilized by, the oocyte. However, more
complex media may unintentionally introduce compo-
nents that cause detrimental side effects in oocyte
physiology.
One area that has received considerable attention is

the energy substrate requirement for mammalian oo-
cyte development. In the mouse, oocytes favor pyruvate
as a direct energy source (Biggers et al., 1967) and may
require it for successful completion of maturation (Kim
and Schuetz, 1991). However, glucose utilization re-
quires mediation by the follicle cells (Biggers et al.,
1967), where the hexose is metabolized to pyruvate that
is then made available to the oocyte (Donahue and
Stern, 1968; Eppig, 1976; Leese and Barton, 1984;
Downs and Mastropolo, 1994). Obviously, knowledge of
these requirements or preferences helps shape the
formulation of culture media that will support success-
ful development. Recent studies from this laboratory
have shown how the relative abundance of pyruvate
and glucose in Eagle’s minimum essential medium
profoundly influences meiotic regulation (Fagbohun
andDowns, 1992; Downs andMastropolo, 1994; Downs,
1995b). Nevertheless, it cannot be assumed that oocyte
behavior in response to such manipulations of culture
medium will be duplicated in a different background
medium and hence generalizations concerning the dy-
namics of meiotic control based on results with one
culture medium may not always be warranted. This is
important to consider when different laboratories con-
duct similar types of experiments but utilize different
culture media, particularly if this leads to variability in
results.

We hypothesized that the use of different culture
media, pH or buffering systems would yield significant
variations in meiotic maturation in cumulus cell-
enclosedmouse oocytes. Defining such variations would
enable examination of the medium components respon-
sible and further would provide vital information to be
used in future studies that address the possible involve-
ment of specific metabolic pathways in meiotic regula-
tion. Such an approach has proven invaluable in preim-
plantation embryo culture, where examination of
artifactual developmental blocks has led to significant
improvements in embryo culture medium (Bavister,
1995). Thus, we have examined the influence of six
culture media, four buffering systems, and a range of
pH from 6.8 to 7.4 on (1) spontaneous maturation, (2)
the maintenance of meiotic arrest by hypoxanthine or
dibutyryl cAMP, and (3) ligand induction of oocyte
maturation. We demonstrate that each of these culture
parameters can have a significant impact on themeiotic
maturation of mouse oocytes in vitro. In addition, the
possible involvement of energy substrates, amino acids,
and purine metabolizing pathways in some of these
observed differences in meiotic maturation has been
addressed.

MATERIALS AND METHODS
Oocyte Isolation and Culture Conditions

Immature C57BL/6J X SJL/J F1 mice, 20–23 days
old, were used for all experiments. Mice were primed
with 5 IU equine chorionic gonadotropin (eCG; Dio-
synth, Chicago, IL) and killed 48 hr later by cervical
dislocation. Ovaries were removed, placed in culture
medium, and the large antral follicles were punctured
with sterile needles.All of the experiments in this study
involved the culture of cumulus cell-enclosed oocytes.
Oocyte-cumulus cell complexes were collected, washed
through three additional changes ofmedium, and trans-
ferred in a small volume to plastic culture tubes (Falcon
2058) containing 1 ml of the appropriate culture me-
dium. Tubes were gassed with a humidified mixture of
5% CO2, 5% O2, and 90% N2 and placed in a water bath
at 37°C for the duration of culture. This gas was not
used when the effects of different buffers were tested on
oocyte maturation.
Six culture media were tested in this study: Eagle’s

minimum essential medium (MEM), Ham’s F-10 (F-10),
medium 199 (M199), M16, Waymouth’s MB 752/1 (MB
752/1), and Leibovitz’s L-15 (L-15). The composition of
eachmedium is provided in Table 1. M16 is the simplest
medium containing salts, bicarbonate, and energy sub-
strates, whereas the other media are much more com-
plex. L-15 is unique because it contains no bicarbonate
for buffering but rather depends upon phosphate for
this function. Waymouth’s MB 752/1 medium contains
exceptionally high levels of glucose (27.5 mM) and no
pyruvate. It should be noted that MEM does not
normally contain pyruvate, but in past studies we have
routinely supplemented this medium with pyruvate at
a concentration of 0.23 mM, and this has been contin-
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TABLE 1. Components of Different Culture Media

Componenta MEM F-10 M199 M16 MB 752/1 L-15

Inorganic salts
CaCl2 (Anhydrous) 200.0 90.61
CaCl2-2H2O 44.1 265.0 252.0 185.0
CuSO4-5H2O 0.0025
Fe(NO3)3-9H2O 0.72
FeSO4-7H2O 0.834
KCl 400.0 285.0 400.0 356.0 150.0 400.0
KH2PO4 83.0 162.1 80.0 60.0
MgCl2 (Anhydrous) 112.6 93.7
MgSO4 (Anhydrous) 74.6 97.7 97.7 97.7
MgSO4-7H2O 200.0 284.0
NaCl 6800.0 7400.0 6800.0 5534.0 6000.0 8000.0
NaHCO3 2200.0 1200.0 2200.0 2101.0 2240.0 0
NaH2PO4-H2O 140.0
Na2HPO4 (Anhydrous) 153.7 122.0 300.0 190.0
Na2HPO4-7H2O 290.0
ZnSO4-7H2O 0.03

Amino acids
L-Alanine 9.0 50.0 450.0
L-Arginine (free base) 500.0
L-Arginine-HCl 126.0 211.0 70.0 75.0
L-Asparagine 250.0
L-Asparagine-H2O 15.0
L-Aspartic acid 13.0 60.0 60.0
L-Cysteine HCl-H2O 35.0 0.11 100.3
L-Cysteine 120.0
L-Cystine-2HCl 26.0 19.6
L-Cystine 24.0
DL-Glutamic acid-HCl 150.0
L-Glutamic acid 14.7 150.0
L-Glutamine 292.0 146.0 100.0 0 350.0 300.0
Glycine 7.5 50.0 50.0 200.0
L-Histidine (free base) 250.0
L-Histidine HCl-H2O 42.0 21.0 21.9 164.1
L-Hydroxyproline 10.0
L-Isoleucine 52.0 2.6 40.0 25.0 250.0
L-Leucine 52.0 13.0 120.0 50.0 125.0
L-Lysine (free base) 75.0
L-Lysine HCl 72.5 29.0 70.0 240.0
L-Methionine 15.0 4.5 30.0 50.0 150.0
L-Phenylalanine 32.0 5.0 50.0 50.0 250.0
L-Proline 11.5 40.0 50.0
L-Serine 10.5 50.0 200.0
L-Threonine 48.0 3.6 60.0 75.0 600.0
L-Tryptophane 10.0 0.6 20.0 40.0 20.0
L-Tyrosine 300.0
L-Tyrosine (2Na) 51.9 2.6 57.7 57.7
L-Valine 46.0 3.5 50.0 65.0 200.0

