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ABSTRACT

	

We have developed an assay that can detect relative changes in the amount of a
non-cAMP inhibitor of maturation present in cumulus cells (Eppig et al ., 1983, Dev . Biol .,
100:39-49) . Using this assay in which accelerated maturation of a group of treated cumulus
cell-oocyte complexes relative to untreated complexes indicates a decrease in the amount of
inhibitor, results of the experiments described here suggest a possible relationship between
elevation of CAMP levels and subsequent decreased amounts of a non-cAMP inhibitor . Mouse
oocytes obtained from cumulus cell-oocyte complexes treated with luteinizing hormone (LH)
resumed meiosis prior to oocytes obtained from untreated complexes ; the degree of accel-
eration of maturation was dependent on LH concentration . A similar result was obtained with
follicle-stimulating hormone (FSH) . Correlated with LH- or FSH-acceleration of maturation was
an LH- or FSH-induced elevation of cumulus cell CAMP levels . Inhibiting LH-induced elevation
of cumulus cell CAMP levels inhibited LH-induced acceleration of maturation . An initial
incubation of complexes in medium containing dibutyryl CAMP (dbcAMP) also promoted
acceleration of maturation . In contrast, maturation of denuded oocytes was not altered by
treatment with either LH, FSH, or dbcAMP. Complexes initially incubated in dbcAMP-
containing medium still demonstrated acceleration of maturation after a subsequent 2 h
incubation in dbcAMP-free medium. Relative to untreated complexes, none of these treat-
ments disrupted intercellular communication between cumulus cells and the oocyte . Elevating
follicle CAMP levels with cholera toxin induced maturation of follicle-enclosed oocytes when
cumulus cell-oocyte coupling was still fully maintained . These results are interpreted to indicate
that gonadotropin-mediated acceleration of maturation is via a cAMP-dependent reduction in
the level of a maturation inhibitor present in granulosa/cumulus cells .

Mammalian oocytes in nonatretic follicles are arrested in the
first meiotic prophase ; the preovulatory gonadotropin surge
initiates resumption of meiosis of follicle-enclosed oocytes in
vivo. Oocytes liberated from their follicles, however, sponta-
neously resume meiosis in vitro (14, 28) . In contrast, cumulus
cell-enclosed oocytes grafted to granulosa cells of experimen-
tally opened follicles do not resume meiosis (33). If graft
formation is prevented, however, resumption of meiosis oc-
curs (33) . Furthermore, cumulus cell-enclosed oocytes grafted
to follicle wall hemisections resume meiosis in response to
luteinizing hormone (LH)' (23) . Results from the experiments

'Abbreviations used in this paper:

	

CHM, cyclohexamide ; COCs,
cumulus cell-oocyte complexes ; CT, cholera toxin ; DO, denuded
oocyte ; dbcAMP, dibutyryl AMP ; FSH, follicle-stimulatinghormone;
GVBD,germinal vesicle breakdown ; IBMX, 3-isobutyl-1-methyl xan-
thine ; LH, luteinizing hormone; MEM/PVP, minimal essential me-
dium with polyvinylpyrollidone; TLCK, Na-p-tosyl-t.-lysine chloro-
methyl ketone .
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described above suggest that (a) follicle cells produce an
inhibitor of oocyte maturation, (b) a functional syncytium
between granulosa cells, cumulus cells and the oocyte is
required for maintenance ofmeiotic arrest, and (c) LH, acting
on the granulosa/cumulus cells, promotes relief of meiotic
inhibition. These conclusions are supported by other studies
(9, 10) .

Recently, an attractive hypothesis was formulated that en-
visioned that gap junction-mediated transmission of follicle
cell cAMP to the oocyte inhibited maturation (9, 10) . LH,
which ultimately terminates cumulus cell-oocyte intercellular
communication (16, 19) was proposed to initiate resumption
of meiosis by terminating the flux of cAMP to the oocyte.
LH-induced termination of communication, however, could
not be the trigger for resumption ofmeiosis since intercellular
communication between cumulus cells and the oocyte was
maintained during a period of time in which oocytes under-
went germinal vesicle breakdown (GVBD) (16, 26, 27);
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GVBD is the first easily observable manifestation of resump-
tion of meiosis . A paradoxical situation thus arises ; while
cAMP inhibits spontaneous oocyte maturation in vitro (6,
31, 36), LH, which elevates follicle cAMP, initiates resump-
tion of oocyte maturation in the follicle during a time when
cumulus cell-oocyte intercellular communication is still pres-
ent . A possible resolution of this paradox is that elevating
cumulus/granulosa cell CAMP does not result in any detect-
able rise in oocyte cAMP; cumulus cell cAMP is apparently
compartmentalized (30, 31). Rather, it is more likely that a
change occurs in the nature and/or amount ofa non-CAMP
signal involved in regulation of resumption of meiosis and
transmitted from follicle cells to the oocyte .
We have obtained results supporting the existence ofa non-

cAMP inhibitor of oocyte maturation which originates in
follicle cells (17, 30) . We proposed a model (17) that envi-
sioned continuous production by the granulosa/cumulus cells
ofan inhibitor ofoocyte maturation . The putative maturation
inhibitor would enter the oocyte via the follicular network of
gap junctions present between granulosa cells, cumulus cells,
and the oocyte that renders the entire mass into a functional
syncytium (1, 19) .