Vitamins
Alpha tocopherol P (2Na) 0.01
Ascorbic acid 0.05 17.5
Biotin 0.02 0.01 0.02
Calciferol 0.10
D-Ca Pantothenate 1.0 0.72 0.01 1.0 1.0
Choline chloride 1.0 0.70 0.50 250.0 1.0
Folic acid 1.0 1.32 0.01 0.4 1.0
i-Inositol 2.0 0.54 0.05 1.0 2.0
Menadione 0.02
Niacin 0.025
Niacinamide 0.615 0.025 1.0
Nicotinamide 1.0 1.0
Para-aminobenzoic acid 0.05
Pyridoxal HCl 1.0 0.025
Pyridoxine HCl 0.206 0.025 1.0 1.0
Riboflavin 0.1 0.38 0.01 1.0
Riboflavin-58-P (Na) 0.1

(continued)
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ued herein. Earle’s salts are used in both MEM and
M199. With the exception of MB 752/1, which was
obtained from Gibco BRL (Grand Island, NY), pow-
dered media were purchased from Sigma (St. Louis,
MO). A specialized liquid Leibovitz’s L-15 medium was
purchased from Gibco BRL that lacked galactose, pyru-
vate, and glycine; these three components were then
added as needed, depending on the experiment. M16
was prepared from individual components. All media
contained penicillin, streptomycin sulfate, and 3 mg/ml
lyophilized crystallized bovine serum albumin (ICN
ImmunoBiologicals, Lisle, IL).

Purine De Novo and Salvage PathwayAssays
Oocyte-cumulus cell complexes were assayed for de

novo purine synthesis or for hypoxanthine salvage after
a 3-hr culture period as previously described (Downs,
1993). After culture with 10 µCi 14C-glycine, 100 com-
plexes were used for each de novo synthesis assay,
whereas 50 complexes were used for each salvage
determination after culture with 10 µCi 3H-hypoxan-
thine. The de novo assay measures the production of
nucleotides from radiolabeled glycine. This involves a
10-step pathway starting from phosphoribosylpyrophos-
phate to form inosine monophosphate (IMP), which is
further converted to guanyl and adenyl nucleotides. For
the salvage assay, radiolabeled hypoxanthine ismetabo-
lized to IMP by the enzyme, hypoxanthine phosphoribo-

syltransferase, and then further converted to guanyl
and adenyl nucleotides. For the experiments in which
the effects of pH were tested, the pH of the culture
medium was maintained at 6.8, 7.0, 7.2, or 7.4 using 20
mM HEPES, and at each pH complexes were cultured
in the presence or absence of FSH. The medium also
contained 6 mM bicarbonate, but its presence did not
interfere with the ability of HEPES to maintain the
designated pH (see Results).

Chemicals
Individual culture medium components, buffers,

dbcAMP, epidermal growth factor (EGF), and hypoxan-
thine were obtained from Sigma Chemical Co. [U-14C]-
glycine (63 mCi/mmol) was purchased from ICN Bio-
medicals, and [3H(G)]-hypoxanthine (15.2 Ci/mmol) from
New England Nuclear (Wilmington, DE). Biological
grade ovine FSH-17 (o-FSH; 20 U/mg) was generously
provided by the National Hormone and Pituitary Pro-
gram of the NIDDK (Bethesda, MD). A stock solution of
FSHwas prepared in phosphate-buffered saline contain-
ing 3 mg/ml BSAand EGFwas dissolved in PBS/BSAat
50 µg/ml. These stocks were stored at 220°C and used
at a final concentration of 0.1 µg/ml and 1 ng/ml,
respectively. The PBS vehicle had no effect on oocyte
maturation.

TABLE 1. Components of Different Culture Media (Continued)

Componenta MEM F-10 M199 M16 MB 752/1 L-15

Thiamine HCl 1.0 1.0 0.01 10.0
Thiamine monophosphate 1.0
Vitamine A (acetate) 0.14
Vitamine B12 1.36 0.2

Purines/pyrimidines
Adenine sulfate 10.0
ATP (2Na) 1.0
AMP 0.2
Guanine HCl 0.3
Hypoxanthine 4.0
Hypoxanthine (Na) 0.35 29.0
Thymine 0.3
Thymidine 0.7
Uracil 0.3
Xanthine (Na) 0.34

Other components
Cholesterol 0.2
Deoxyribose 0.5
D (1) galactose 900.0
D-Glucose 1000.0 1100.0 1000.0 1000.0 5000.0 0
Glutathione (reduced) 0.05 15.0
Lactate (hemicalcium)
Lactate (Na) 4.37 ml
Lipoic acid 0.2
Phenol red 10.0 10.0 20.0 10.0 10.0 10.0
Ribose 0.5
Sodium acetate 50.0
Sodium pyruvate 25.0b 110.0 0 36.0 0 550.0
Potassium penicillin G 75.0 75.0 75.0 75.0 75.0 75.0
Streptomycin sulfate 50.0 50.0 50.0 50.0 50.0 50.0
Tween 80 20.0

aValues are given as mg/liter. An underlined medium component denotes a notable difference from the other media that may
contribute to the meiotic behavior of oocytes in culture and has been addressed in this study.
bAlthough not normally a component of MEM, we routinely supplement the medium with pyruvate.
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Osmolality Measurement
Osmolality was measured in 10 µl aliquots of BSA-

supplemented medium using a Wescor 5500 vapor
pressure osmometer (Logan, UT). Osmolality is ex-
pressed as the mean of triplicate readings of at least
two different samples of medium.