In this communication, we present further evidence sug-
gesting that elevation of cumulus cell cAMP promotes gen-
eration of a maturation inhibitor from an inactive precursor
and that once generated, the maturation inhibitor is subse-
quently inactivated . Results from these experiments are in-
corporated into our previous model (17) and a model is
presented for maintenance of meiotic arrest and LH-induced
resumption of meiosis. As will be discussed, this model re-
solves the paradoxical situation in which detecting the matu-
ration inhibitor requires elevating CAMP (17, 30); yet elevat-
ing cAMP can also induce resumption ofmeiosis by reducing
the amount of maturation inhibitor .

MATERIALS AND METHODS

Collection and Culture of Oocytes and Follicles :

	

Follicles,
cumulus cell-oocyte complexes, and oocytes freed of their attached cumulus
cells (denuded oocytes) were obtained from randomly bred, Swiss albino mice
24-d old (Swiss Webster; Ace Animal Farm, Boyertown, PA) that were primed
48 h previously with 5 IU pregnant mare's serum gonadotropin (Sigma Chem-
ical Co., St. Louis, MO) as previously described (30) . The culture medium used
was Eagle's minimal essential medium (MEM ; Gibco Laboratories, Grand
Island, NY) containing Earle's salts, pyruvate (100 00m/ml), 10 mM HEPES, pH
7.2, polyvinylpyrollidone (3 mg/ml), and gentamicin (10 tag/ml) (MEM/PVP).
Cumulus cell-oocyte complexes (COCs) were collected in MEM/PVP con-

taining 0 .2 mM 3-isobutyl-I-methyl xanthine (IBMX) . This concentration of
IBMX reversibly inhibits initiation of maturation. COCs and denuded oocytes
were incubated in MEM/PVP at 37°C in agarose-coated petri dishes (35 mm;
Falcon Lobware, Oxhard CA) in a humidified atmosphere of 5% C02 in air.

Preovulatory antral follicles with a minimum of associated connective tissue
were incubated in stoppered 50-ml Erlenmeyer flasks containing 3 ml ofMEM/
PVP in which the bicarbonate was replaced by 25 mM HEPES, pH 7 .2 .
Incubations were carried out at 37°C in a waterbath with gentle agitation.
Measurement ofIntercellular Communication Between Cu-

mulus Cells and Oocytes :

	

Intercellular communication between cu-
mulus cells and oocytes was measured as previously described (30). The data
are expressed as a coupling index, which is the percentage of radiolabeled
uridine (and its metabolites) present in the oocyte relative to that in the intact
COC . At least six samples of denuded oocytes (five oocytes/sample) and
complexes (three complexes/sample) were used to determine the coupling index
for each experimental group. Calculation of the percentage of radiolabeled
uridine in oocytes internally controls for fluctuations in cumulus cell uptake of
radiolabeled uridine induced by hormones or other substances (16) . Unless
otherwise stated, coupling indices were determined during the second hour of
the inhibitor content protocol (see below), i .e ., during incubation in IBMX-
free medium containing a suboptimal concentration of dbcAMP.
Measurement of CAMP:

	

cAMP was measured in denuded oocytes,
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COCs, or preovulatory antral follicles by radioimmunoassay as previously
described (31) . The cAMP antibody was the generous gift ofDr . Gary Brooker,
Department of Pharmacology, University of Virginia School of Medicine,
Charlottesville, Virginia .

lontophoretic Injection of Lucifer Yellow into Oocytes :
COCs were attached to polylysine coated glass coverslips . The complexes were
bathed in bicarbonate-free MEM/PVP containing either 0.2 mM IBMX or 0 .2
mM IBMX and LH (1 ug/rnl) . Microelectrodes were filled with a 3% solution
of Lucifer yellow (Sigma Chemical Co .). Iontophoresis, fluorescence visualiza-
tion, and photographic procedures were performed as previously described (2) .
Measurement of Maturation Inhibitory Factor:

	

we have pre-
viously presented evidence for the existence of a cAMP-dependent inhibitor of
oocyte maturation present in cumulus cells (17, 30) . In the present study,
inhibition of maturation was determined bya similar protocol: groups ofCOCs
and denuded oocytes were incubated for 1 h in medium containing IBMX and
suboptimal concentrations of the membrane permeable CAMP analog dibutyryl
CAMP (dbcAMP). Both groups were then washed and transferred to IBMX-
free medium containing another but not necessarily identical suboptimal
concentration ofdbcAMP (Fig . I A). After 1 .0 h, cumulus cell-enclosed oocytes
were stripped oftheir cumulus cells and both groups transferred to IBMX- and
dbcAMP-free medium . GVBD was scored with time by examining the oocytes
with a Wild M5A microscope at 100-fold magnification . Results from such an
experiment (Fig. 1 B) invariably reveal that cumulus cell-enclosed oocytes
matured later than denuded oocytes . The series of incubations shown in Fig .
IA will henceforth be called inhibitor content protocol . In this study, as in a
previous study (17), the differences in extent of maturation at a given time are
taken as evidence for the presence ofa non-CAMP inhibitor of maturation in
cumulus cells.
IBMX was included in the initial incubation to block GVBD while the

oocytes were exposed to the initial suboptimal dbcAMP concentration . Both
groups were kept for an additional hour in IBMX-free medium containing
dbcAMP to generate the greatest possible difference in inhibitor content be-
tween denuded and cumulus cell-enclosed oocytes prior to scoring for GVBD
with time. Complexes that did not appear compact were removed from the
sample ; only visually compact complexes were scored for GVBD with time.
Further discussion of the rationale and validity of the assay and the role of
cAMP in detecting the maturation inhibitor is presented elsewhere (17).

The experiments described in this report were carried out over a period of
several months . During this time, the suboptimal concentrations of dbcAMP
used in the inhibitor content protocol were changed on several occasions to
maintain a constant difference in the mean times of maturation between the
denuded oocytes and cumulus cell-enclosed oocytes. The concentrations of
dbcAMP used in the inhibitor content protocol and the specific details for each
experiment are given in the figure legends.

RESULTS

Treatment of Cumulus Cell-enclosed Oocytes
with LH or Follicle-stimulating hormone
Accelerates Oocyte Maturation

Cumulus cell-enclosed oocytes, initially incubated in me-
dium containing 1 Ag/ml LH and IBMX for 2 h and subse-
quently processed through the inhibitor content protocol (see
Materials and Methods and Fig . 1 A for experimental design
and rationale), resumed meiosis prior to control complexes
initially incubated in medium containing only IBMX (Fig .
1 B) . LH-induced acceleration of maturation was dependent
on LH concentration (Fig . 2) ; under the experimental condi-
tions, apparent maximal acceleration was obtained with an
LH concentration of 10 ng/ml (0.32 nM) . Similar results were
obtained with highly purified LH (data not shown) . Acceler-
ation of maturation could be observed after a 1-h incubation
in medium containing LH (10 ng/ml) (data not shown). In
contrast, denuded oocytes (DOs) exposed or not exposed to
LH (1 Ag/ml) for 2 h and then processed through the inhibitor
content protocol resumed meiosis with similar time courses
(data not shown). This suggests that cumulus cells are the
target for LH-mediated acceleration of maturation . It should
be noted that the duration (2 h) and highest LH concentration
(1 ,ug/ml) employed in the initial incubation are likely to
approximate physiological conditions (3, 7, 25, 29) .
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FIGURE 1 Assay for detecting maturation inhibitor. (A) Inhibitor
content protocol . Groups of denuded oocytes (DO) and cumulus
cell-enclosed oocytes (COC) were incubated for 1 h in medium
containing IBMX and a suboptimal concentration of dbcAMP (d,,
values will be given in the figure legends) . Both groups were then
washed and transferred to IBMX-free medium containing another
suboptimal concentration of dbcAMP (d 2 , values will be given in
the figure legends) . After 1 h, cumulus cell-enclosed oocytes were
stripped of their cumulus cells and both groups were washed,
transferred to IBMX and dbcAMP-free medium, and scored for
GVBD with time . (e) LH-mediated acceleration of maturation of
cumulus cell-enclosed oocytes . Groups of cumulus cell-oocyte
complexes were incubated for 2 h in medium containing IBMX
(circles) or IBMX and LH (1 Ag/ml) (squares) . Both groups were then
washed and processed through the inhibitor content protocol with
d, = 75 AM dbcAMP and d 2 = 75 AM dbcAMP . At least 50 oocytes
were included in each group . O, denuded oocytes processed
through the inhibitor content protocol ; ", oocytes obtained from
complexes processed through the inhibitor content protocol ; " ,
oocytes obtained from LH-treated complexes processed through
the inhibitor content protocol . Denuded oocytes from complexes
initially incubated with IBMX and LH and then processed through
the inhibitor content protocol matured with kinetics similar to those
of the denuded oocytes shown in the figure (data not shown) . GV,
germinal vesicle .

Since a decrease in oocyte CAMP has been correlated with
resumption of meiosis (31, 35), it is also possible that LH-
mediated acceleration of maturation could be due to an LH-
induced decrease in oocyte cAMP levels . Results from the
following experiment minimize the likelihood of this possi-
bility . Oocytes obtained from complexes exposed or not ex-
posed to LH (1 Ag/ml) for 2 h and then processed through a

FIGURE 2 Concentration dependence of LH-mediated accelera-
tion of maturation . Groups of cumulus cell-oocyte complexes were
incubated for 2 h in medium containing IBMX or IBMX and 1, 10,
100, or 1,000 ng/ml of LH . All groups were then washed and
processed through the inhibitor content protocol with d, = 75 AM
dbcAMP and d 2 = 50 AM dbcAMP . The percentage of oocytes in
each group possessing an intact germinal vesicle (GV) was deter-
mined 1 .5 h after transfer to IBMX-free medium . The experiment
was performed three times . The data were pooled and expressed
as mean ± SEM . In each experiment at least 50 oocytes were
included in each group . Solid bar, denuded oocytes; stippled bar,
oocytes obtained from complexes treated with the indicated con-
centrations of LH . The differences between LH-treated and -un-
treated complexes are significant; p < 0.01 (*) (Student's t test) . This
test was used in all subsequent cases . In this and subsequent
relevant experiments, each group of oocytes was monitored pe-
riodically until >90% had undergone GVBD as shown in Fig . 1 B . In
addition, all groups of oocytes manifested equal proportions of
polar body emission .