OocyteAssessment and Statistics
Except where noted, the culture time for all experi-

ments was 17–18 hr. Each oocyte maturation experi-
ment was conducted at least three times with at least
40 viable oocytes assayed per group per experiment.
For most of the experiments, the endpoint was the
resumption of nuclear maturation (germinal vesicle
breakdown; GVB). For some experiments, polar body
formation (indicating progression to metaphase II) was
also assessed. Data are reported as mean percentage of
GVB or polar body formation 6 SEM. Only healthy
appearing oocytes, as determined by morphological
examination, were scored at the end of the culture
period. In a sample of 40–50 oocytes, it is not uncom-
mon for 1–3 oocytes to degenerate or display abnormal
morphology by the end of culture, and these are catego-
rized as nonviable. We have therefore arbitrarily estab-
lished ‘‘normal’’ viability as $93%. Exceptions to this
percentage, although uncommon in this study, are
noted in the text. It should be stressed that viability is a
morphological assessment and is not meant to imply
developmental competence.
Maturation frequencies were subjected to arcsin

transformation; groups of two were analyzed statisti-
cally by Student’s t-test, whereas groups of three or
more were analyzed statistically byANOVA followed by
Duncan’s multiple range test. The assay for de novo
purine synthesis was performed three times and that
for hypoxanthine salvage was performed five times.
Assay data are presented as mean CPM 6 SEM.
Nontransformed data from these assays were analyzed
by ANOVA and Duncan’s multiple range test. For all
statistical analyses, a P value ,0.05 was considered
significant.

RESULTS
The results are separated into two sections. The first

part deals with the effects of different culture media,
buffers, and pH that have been tested on spontaneous
maturation, maintenance of meiotic arrest, and ligand-
induced meiotic resumption. In the second part, we
select some of the more profound exceptions in nuclear
maturation exhibited in the tested culture media in an
attempt to attribute this behavior to a specific differ-
ence in culture medium composition.

Effects of Culture Medium, Buffering System,
and pH on Oocyte Maturation

Culture media and oocyte maturation. The first
experiment assessed the ability of each of six different
culture media to support spontaneous germinal vesicle
breakdown (GVB) and meiotic progression to meta-

phase II (indicated by extrusion of the first polar body).
When cultured 17–18 hr, oocytes in all six groups
resumed meiotic maturation at a high frequency (94–
100% GVB; Fig. 1). Each medium also supported matu-
ration to metaphase II, as polar bodies formed in all
groups (46–99%). The lowest frequencies of polar body
formation were observed in M199 and MB 752/1. The
osmolality for eachmediumminus inhibitor is shown in
Figure 1 and ranged from 283 to 322 milliosmoles
(mOsmol)/kg, the highest osmolality being L-15. The
addition of hypoxanthine or dbcAMP had no effect on
osmolality.
In the next experiments, oocytes were cultured 17–18

hr inmedium supplementedwith either 4mMhypoxan-
thine or 300 µM dibutyryl cAMP (dbcAMP) to maintain
meiotic arrest and were then treated with stimulatory
ligands in an effort to trigger germinal vesicle break-
down. When medium contained hypoxanthine, meiotic
arrest was maintained in MEM, F10, M199, and L-15
(26–62% GVB) but not in M16 or MB 752/1 (99–100%
GVB; Fig. 2A). Follicle-stimulating hormone (FSH) and
epidermal growth factor (EGF) were used to stimulate
the resumption of maturation in hypoxanthine-supple-
mented medium. In the four media in which hypoxan-
thine was inhibitory to GVB, both ligands stimulated
the resumption of maturation (Fig. 2A). There was no
effect of FSH or EGF in M16 or MB 752/1. Viability was
low in two F10 groups: the hypoxanthine control (85%
viable) and hypoxanthine plus EGF (87% viable). How-
ever, it is important to note that reduced viability was

Fig. 1. Effects of different media on spontaneous oocyte matura-
tion. Oocytes were cultured 17–18 hr in one of the following six media:
Eagle’s minimum essential medium (MEM), Ham’s F-10 (F-10), M199,
M16, Waymouth’s MB 752/1 (MB 752/1), or Leibovitz’s L15 (L15).
Oocytes were then scored for germinal vesicle breakdown (GVB) and
polar body formation (PB). Numbers in parentheses represent the
osmolality (mOsmol/kg) for each of the media.
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not observed in spontaneously maturing oocytes or
dbcAMP-treated oocytes cultured in F10.
dbcAMP blocked spontaneous maturation in all six

media, but this was least pronounced inM16 (78%GVB
compared to 2–24% in the other five media; Fig. 2B).
FSH was the only ligand tested in these cultures and,
with the exception of L-15, had a stimulatory effect in
all of the media (Fig. 2B).
Buffering system and oocyte maturation. The

following series of experiments repeated the above

format, but tested the effects of different buffering
systems on oocyte maturation when MEM was used as
the culture medium. The buffering systems used in-
cluded bicarbonate alone (26 mM) or 20 mM 3-[N-
morpholino]propanesulfonic acid (MOPS), N-2-hydroxy-
ethylpiperazine N8-2-ethanesulfonic acid (HEPES),
3-[N-bis(2-hydroxyethyl)amino]-2-hydroxypropanesul-
fonic acid (DIPSO) or piperazine-N,N8-bis[2-ethanesul-
fonic acid] (PIPES), each of the last four also containing
a low concentration of bicarbonate (6 mM). The pH of
these media was maintained at 7.2.
All five of the buffering systems supported spontane-

ous meiotic maturation to metaphase II during 17–18
hr of culture. Germinal vesicle breakdown was 100% in
all groups during 17–18 hr of culture, and polar body
formation occurred at a high frequency (77–91%;
Fig. 3).
The addition of hypoxanthine resulted in markedly

suppressed GVB in four of the media (23–61% GVB),
the lone exception being PIPES-buffered medium (93%
GVB; Fig. 4A). FSH and EGF stimulated the resump-
tion of meiotic maturation in hypoxanthine-treated
oocytes in all five media (Fig. 4A). dbcAMP maintained
meiotic arrest in all five of the buffering systems
(2–26% GVB; Fig. 4B). In addition, FSH stimulated the
resumption of oocyte maturation in all dbcAMP-treated
groups (Fig. 4B).
To examine a possible interaction between bicarbon-

ate and organic buffers, meiotic maturation was as-
sessed when oocytes were cultured in dbcAMP- or
hypoxanthine-supplemented medium buffered with 20
or 25 mM HEPES in the absence or presence of 6 mM
bicarbonate. When dbcAMP was used to maintain

Fig. 2. Effects of different media on maintenance of meiotic arrest
and ligand-induced maturation. Oocytes were cultured 17–18 hr in
one of six different media supplemented with either 4 mM hypoxan-
thine (A) or 300 µM dbcAMP (B). Oocytes were cultured in the absence
of ligand (control) or in the presence of 0.1 µg/ml follicle-stimulating
hormone (FSH) or 1 ng/ml epidermal growth factor (EGF). In A, the
three groups for each culture medium were analyzed statistically by
ANOVA followed by Duncan’s multiple range test. A different letter
denotes a significant difference. In B, 1/2 FSH pairs were analyzed
statistically by Student’s t-test. An asterisk denotes a significant
difference.