modified inhibitor content protocol in which dbcAMP was
omitted, resumed meiosis with similar time courses (data not
shown). This result suggests that treatment of complexes with
LH did not alter oocyte cAMP levels to an extent sufficient
to cause an acceleration of maturation.
Another explanation for the observed LH-mediated accel-

eration of maturation might be an LH-induced reduction or
termination of coupling between cumulus cells and the oo-
cyte . This could result in reduction or termination of an
inhibitory signal that might be transmitted from cumulus cells
to the oocyte. To address this possibility, measurements of
intercellular communication between the cumulus cells and
oocytes in LH-treated and untreated complexes were carried
out during (a) the second hour of the initial incubation in
IBMX alone or IBMX plus LH (1 Ag/ml) and (b) the second
hour of the inhibitor content protocol, i.e ., when both groups
of complexes are incubated in medium containing a subop-
timal concentration of dbcAMP alone (see Fig . 1 A) . In the
first situation, coupling indices of 16 .1 and 16.8% and in the
second situation, coupling indices of 17.7 and 17.2% were
obtained for LH-treated and untreated complexes, respec-
tively . These results suggest that LH caused neithera transient,
reversible uncoupling during the initial incubation in LH nor
a more gradual uncoupling with time . Consistent with this
interpretation are the results of experiments in which Lucifer
yellow was iontophoretically injected into cumulus cell-en-
closed oocytes initially incubated for 2 h in medium contain-
ing either IBMX or IBMX and LH (1 Ag/ml) (Fig. 3) . In both
cases dye spread uniformly to all of the outermost cumulus
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FIGURE 3

	

Transfer of iontophoretically injected Lucifer yellow from oocytes to cumulus cells . Cumulus cell-oocyte complexes
were incubated in medium containing IBMX or IBMX and LH (1 fag/ml) for 2 h . Complexes were then attached to coverslips and
Lucifer yellow iontophoretically injected as described in Materials and Methods . About 10 LH-treated and untreated complexes
were examined . Shown is a representative example of an LH-treated complex . For both groups of complexes it took -15 min for
the dye to reach the peripheral cumulus cells . (a) Phase contrast photomicrograph of a complex ; (b-e) Photomicrographs of
complexes 1, 7, 20, and 40 min, respectively, after Lucifer yellow was injected into the oocyte .

cells and the time courses for dye spread were similar. Thus,
it is unlikely that the observed LH-mediated acceleration of
maturation was due to uncoupling, but rather reflected a
change in the nature or amount of an inhibitory signal in-
volved in regulation ofoocyte maturation .
The effect of FSH on acceleration of cumulus cell-enclosed

oocyte maturation was tested by initially incubating com-
plexes in medium containing IBMX and FSH at either 10 or
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20 ng/ml for 2 h followed by processing through the inhibitor
content protocol . FSH-promoted acceleration of oocyte mat-
uration was concentration-dependent . (Fig . 4). The magni-
tudes of FSH-mediated acceleration of maturation were sim-
ilar to those elicited by LH . Furthermore, oocytes obtained
from complexes exposed or not exposed to FSH (20 ng/ml)
for 2 h and then processed through a modified inhibitor
content protocol in which dbcAMP was omitted resumed
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FIGURE 4 Relationship between gonadotropin-induced accelera-
tion of maturation and elevation of cAMP levels in complexes .
Groups of cumulus cell-oocyte complexes (COC) were incubated
for 2 h in medium containing IBMX, IBMX and LH (10 ng/ml), or
IBMX and FSH (10 or 20 ng/ml) . All groups were then washed and
either processed through the inhibitor content protocol, with d, =
75 AM dbcAMP and d2 = 60 juM dbcAMP, or assayed immediately
for cAMP content . The percentage of oocytes in each group pos-
sessing an intact CV (open bar) was determined 1 .25 h after transfer
to IBMX-free medium . The experiment was performed four times .
The data were pooled and results are expressed as mean ± SEM .
In each experiment that determined extent of maturation, at least
50 oocytes were included in each group . 10-15 complexes were
used for each cAMP determination (cross-hatched bar ; femtomoles
per complex) . The number of CAMP determinations per group is
given in parentheses . The differences between treated and un-
treated complexes are significant ; p < 0.05 (*) ; p < 0.01 (**) ; and p
< 0.001 (***) .

meiosis with similar kinetics (data not shown) . This result
suggests that, as in the case of LH, FSH did not alter oocyte
cAMP levels to an extent sufficient to cause the observed
FSH-mediated acceleration of maturation .

Associated with either LH- or FSH-induced acceleration of
maturation was an LH- or FSH-induced elevation of the
cAMP levels of complexes (Fig . 4) . It should be noted that
results from a previous study (30) indicated that this cAMP
increase occurs in the cumulus cells and not the oocyte. In
addition, the coupling indices of FSH-treated and control
complexes were similar (21 .6 and 22.2%, respectively) .

Acceleration of Cumulus Cell-enclosed Clocyte
Maturation is cAMP-dependent
The observation that LH and FSH elicited acceleration of

maturation and elevated CAMP levels in COCs suggested a
possible role for cAMPin this process. IfLH and FSH mediate
acceleration of maturation via a cAMP-dependent mecha-
nism, then complexes initially incubated in dbcAMP should
exhibit accelerated maturation relative to complexes initially
incubated in dbcAMP-free medium. Oocytes obtained from
complexes initially incubated for 2 h in medium containing
IBMX and 10 to 100 Am dbcAMP resumed meiosis prior to
untreated controls (Fig . 5) . Maximal acceleration was ob-
tained with an initial incubation in 10 Am dbcAMP. The
accelerations of cumulus cell-enclosed oocyte maturation ob-
tained after incubations in either dbcAMP, LH, or FSH were
of similar magnitude . These results present an apparent par-
adox ; whereas detecting the inhibitor requires elevating cAMP
levels in complexes (17, 30), elevating cAMP in complexes
can also accelerate resumption of meiosis. A resolution to this
paradox will be presented in the Discussion .