Fig. 3. Effects of different buffers on spontaneous oocyte matura-
tion. Oocytes were cultured 17–18 hr in MEM buffered with bicarbon-
ate or with one of four different organic buffers. Oocytes were then
scored for germinal vesicle breakdown (GVB) and polar body forma-
tion (PB).
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meiotic arrest, increasing the HEPES concentration
significantly reduced the extent of FSH-induced GVB
but had no effect in the absence of gonadotropin (Fig. 5).
In addition, the inclusion of bicarbonate at either
organic buffer concentration reduced the maturation
response both in the absence or presence of FSH. This
effect of bicarbonate was most pronounced at 25 mM
HEPES, where FSH produced only a marginal stimula-
tion of GVB, from 1% to 16%. In hypoxanthine-arrested
oocytes, bothHEPES and bicarbonate suppressedmatu-

ration in the absence of FSH, but neither component
affected the high frequency of GVB induced by FSH
(Fig. 5). Most notable was the finding that the fre-
quency of maturation in hypoxanthine-arrested oocytes
in medium supplemented with 25 mM HEPES plus
bicarbonate was only 4%, yet FSHwas able to stimulate
nearly all of the oocytes to resume maturation (91%
GVB). Measurement of pH before and after 18 hr of
culture showed that in all groups the pH was success-
fully maintained at or near 7.2 throughout the incuba-
tion period. Also, these medium manipulations were
not detrimental to viability, as a slight decrease in
viability was observed in only one of the groups:
2bicarbonate 2FSH in dbcAMP buffered with 20 mM
HEPES (91% viable).
Effects of pH on oocyte maturation and purine

metabolism. For these experiments, MEM was buff-
ered principally with HEPES (20 mM), but also con-
tained 6 mM bicarbonate. Media contained 300 µM
dbcAMP or 4 mM hypoxanthine, plus or minus FSH,
and the pH was adjusted to 6.8, 7.0, 7.2, or 7.4.
Measurement of pH in each medium before and after
17–18 hr incubation demonstrated that it remained
within 0.1 unit of the starting pH throughout the
incubation period.
As shown in Figure 6A, dbcAMP prevented spontane-

ous maturation at all four pHs (0–2% GVB). However,
the meiotic maturation induced by FSH was pH-
dependent, with no effect at pH 6.8 (6% GVB) and a
progressively higher frequency of maturation as the pH
increased (68% GVB at pH 7.4).
Suppression of maturation by hypoxanthine was

most effective at the two lower pHs (17 and 27%GVB at
pH 6.8 and 7.0, respectively) and least effective at the
two higher pHs (60 and 61% GVB at pH 7.2 and 7.4,
respectively) (Fig. 6B). The effects of FSH in hypoxan-
thine-containing media were less dramatically pH-
dependent in that a significant stimulation of matura-
tion occurred at each pH, although a pH-dependency
was still observed. Of the oocytes in pH 6.8 medium,
67% resumed meiotic maturation in response to the
gonadotropin, which constituted a 50% increase over
the 2FSH group, and this frequency was augmented
with increasing pH (100% GVB at pH 7.4). pH had no
significant impact on viability as assessed morphologi-
cally; a nominal decrease was observed at pH 7.0 in the
hypoxanthine 2FSH group (92% viable).
To ascertain the effect of pH on de novo purine

synthesis and the salvage of hypoxanthine, oocyte-
cumulus cell complexes were cultured 3 hr in the
presence of 14C-glycine or 3H-hypoxanthine, respec-
tively. In the absence of FSH, pH had no significant
effect on the extent of de novo purine synthesis (Fig. 7).
However, in the presence of FSH, complexes exhibited a
pH-dependent increase in nucleotide production from
14C-glycine, such that at pH 7.4 this value was nearly
50% greater than that observed at pH 6.8. The conver-
sion of hypoxanthine to nucleotides did not exhibit
pH-dependency in either the 2FSH or 1FSH groups.
Although FSH tended to increase salvage to nucleo-

Fig. 4. Effects of different buffers on maintenance of meiotic arrest
and ligand-induced maturation. Oocytes were cultured 17–18 hr in
media containing one of five different buffering systems, supple-
mented with either 4 mM hypoxanthine (A) or 300 µM dbcAMP (B). In
A, the three groups for each buffering condition were analyzed
statistically by ANOVA followed by Duncan’s multiple range test. A
different letter denotes a significant difference. In B, 1/2 FSH pairs
were analyzed statistically by Student’s t-test. An asterisk denotes a
significant difference.
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tides, there were no significant differences between any
of the groups (data not presented).

Specific Medium Components Responsible
for Differences in Meiotic Maturation

Spontaneous meiotic maturation. Although high
percentages of GVB were observed in all of the media
tested ($94%), oocytes did not necessarily complete
maturation at similar frequencies. Whereas only 46–
47% of the oocytes cultured in M199 or MB 752/1
formed polar bodies, this frequency was $75% in the
other groups (Fig. 1). Since M199 and MB 752/1 differ
from the other media in that they contain no pyruvate,
we tested the effects of adding pyruvate to these two
media on their ability to support complete nuclear
maturation as assessed by polar body formation. Even
though these media all contain glucose (albeit at quite
different concentrations) and cumulus cells readily
convert glucose to pyruvate (Donahue and Stern, 1968;
Leese and Barton, 1984; Downs and Mastropolo, 1994)
that can be utilized directly by the oocyte (Biggers et al.,
1967; Eppig, 1976), it was possible that this pyruvate
was limiting for oocyte maturation. Thus cumulus
cell-enclosed oocytes were cultured 18 hr in either
M199 or MB 752/1 in the presence or absence of 0.23
mM pyruvate and scored for GVB and polar body
formation. In all groups, the frequency of GVBwas high
and thus unaffected by the presence or absence of
pyruvate. In the absence of pyruvate, only 46 and 39%
of the oocytes cultured in M199 and MB 752/1 pro-
gressed to metaphase II, respectively, whereas these
numbers were increased to 79 and 66% upon addition of

pyruvate (Fig. 8). To examine further the importance of
pyruvate in polar body formation, it was removed from
MEM to see if the frequency of polar body formation
would be reduced. Consistent with the results obtained
above, upon removal of pyruvate from MEM, a negli-
gible number (4%) of oocytes completedmaturation, but
in its presence a high percentage (68%) of oocytes
extruded a polar body (Fig. 8). These data therefore
demonstrate the importance of pyruvate in promoting
the completion of nuclear maturation to the metaphase
II stage.
Maintenance of meiotic arrest. When added to

either M16 or MB 752/1 medium, hypoxanthine failed
to prevent the spontaneous maturation of cumulus
cell-enclosed oocytes during 18 hr of culture. Neverthe-
less, it was possible that hypoxanthine had a transient
inhibitory effect that was no longer detectable after 18
hr. Therefore, a kinetics experiment was carried out to
test this possibility. Oocytes were cultured for varying
periods between 3 hr and 18 hr in either M16 or MB
752/1 containing 4 mM hypoxanthine. As shown in
Figure 9, a low incidence of germinal vesicle breakdown
was observed during the initial 9 h of culture (#40%),
but during the next 9 hr, the majority of oocytes in both
media resumed maturation (.91%). That this repre-
sented a transient inhibition by hypoxanthine was
shown by the fact that .95% GVB occurred in both
groups by 6 hr under purine-free conditions (data not
shown).
M16, the simplest medium of the six used in this

study, does not contain any amino acids, andwe hypoth-
esized that this might account for the limited suppres-

Fig. 5. Effects of HEPES and bicarbonate on oocyte maturation.
Oocytes were cultured 17–18 hr in MEM containing either 300 µM
dbcAMP or 4 mM hypoxanthine, plus or minus FSH. Medium was
buffered with 20mM or 25mMHEPES, in the presence or absence of 6
mM bicarbonate, and the pH was maintained at 7.2. Each set of 8

dbcAMP and hypoxanthine groups was analyzed by ANOVA followed
by Duncan’s multiple range test. Bars with at least one identical letter
are not significantly different. The numbers in parentheses represent
the pH for each medium after 18 hr.
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sion of maturation by hypoxanthine. Thus, the effects of
hypoxanthine, plus or minus FSH, were tested on the
maturation of oocytes during 17–18 hr culture in M16
in the absence or presence of 2 mM glutamine. In the
absence of this amino acid, 98 and 100% of the oocytes
resumedmaturation in the absence or presence of FSH,
respectively (Fig. 10, left panel). When glutamine was
added to FSH-free medium, a dramatic reduction in
maturation was observed as only 36% of the oocytes
underwent GVB. Yet maturation was still induced in

most of the oocytes by FSH (84% resumed GVB). This
meiotic induction was not the result of hormone-
stimulated uncoupling of the cumulus cells from the
oocyte, because denuded oocytes were maintained in
meiotic arrest at frequencies similar to cumulus cell-
enclosed oocytes (data not presented).

Fig. 6. Effects of pH on maintenance of meiotic arrest and ligand-
induced maturation. Oocytes were cultured 17–18 hr in medium
supplemented with either 300 µM dbcAMP (A) or 4 mM hypoxanthine
(B), plus or minus FSH. Medium was buffered with 20 mM HEPES
and pH was adjusted to 6.8, 7.0, 7.2, or 7.4. All groups within each
panel were analyzed statistically by ANOVA followed by Duncan’s
multiple range test. Groups with at least one identical letter are not
significantly different. The number in parentheses represents the pH
of the respective medium 18 hr.

Fig. 7. Effects of pH on de novo purine synthesis. Oocyte-cumulus
cell complexes were cultured 3 hr in HEPES-buffered MEM supple-
mented with 14C-glycine and assayed for de novo purine synthesis.
Data represent the mean 6 SEM of three determinations, and were
analyzed statistically by ANOVA followed by Duncan’s multiple range
test. Groups with at least one identical letter are not significantly
different.

Fig. 8. Effects of pyruvate on polar body formation. Oocytes were
cultured 17–18 hr in one of three media in the absence or presence of
0.23 mM pyruvate (Pyr). Oocytes were scored for germinal vesicle
breakdown (GVB) and polar body formation (PB). An asterisk denotes
a significant difference from the 2Pyr group by Student’s t-test.
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To examine whether the presence of other amino
acids influences the action of glutamine on hypoxan-
thine-maintained meiotic arrest, M16 was next supple-
mented with MEM amino acids, plus or minus 2 mM
glutamine, and the effects of hypoxanthine were again
tested in the presence or absence of FSH. Similar to the

previous experiment, in the absence of glutamine,
hypoxanthine had little inhibitory effect (91% GVB),
but upon inclusion of this amino acid to the medium a
significant decrease in maturation occurred (50% GVB;
Fig. 10, right panel). The addition of FSH to these two
groups resulted in the resumption of maturation in
96–100% of the oocytes.
Waymouth’s MB 752/1 medium is notable in that it

contains a very high concentration of glucose (27.5 mM)
and no pyruvate. To test whether the addition of
pyruvate to MB 752/1 would enable hypoxanthine to
maintain meiotic arrest throughout a long-term culture
period, cumulus cell-enclosed oocytes were cultured
17–18 hr in this medium supplemented with 4 mM
hypoxanthine, plus or minus 0.23 mM pyruvate. In the
absence of pyruvate, a high frequency of GVB occurred
(93%), as was observed previously; however, only 48% of
the oocytes resumed meiotic maturation when pyru-
vate was added to the medium (Fig. 11). The effect of
pyruvate on dbcAMP-maintained meiotic arrest was
also examined.Although only 34% of the oocytes under-
went GVB in the absence of pyruvate, this was further
reduced to 16% upon addition of the carbohydrate (Fig.
11).
Ligand induction of meiotic maturation. One

prominent feature of L-15 is its energy substrate compo-
sition: glucose is replaced with galactose and pyruvate
is present at a very high concentration (5 mM). We
therefore tested the idea that the inability of FSH to
induce the maturation of dbcAMP-arrested oocytes in
L-15 was due to the unusual combination of energy
substrates in the medium. For these next experiments
we utilized a specially formulated glycine- and energy

Fig. 9. Kinetics of oocyte maturation in hypoxanthine-supple-
mented M16 and MB 752/1. Oocytes were cultured for varying periods
of time in M16 and MB 752/1, and oocytes were scored for germinal
vesicle breakdown (GVB). Each point represents the mean of two
experiments.

Fig. 10. Effects of glutamine on hypoxanthine-maintained meiotic
arrest. Oocytes were cultured 17–18 hr in M16 either in the presence
or absence of 2 mM glutamine, plus (right) or minus (left) MEM amino
acids. Each set of four groups was analyzed statistically by ANOVA
followed by Duncan’s multiple range test. A different letter denotes a
significant difference.