10010 20 50

dbcAMP (NM)
FIGURE 5 Concentration dependence of dbcAMP-mediated ac-
celeration of maturation . Groups of cumulus cell-oocyte complexes
were incubated for 2 h in medium containing IBMX or IBMX and
10, 20, 50, or 100 AM dbcAMP . All groups were then washed and
processed through the inhibitor content protocol with d, = 75 AM
dbcAMP and d2 = 60 AM dbcAMP . The percentage of oocytes in
each group possessing an intact CV was determined 1 .25 h after
transfer to IBMX-free medium . The experiment was performed
three times . The data were pooled and results expressed as mean
± SEM . In each experiment, at least 50 oocytes were used in each
group . Solid bar, denuded oocytes; stippled bar, oocytes obtained
from complexes treated with the indicated concentrations of
dbcAMP . The differences between treated and untreated com-
plexes are significant ; p < 0.01 (*) .

In contrast to cumulus cell-enclosed oocytes, denuded oo-
cytes, after a 2-h initial incubation in either IBMX alone or
IBMX and 10 or 100 Am dbcAMP followed by processing
through the inhibitor content protocol, resumed meiosis with
similar time courses (data not shown) . This suggests that
cumulus cells are the target of dbcAMP-mediated acceleration
of maturation .

Coupling indices in complexes treated with 100 AM
dbcAMP and untreated complexes were determined during
(a) the second hour of the initial incubation in IBMX alone
or IBMX and 100 Am dbcAMP or, (b) the second hour of the
inhibitor content protocol (as before with the LH-mediated
accelerations). In the first situation, coupling indices of 18.0
and 16.8% and in the second situation, coupling indices of
19.5 and 22.2% were obtained for dbcAMP-treated and
-untreated complexes, respectively. It is unlikely, therefore,
that dbcAMP-mediated acceleration of maturation is due to
uncoupling of oocytes from their respective cumulus cells.

If LH mediates acceleration of oocyte maturation by ele-
vating cumulus cell cAMP levels, then blocking this increase
should result in a loss of LH-induced acceleration of matu-
ration. Na-p-tosyl-t,-lysine chloromethyl ketone (TLCK;
Sigma Chemical Co.) has been reported to inhibit gonadotro-
pin-induced elevation of cAMP in granulosa cells (21) . Oo-
cytes obtained from complexes, initially incubated in 0.25
mM TLCK for 30 min, followed by a 2-h incubation in LH
(10 ng/ml), and then processed through the inhibitor content
protocol, did not exhibit accelerated maturation relative to
untreated controls and also failed to exhibit the LH-mediated
increase in cumulus cell CAMP levels (Fig. 6) . TLCK had no
direct effect on oocytes; treatment of denuded oocytes with
0.25 mM TLCK did not alter (a) the kinetics of maturation
or (b) the extent ofpolar body emission, relative to untreated
denuded oocytes (data not shown) .
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FIGURE 6 TLCK inhibition of LH-mediated increase in cumulus
cell cAMP levels and acceleration of maturation . Groups of cumulus
cell-oocyte complexes were incubated for 30 min in medium con-
taining IBMX or IBMX and 0.25 mM TLCK . TLCK-treated complexes
were washed and incubated for 2 h in medium containing IBMX
and LH (10 ng/ml) . Complexes not treated with TLCK were incu-
bated for 2 h in medium containing IBMX or IBMX and LH (10 ng/
ml) . All groups were then washed and either processed through the
inhibitor content protocol, with d, = 75 AM dbcAMP and dZ = 60
1M dbcAMP, or assayed immediately for cAMP content (cross-
hatched bar ; femtomoles per complex) . The percentage of oocytes
in each group possessing an intact GV (open bar) was determined
1 .25 h after transfer to IBMX-free medium . The experiment was
performed three times . The data were pooled and results expressed
as mean ± SEM . For each experiment measuring extent of matura-
tion, at least 50 oocytes were used for each group . 10-15 complexes
were used for each cAMP determination . The number of cAMP
determinations per group is given in parentheses . The differences
between LH-treated and untreated complexes are significant ; p <
0.01 (*); p < 0.001 (**) . The differences between LH and TLCK
treated and untreated complexes are not significant .

To determine the site of TLCK inhibition of LH-induced
cAMP elevation, complexes were incubated for 30 min in
medium containing IBMX and 0.25 mM TLCK and then
incubated for 1 h in IBMX-containing medium supplemented
with either cholera toxin (CT) (2 kg/ml), which activates
adenylate cyclase via ADP-ribosylation ofthe regulatory sub-
unit (18) or forskolin (20 kg/ml), which appears to activate
adenylate cyclase via the catalytic subunit (32) (although this
point is controversial, see reference 8) . cAMP levels were then
determined by radioimmunoassay. TLCK treatment of com-
plexes did not inhibit either CT- or forskolin-induced eleva-
tion of cAMP levels relative to complexes not treated with
TLCK (CT, 73 ± 17 ; CT + TLCK, 154 ± 51 ; forskolin, 130
± 35 ; forskolin + TLCK, 156 ± 36 . Units are femtomoles of
cAMP/complex ± standard deviation ; in each case the results
of at least eight cAMP determinations were pooled) . This
suggests that TLCK-induced inhibition of LH-mediated
cAMP elevation is not at the level ofthe cyclase but rather is
at the level of hormone-receptor binding or signal transduc-
tion to the cyclase .