Fig. 11. Effects of pyruvate on the maintenance of meiotic arrest by
hypoxanthine and dbcAMP in MB 752/1. Oocytes were cultured 17–18
hr in MB 752/1 containing either 4 mM hypoxanthine (left) or 300 µM
dbcAMP (right) in either the presence or absence of 0.23 mM pyruvate.
Each 1/2 Pyruvate pair was analyzed statistically by Student’s t-test
and an asterisk denotes a significant difference from the 2pyruvate
group.
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substrate-free L-15 medium that was modified to test
the effects of energy substrate supplementation on
oocytematuration and de novo purine synthesis. Cumu-
lus cell-enclosed oocytes were cultured 17–18 hr in L-15
containing 300 µM dbcAMP, plus or minus FSH, under
four different conditions: (1) control medium; (2) pyru-
vate reduced to 0.23mM; (3) galactose replaced with 5.5
mM glucose; and (4) galactose replaced with glucose
and pyruvate reduced to 0.23 mM. As shown in Figure
12, meiotic arrest was effectively maintained by
dbcAMP in all four conditions. When either galactose
was replaced with glucose or when the pyruvate concen-
tration was reduced, no significant effect on FSH-
inducedmaturation was observed (12–24%GVB). How-
ever, when both energy substrate changes were made,
the frequency of meiotic resumption was increased to
62%.
We next determined whether FSH-stimulated de

novo purine synthesis is compromised in L-15 medium
and whether the energy substrate modifications in L-15
that support increased induction of oocyte maturation
by FSH are associated with increased de novo purine
synthesis. Oocyte-cumulus complexes were cultured 3
hr in dbcAMP-supplemented glycine-free L-15 medium
to which 10 µCi 14C-glycine had been added under
conditions (1) and (4) as described in the preceding
paragraph. When regular L-15 (i.e., condition (1)) was
used to culture the complexes, no stimulation of de novo
purine synthesis occurred with FSH treatment. When
cultured under condition (4), complexes exhibited no
difference in the amount of nucleotide produced in the
absence of FSH, but there was a trend toward an

increase upon stimulation with FSH that was not
significant by ANOVA but was significant by Student’s
t-test (data not presented). Thus, modification of the
energy substrate composition of L-15 medium resulted
in FSH-induced resumption of maturation that was
associated with a small increase in de novo purine
synthesis.

DISCUSSION
Wehave shown that the spontaneousmeiotic resump-

tion in cumulus cell-enclosed mouse oocytes in vitro
was relatively unaffected by the various culture condi-
tions examined, although progression to metaphase II
was more sensitive. In addition, the effectiveness of
meiotic inhibitors and meiosis-inducing ligands was
profoundly affected by the type of culture medium, the
buffering system, or by the pH of the external medium.
These differences in meiotic maturation were not due to
alterations in oocyte viability. Under a fixed set of
culture conditions, dbcAMP and hypoxanthine have
divergent meiosis-arresting capabilities. Moreover, the
effectiveness of meiosis-inducing ligands varies consid-
erably depending on which of these inhibitors is used to
maintain meiotic arrest. Finally, focusing on the differ-
ences in meiotic maturation under varying culture
conditions, possible medium components responsible
for these differences have been examined.

Composition of Culture Medium
and Meiotic Control

High percentages of spontaneous GVBwere observed
in all of the culture media. However, lower frequencies
of polar body formation occurred in M199 and MB
752/1, which contain no pyruvate. Kim and Schuetz
(1991) hypothesized that pyruvate is important for the
completion of maturation. Experiments in which pyru-
vate was added to these two media and significant
increases in polar body formation were observed indi-
cate that the lack of pyruvate contributed to the
compromised nuclear maturation. This idea was fur-
ther supported by the elimination of polar body extru-
sion upon removal of pyruvate from MEM. Thus, even
though cumulus cells can produce pyruvate from glu-
cose (Donahue and Stern, 1968; Leese and Barton,
1984; Downs andMastropolo, 1994), perhaps not enough
pyruvate is generated from millimolar levels of glucose
to optimize the completion of meiotic maturation such
that an exogenous source is required.
In two of the media, M16 and MB 752/1, hypoxan-

thine produced only a transient meiotic arrest, whereas
in the other four media a sustained arrest was achieved
throughout overnight culture. In the case of M16, the
lack of glutamine may account for the limited suppres-
sion of maturation. Upon addition of glutamine to
hypoxanthine-supplemented medium, the maturation
frequency was reduced to that observed in the more
inhibitory media, all of which contain this amino acid at
a concentration of at least 0.7mM.Moreover, complexes
appear selectively to utilize glutamine, even in the
presence of a cohort of other amino acids, in a manner

Fig. 12. Effects of energy substrates on FSH-induced maturation in
L-15medium. Oocytes were cultured 17–18 hr in normal L-15 (control)
or in L-15 with the followingmodification(s): pyruvate (Pyr) reduced to
0.23 mM, galactose (Gal) replaced by 5.5 mM glucose (Glc), or both the
reduction of pyruvate and replacement of galactose with glucose. Data
were analyzed by ANOVA followed by Duncan’s multiple range test.
Groups with the same letter are not significantly different.
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that leads to meiotic arrest in hypoxanthine-supple-
mentedM16. The reason for the action of glutamine has
not been determined, but it could be due to modulation
of nucleotide levels (e.g., Patterson, 1972; Zetterberg
and Engstrom, 1981; Engstrom and Zetterberg, 1984),
or utilization as an energy source (Zielke et al., 1976;
Reitzer et al., 1979) by entering the Krebs cycle via
conversion to a-ketoglutarate. However, the latter pos-
sibility is unlikely, because pyruvate can also feed into
this pathway after metabolism to acetyl-CoA and M16
already contains 0.33 mM pyruvate. In addition, in
MEM, further increases in pyruvate under these condi-
tions do not lead to decreased maturation (Downs and
Mastropolo, 1994).
MB 752/1 has a glucose concentration 4.5–5 times

that of the other glucose-containing media but contains
no pyruvate, and it was possible that these conditions
might contribute to the limited efficacy of hypoxanthine
in maintaining meiotic arrest. We have previously
shown that high glucose levels in MEM can reverse the
inhibitory action of hypoxanthine, dbcAMP, and isobu-
tylmethylxanthine on meiotic resumption (Downs and
Mastropolo, 1994). It also has been established that a
balance between glucose and pyruvate levels is impor-
tant to maintain effective meiotic control, e.g., milli-
molar concentrations of pyruvate do not support hypo-
xanthine- or dbcAMP-maintained meiotic arrest in the
absence of glucose, but the inclusion of glucose restores
the arresting activity (Fagbohun and Downs, 1992;
Downs and Mastropolo, 1994; Downs, 1995b). It was
possible that supplementing MB 752/1 with pyruvate
would have an analogous effect on oocyte maturation.
This is precisely what was observed: in both hypoxan-
thine- and dbcAMP-supplemented medium, the addi-
tion of 0.23 mM pyruvate brought about a significant
reduction in oocyte maturation. It therefore appears
that inhibitors of meiosis block maturation ineffectively
when high levels of either glucose or pyruvate alone are
present, but addition of the complementary energy
substrate restores or increases ameiosis-arresting capa-
bility. Themechanisms responsible have not been estab-
lished but may involve reciprocal Crabtree and Pasteur
effects that regulate the degree of energy substrate
utilization.
FSH and EGF, presumably acting through cAMP and

tyrosine phosphorylation, respectively, were used to
trigger resumption of meiotic maturation in hypoxan-
thine-treated cumulus cell-enclosed oocytes. The effect
on meiotic resumption of both ligands among the
different media was consistently stimulatory. These
data therefore demonstrate that changing the medium
did not appreciably alter the response to stimulatory
ligands when hypoxanthine was used to maintain
meiotic arrest.
No stimulation of GVB in dbcAMP-arrested oocytes

by FSH was observed in L-15. This could not be
attributed to a toxic effect, because significant induc-
tion was observed when hypoxanthine was the arrest-
ing agent. This medium contains no bicarbonate and is
therefore not dependent on a CO2 gas phase for buffer-

ing. It also has a higher osmolality, high pyruvate,
galactose instead of glucose, and a high level of amino
acids (Table 1). Neither the absence of bicarbonate nor
the higher osmolality were principally responsible for
the lack of meiotic response to FSH (data not pre-
sented), but rather the absence of glucose and high level
of pyruvate appear to contribute prominently to the
compromised meiotic induction. After replacing galac-
tose with 5.5 mM glucose and reducing pyruvate by
.20-fold to 0.23 mM, a dramatic increase in FSH-
induced maturation was observed. These results sup-
port the conclusion that the energy substrate composi-
tion in L-15 is a major reason for the low incidence of
FSH-induced maturation in dbcAMP-arrested oocytes
and serve to underscore how maintaining the proper
balance of energy sources in the medium helps to
ensure the normal physiological response of the oocyte
in vitro.

pH Effects on Meiotic Maturation
and Importance of Purine Metabolism

The pH of the culture medium is an important factor
that influences intraoocytic pH and oocyte meiosis in
vitro. Indeed, an increase in pH has been shown to be
associated with resumption of meiotic maturation in
oocytes from a number of different species (Schuetz,
1975; Lee and Steinhardt, 1981; Dube and Guerrier,
1982; Cicirelli et al., 1983; Baud and Barish, 1984;
Morrill et al., 1984; Deguchi and Osanai, 1995), and
significant fluxes in pH during isolation of mammalian
oocytes can alter their developmental potential (Chet-
kowski et al., 1985; Bagger et al., 1987; Daya, 1988;
Imoedemhe et al., 1993). In the present study, when
MEM was buffered by HEPES to stabilize pH, varying
the pH of the culture medium from 6.8 to 7.4 had a
dramatic impact on the response of the oocytes to
meiotic inhibitors and inducers.
The greater induction of meiosis in response to FSH

at alkaline pHs could reflect an increase in gap junction
conductance with increased transfer of stimulatory
signal from cumulus cells to the oocyte (Fagbohun and
Downs, 1991). However, results of the de novo assays
also suggest that the pH dependency of hormone induc-
tion in dbcAMP-supplemented medium may be due, at
least in part, to changes in de novo purine synthesis,
because increases in FSH-induced de novo purine syn-
thesis were paralelled by increases in meiotic induc-
tion. Further, the inability of FSH to stimulate meiosis
in dbcAMP-supplemented L-15 was associated with a
failure to stimulate de novo purine synthesis; restora-
tion of this meiosis-inducing capability by adjusting the
energy substrate composition was accompanied by in-
creased de novo purine synthesis in response to FSH.
Data from additional studies using inhibitors of de novo
purine synthesis (Downs, 1997) also support a role for
this pathway in FSH-induced maturation.
In hypoxanthine-arrested oocytes, even if de novo

synthesis is restricted at low pH, hypoxanthine is
present to serve as a substrate for the salvage pathway,
which is active over a broad pH range (Olsen and
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Milman, 1974). Thus even though de novo purine
synthesis may be limited at acidic or neutral pHs,
nucleotide generation would still be possible through
hypoxanthine salvage, and this may enable FSH to
stimulate maturation even at the lower pHs. Neverthe-
less, gonadotropin-stimulated purine salvage is not
likely the primary mechanism responsible for meiotic
induction under these conditions, because a significant
FSH-provoked increase in salvage was not observed;
rather, FSH-induced utilization of nucleotides pro-
duced via constitutive hypoxanthine salvage is prob-
ably involved, most likely through activation of adenyl-
ate cyclase (Schultz et al., 1983; Salustri et al., 1985).
The increase inGVB at the higher pHs in hypoxanthine-
containing medium may reflect an additional nucleo-
tide contribution from de novo synthesis.

Different Buffers and Meiotic Maturation
One important limitation of media buffered primarily

with bicarbonate is their susceptibility to rapid pH
fluxes when exposed to air, thereby requiring specific
CO2 gasmixtures and incubation chambers to maintain
physiological pH during culture. It would therefore be
advantageous to be able to culture oocytes inmedium in
which the pH has been stabilized with a non-CO2-
dependent buffering system while retaining the ability
to respond to meiotic inhibitors and inducing agents in
a physiological manner. In this study we have exam-
ined the effects of four different organic buffers on the
meiotic maturation of mouse oocytes. All four buffers
tested supported spontaneous meiotic maturation with
progression to metaphase II. However, whereas MOPS,
HEPES, and DIPSO all supported meiotic arrest by
hypoxanthine or dbcAMP as well as meiotic induction
via stimulatory ligands, PIPES buffer was less able to
support hypoxanthine-maintained meiotic arrest. Of
the four buffers tested, HEPES provided an environ-
ment in which oocyte maturation most closely re-
sembled that occurring in bicarbonate-buffered me-
dium. Numerous laboratories have used HEPES to
stabilize the pH for mammalian oocyte culture. Yet
Bagger et al. (1987) reported significant degeneration of
mouse oocytes when cultured in HEPES-supplemented
medium. The use of organic buffers such as HEPES to
replace bicarbonate remains controversial, because
other studies have also detailed specific negative effects
in various cells and tissues (e.g., Daniel andWolf, 1975;
Davidoff and Sears, 1975; Altura et al., 1980; Brune,
1980; Tunnicliff and Smith, 1981; Poole et al., 1982;
Lleu and Rebel, 1989; Su et al., 1994). These subopti-
mal conditions may be related to generation of toxic
oxygen metabolites (Bowman et al., 1985) and perhaps
may be induced by exposure to light (Zigler et al., 1985),
or the absence of bicarbonate in the medium (Lee and
Storey, 1986; Mahadevan et al., 1986; Carnevale et al.,
1987; Bhattacharyya and Yanagimachi, 1988; Behr et
al., 1990; Suzuki et al., 1994; Shi and Roldan, 1995).
When the concentration of HEPES was increased