Several attempts were made to "bypass" TLCK inhibition
of LH-mediated acceleration of maturation by adding
dbcAMP to mimic the normal cumulus cell response to LH .

Complexes were incubated in medium containing IBMX and
0.25 mM TLCK for 30 min and then incubated for 2 h in
medium containing IBMX and 100 Am dbcAMP before
processing through the inhibitor content protocol. Using this
protocol exposure to dbcAMP did not accelerate maturation ;
the reason(s) for this failure is unknown at this time .
An initial 1-h incubation in medium containing dbcAMP

accelerates maturation of cumulus cell-enclosed oocytes rela-
tive to that of oocytes in non-dbcAMP-treated complexes. To
determine the persistence ofthe dbcAMP-induced effect(s) in
the cumulus cells, the experiment shown in Fig. 7 was per-
formed. Oocytes obtained from (a) complexes initially incu-
bated in medium containing IBMX and 100 Am dbcAMP for
1 h and then incubated for a further 2 h in medium containing
IBMX only and (b) complexes initially incubated in medium
containing only IBMX for 2 h and then incubated an addi-
tional 1 h in medium containing IBMX and 100 ,AM dbcAMP
matured with similar time courses after processing through
the inhibitor content protocol . The three groups ofcomplexes
shown in Fig. 7 had similar coupling indices (untreated,
14.7% ; dbcAMP and IBMX to IBMX, 14.3% ; IBMX to
dbcAMP and IBMX, 13.8%) . Hence, over the 2-h chase
period, i.e ., in dbcAMP-free medium, no decrease was ob-
served in the magnitude ofdbcAMP-mediated acceleration of
oocyte maturation .

Properties of the Cumulus Cell Inhibitor of
Oocyte Maturation
To examine the persistence of maturation inhibitor in

cumulus cells, groups of complexes were processed through
the inhibitor content protocol either (a) immediately after
collection or (b) after a 4-h initial incubation in medium
containing IBMX only (Fig . 8). In both cases, inhibitor was
present as evidenced by the significant delays in maturation
of cumulus cell-enclosed oocytes compared with that of de-
nuded oocytes . It was also apparent, however, that the de-
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FIGURE 7

	

Effect of a sub-
sequent incubation in
dbcAMP-free medium on
dbcAMP-mediated accel-
eration of maturation .
Groups of cumulus cell-
oocyte complexes were in-
cubated in medium con-
taining IBMX for 3 h (solid
bar), IBMX for 2 h followed
by transfer to medium con-
taining IBMX and 100 ILM
dbcAMP for 1 h (open bar),
or IBMX and 100 WM
dbcAMP for 1 h followed
by washing and transfer to
medium containing IBMX
for 2 h (slashed bar) . All
groups were then washed
and processed through the
inhibitor content protocol
with d, = 90 AM dbcAMP
and dZ = 85 uM dbcAMP .

The percentage of oocytes in each group possessing an intact GV
was determined 1 .25 h after transfer to IBMX-free medium . The
experiment was performed three times . The data were pooled and
expressed as mean ± SEM . For each experiment at least 50 oocytes
were included in each group . The differences between the treated
and untreated complexes are significant; p < 0.05 (*) .
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nuded oocytes and oocytes obtained from complexes initially
incubated in IBMX for 4 h resumed meiosis significantly
faster than their respective counterparts that were processed
through the inhibitor content protocol immediately after col-
lection. This suggests a decrease with time in the amount of
inhibitor present in complexes .

Since a decrease in oocyte cAMP has been correlated with
resumption ofmeiosis (31, 35), an alternative explanation for
the above result is that cumulus cell-enclosed oocytes may
have developed decreased levels of cAMP with time. CAMP
levels were determined in denuded oocytes (a) liberated from
complexes immediately after collection or (b) liberated from
complexes after a 4 h-incubation in IBMX-containing me-
dium . No significant difference in the amount of cAMP was
observed between the two groups ; values of 0.19 and 0.22
femtomoles ofcAMP/oocyte (average oftwo determinations,
250 oocytes were used per determination) were obtained after
0 and 4 h of incubation, respectively. This renders the alter-
native explanation unlikely .
The effect(s) of cycloheximide (CHM) on the amount of

inhibitor present in cumulus cells was examined. Complexes
initially incubated in medium containing IBMX or IBMX
and CHM (10,ug/ml) for 2 h were then processed through the
inhibitor content protocol . The experimental group was ex-
posed to CHM in all incubations . Oocytes obtained from
complexes treated or not treated with CHM matured with
similar kinetics (Fig. 9) . CHM (10 ug/ml) (a) did not affect
the time or rate of maturation of denuded oocytes and (b)
reduced incorporation of [ 35S]methionine into acid-insoluble
radioactive material by >95% in treated complexes compared
with untreated complexes (data not shown) . These results
suggest that continuous protein synthesis is not required for
the persistence ofdetectable amounts of inhibitor in cumulus
cells.

Cholera Toxin-induced Maturation of
Follicle-enclosed Oocytes
Treatment of follicles with LH, FSH, prostaglandin Ez or

dbcAMP initiates resumption of meiosis in vitro (13, 34) . In

FIGURE 9 Effect of CHM
on maturation of cumu-
lus cell-enclosed oocytes .
Groups of cumulus cell-
oocyte complexes were in-
cubated for 2 h in medium
containing IBMX or IBMX
and CHM (10 ug/ml) . All

to

	

groups were then washed
a)

	

50

	

and processed through the
inhibitor content protocol
with d, = 75 jM dbcAMP
and d2 = 60 uM dbcAMP .
The group that initially had
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continued to be exposed
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being processed through
the inhibitor content pro-
tocol . The percentage of
oocytes in each group pos-
sessing an intact GV was
determined 1 .25 h after
transfer to IBMX-free me-
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dium. The experiment was
performed three times .
The data were pooled and

results expressed as mean ± SEM . For each experiment at least 50
oocytes were included in each group . Solid bar, denuded oocytes ;
stippled bar, oocytes obtained from complexes . There is no signifi-
cant difference between the CHM-treated and -untreated com-
plexes .
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DISCUSSION

Cycloheximide

these studies, however, GVBD was assessed after 18 h of
exposure ofthe follicles to the maturation-inducing substance.
All of these substances raise follicular cAMP which induces
cumulus cell mucification within 18 h (11, 15, 20) . Mucifi-
cation results in physical disruption of coupling between
cumulus cells and the oocyte (16, 19) . Thus, during the 18-h
incubation, cAMP-induced cumulus cell mucification would
terminate influx to the oocyte of a maturation inhibitor and
permit resumption ofmeiosis . In contrast, on the basis of the
data presented here, one may predict that any agent capable
of elevating follicle CAMP should induce maturation during
a time when (a) follicle cAMP levels are still elevated and (b)
cumulus cells remain fully coupled to the oocyte as is the case
during gonadotropin-induced maturation in vivo (16, 31) .

Follicle-enclosed oocytes resumed meiosis when cultured
in medium containing CT (Fig. 10) . A positive correlation
exists between CT-induced elevation offollicle cAMP content
and resumption of meiosis. In contrast, follicle-enclosed oo-
cytes incubated in medium without cholera toxin did not
resume meiosis (Fig. 10) . Under these conditions, follicle
cAMP content did not increase (data not shown). Complexes,
expressed from follicles after 2 h of incubation in medium
containing or not containing CT and assayed immediately for
metabolic cooperativity had similar coupling indices (12.4
and 11 .9%, respectively) .

Although it has been known for some time that exposure of
follicles to LH and other agents that raise follicle cAMP levels
can result in resumption of meiosis, the sequence of events
linking elevation ofcAMP and resumption of meiosis is not
clear. In addition, the relationship between gonadotropin-
induced maturation and a non-cAMP inhibitor ofmaturation
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FIGURE 10 Effect of cholera toxin on follicle cAMP levels and
oocyte maturation . Preovulatory antral follicles (^-30/group) were
incubated in medium containing or not containing cholera toxin
(CT, 10 pg/ml). At the indicated times cumulus cell-oocyte com-
plexes were removed from their follicles and the oocyte scored for
GVBD or follicles were assayed for cAMP content. Open bar,
GVBD in CT-treated follicles; solid bar, % GVBD in non-CT-treated
follicles . The experiment was performed three times. The total
number of oocytes scored for GVBD was -80-90 in each case.
Duplicate measurements of cAMP content were made on at least
six follicles at each time ; results are expressed as mean ± SEM.

(17, 30) is also not clear . Using an assay (inhibitor content
protocol) that can detect relative changes in the amount of a
non-CAMP inhibitor of oocyte maturation, results of the
experiments described here suggest a relationship between
elevation ofCAMP and a subsequent decrease in the amount
of inhibitor.
Cumulus cells possess LH receptors (4, 22) . Decreased

amounts of a maturation inhibitor present in COCs after LH
treatment would be expected to result in an acceleration of
maturation relative to untreated COCs when both groups are
processed through the inhibitor content protocol . Two types
of control experiments, however, were always performed be-
fore ascribing an acceleration of maturation to decreased
levels of inhibitor. The first control (no dbcAMP present
during the inhibitor content protocol) demonstrated that
whatever changes may have occurred in the levels of cAMP
in treated relative to untreated cumulus cell-enclosed oocytes
could not account for an acceleration of maturation . The
second control (measuring the coupling index) demonstrated
that the initial treatment did not disrupt intercellular com-
munication between the cumulus cells and the oocyte . Further
justification of the assay is presented elsewhere (17) . Using
the above criteria, LH accelerated maturation ofcumulus cell-
enclosed oocytes by apparently promoting a decrease in the
amount of maturation inhibitor.