from 20 mM to 25 mM, the meiosis-arresting action of

both dbcAMP and hypoxanthine was augmented and
FSH induction of GVB in dbcAMP-treated oocytes
greatly reduced, and these actions could be accentuated
by the addition of bicarbonate. Interestingly, when
hypoxanthine was used as the meiosis-arresting agent,
hormone-triggered maturation was unaffected by
HEPES, demonstrating that the inhibitory action of
this buffer depends on the meiotic inhibitor used. It is
not known why dbcAMP-arrested oocytes are less re-
sponsive to FSH in the presence of HEPES 6 bicarbon-
ate than hypoxanthine-arrested ooxytes, but based on
the results of the pH experiments, it is tempting to
speculate that differences in nucleotide production con-
tribute to this effect. Confirmation of this idea must
await further studies. Although the pH of the culture
medium remained stable during incubation, fluxes in
intraoocytic pH might still occur that affect nuclear
maturation. Another possible influence of HEPES is on
energy substrate dynamics, since this buffer suppresses
glucose uptake in embryos (Butler et al., 1988) and
oocyte-cumulus cell complexes (Downs, Houghton,
Humpherson and Leese, submitted).

Conclusions
Many different cell culture media have been used to

analyze the physiology of mammalian oocytes. How-
ever, even though spontaneous oocyte maturation
readily occurs in these media, other aspects of meiotic
regulation may vary dramatically. For many studies, a
simple buffered salt solution containing energy sources
has been employed (e.g., Donahue, 1968; Cho et al.,
1974; Magnusson et al., 1977; Rice and McGaughey,
1981; Sato and Koide, 1984; Homa, 1988; Hashimoto
and Kishimoto, 1988), and for certain applications this
may be perfectly adequate. Yet such medium does not
mimic the normal extracellular milieu of the oocyte,
and thus some oocyte responses under these conditions
may not be physiological. For example, follicular fluid
contains high levels of amino acids (Chang et al., 1976),
and we have shown that in the absence of these
compounds, particularly glutamine, the meiotic arrest
maintained by hypoxanthine may be compromised. In
addition, the amino acid, taurine, can improve the
developmental capacity of mouse oocytes when in-
cluded in the medium for spontaneous oocyte matura-
tion (Eppig et al., 1990). Another consideration is the
use of media that have unusual supplementation, such
asMB 752/1 with its supraphysiological glucose concen-
tration and lack of pyruvate, or L-15, which has no
glucose but contains high pyruvate levels. Such unbal-
anced combinations of glucose and pyruvate can result
in significant perturbations of meiotic-arresting and
meiotic-inducing mechanisms (Fagbohun and Downs,
1992; Downs and Mastropolo, 1994; Downs, 1995b;
data herein]. It would therefore seem prudent when
studying meiotic regulatory mechanisms to either use a
culture medium such as MEM or F-10 that contains
more conventional levels of these two energy substrates
or modify substrate levels where necessary to obtain a
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reasonable balance. Thus van de Sandt et al. (1990)
reported that of nine media tested, pyruvate-supple-
mented MB 752/1 proved superior for postfertilization
development when used to support spontaneous mouse
oocyte maturation. Also, if one desires culture condi-
tions that do not rely on a CO2 gas phase to maintain
pH, the use of buffers such as HEPES or MOPS, which
adequately maintain pH while supporting the normal
meiotic response of the oocyte, may be preferable to
using bicarbonate-free medium such as L-15, although
the concentration of buffer used and choice of meiotic
inhibitor are critical considerations.
Numerous studies have shown that oocytes from

other species possess disparate culture requirements,
or under a given set of culture conditions may behave in
a manner inconsistent with oocytes from mice. For
example, pyruvate can serve as the sole energy source
for ova from mice (Biggers et al, 1967), but not rats
(Zeilmaker and Verhamme, 1974) or rabbits (Kane,
1972; Bae and Foote, 1975), and glutamine can serve
this function in rabbits (Bae and Foote, 1975) but not
mice (Fagbohun and Downs, 1992). In addition, Dekel
and Beers (1978) obtained gonadotropin reversal of
dbcAMP-maintained meiotic arrest in rat oocytes in
L-15 medium, a result we were unable to duplicate
herein. Further, Racowsky (1984) reported that rat
oocytes do not mature spontaneously in M199 contain-
ing Earle’s salts but do so in Hank’s salts, yet Earle’s
salts are routinely used in our mouse culture system.
However, Eng et al. (1986) reported that when Earle’s
salts of M199 were replaced with Hank’s salts, the rate
of polar body formation in spontaneously maturing pig
oocytes was decreased. Since Hank’s salts contain a
much lower level of bicarbonate, the authors concluded
that bicarbonate is important for the normal matura-
tion of pig oocytes. However, in the present study we
observed the highest percentages of polar body forma-
tion in media with little or no bicarbonate. Thus, these
examples illustrate the importance of establishing the
suitability of a particular set of culture conditions for
each species of oocyte. Moreover, if differences in mei-
otic maturation between oocytes of different species are
observed, it may not necessarily indicate a deficiency in
the medium per se but rather the need for a more
specialized medium that meets the unique metabolic
demands of the oocyte in question.
The purpose of this study was to test the hypothesis

that different culture conditions significantly alter mei-
otic maturation in mouse oocytes. These experiments
have provided compelling evidence that the choice of
culture medium can have a profound impact on sponta-
neous and ligand-induced maturation, as well as the
efficacy of meiotic inhibitors. Differences in oocyte
maturation under variant culture conditions provide
important clues as to the metabolic pathways underly-
ing meiotic regulation. Consequently, these differences
can form the basis for subsequent mechanistic studies

that focus on potential metabolic pathways participat-
ing in such regulation.
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