Acceleration of maturation, i .e ., detection of a reduced
amount of maturation inhibitor, appeared to be mediated by
cAMP. Both LH and FSH accelerated oocyte maturation and
elevated cumulus cell CAMP levels. Inhibiting LH-induced
elevation of CAMP levels with TLCK, inhibited LH-induced
acceleration ofoocyte maturation . A role for CAMP in accel-
eration of maturation was also suggested by the observation
that an initial incubation in medium containing the cAMP
analog dbcAMP promoted acceleration of maturation and
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that elevating follicle cAMP levels with cholera toxin induced
maturation when cumulus cell-oocyte coupling was still fully
maintained. Consistent with these results is the recent obser-
vation that forskolin can induce maturation of rat follicle-
enclosed oocytes during a time when cumulus cell-oocyte
coupling was presumably still fully maintained (12) . Taken
together, results from our experiments suggest that cAMP-
induced acceleration of maturation was due to reducing the
amount of a maturation inhibitor and not due to uncoupling
of cumulus cells from the oocyte . This conclusion, however,
raises the previously mentioned paradox: whereas gonadotro-
pins apparently decrease the amount ofa maturation inhibitor
in a cAMP-dependent manner, the inhibitor is only detected
in the presence of cAMP. A resolution to this paradox is
presented below.
Two alternative possibilities for the basis of LH-induced

relief of inhibition ofmaturation are (a) uncoupling the outer
cumulus cells from the inner cumulus cells or (b) decreasing
the molecular weight cut-ofofthe heterologous gapjunctions
present between cumulus cells and the oocyte. LH-induced
uncoupling of outer cumulus cells from the inner cumulus
cells could result in accelerated maturation by decreasing the
influx of inhibitor to the oocyte. The likelihood of this possi-
bility is minimized by the observation that LH did not affect
the spread ofLucifer yellow throughoutthe cumulus cell mass
ofcomplexes, together with the coupling assay using radiola-
beled uridine, strongly suggests that a complete "outer-uncou-
pling" did not occur . Alternatively, LH may mediate a reduc-
tion in the number of gap junctions between cumulus cells .
Although the time courses of dye movement to the periphery
of the cumulus cell mass were similar in LH-treated and
untreated complexes, the level of sensitivity in these measure-
ments could not exclude this possibility .

Previous results have suggested that passage of the matu-
ration inhibitor to the oocyte is via the gap junctions (17) .
This would require the molecular weight of the maturation
inhibitor to be < 1,000 daltons (24) . An LH-mediated decrease
in gap junction diameter could reduce the junctional cutoff
to a molecular weight less than that ofthe maturation inhib-
itor but still greater than that of radiolabeled uridine and its
metabolites. Although there are no data to rule out this
possibility, to our knowledge, no examples of a cAMP-medi-
ated reduction in gap junction permeability are documented .
Although the molecular mechanism by which LH, or any

other agent capable of raising cumulus cell cAMP levels,
decreases the amount of maturation inhibitor is not known,
several points can be made. CHM had no effect on levels of
maturation inhibitor in complexes. Thus, continuous protein
synthesis is not required for maintenance of detectable levels
ofinhibitor . Furthermore, although maturation inhibitor was
present after a 4-h incubation ofcomplexes in IBMX-contain-
ing medium, denuded oocytes from this group resumed
meiosis significantly earlier than denuded oocytes assayed
immediately after collection . This suggests that oocytes cata-
bolize and/or secrete the inhibitor.
The following model extends our previous model for main-

tenance of meiotic arrest (17) and accounts for gonadotropin-
induced resumption ofmeiosis in vivo. A steady state level of
a maturation inhibitor is produced predominantly by granu-
losa cells from an inactive precursor via a cAMP-dependent
mechanism (Fig. 11). Follicle cells and/or the oocyte can
secrete and/or catabolize the inhibitor. Passage ofthe inhibitor
through the follicle cell syncytium to the oocyte results in
maintenance of meiotic arrest . The in vivo LH surge elevates
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of the maturation inhibitor,
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granulosa/cumulus cell levels of cAMP. This increases pro-
duction of the inhibitor and results in depleting the pool of
inactive precursor . Increased levels of inhibitor are transient
since the inhibitor is catabolized/secreted . Inhibitor catabo-
lism/secretion results ultimately in reducing the level ofinhib-
itor in the oocyte below a level necessary for maintenance of
meiotic arrest .

This model resolves the apparent paradox previously men-
tioned. The inhibitor content protocol detects the putative
inhibitor by determining differences in the extent of matura-
tion at a given time after an experimental elevation of cu-
mulus cell cAMP with dbcAMP . Increased cAMP would
initially generate higher levels of inhibitor in cumulus cell-
enclosed oocytes relative to denuded oocytes. Thus, inhibition
of maturation of cumulus cell-enclosed oocytes relative to
denuded oocytes would be observed and correlated with an
initial elevation of cumulus cell cAMP (17), In the experi-
ments described here, initial elevation of cumulus cell cAMP
levels with LH, FSH, or dbcAMP would also generate higher
levels of inhibitor . By the time the complexes are processed
through the inhibitor content protocol, however, the com-
bined effects of catabolism and/or secretion and reduction in
pool size of the inactive precursor would result in decreased
levels of inhibitor in treated complexes relative to untreated
complexes (Fig . 11) . Hence, an acceleration of maturation
would be observed .
A low molecular weight inhibitor of oocyte maturation

present in follicular fluid (oocyte maturation inhibitor) and
possibly synthesized by granulosa cells has been reported (5).
In the absence of follicular fluid, however, oocytes grafted to
granulosa cells do not resume meiosis (23, 33) . This clouds
the issue regarding the physiological role of oocyte maturation
inhibitor.
We are currently examining the effect of microinjecting

mouse oocytes with extracts of granulosa cells to determine if

a maturation inhibitory factor exists and if so, using this
approach as an assay for monitoring the purification of the
maturation inhibitor and determining its relationship, if any,
to oocyte maturation inhibitor.
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