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ABSTRACT The cumulus cells that surround
the mammalian oocyte become dispersed following the
preovulatory surge of the pituitary gonadotropin, luteiniz-
ing hormone (LH). We have examined cumulus-oocyte
complexes of PMSG-primed immature rats before and at 1,
2,3, 4,6, and 8 hr after injection of human chorionic
gonadotropin (hCG), which acts on the rat ovary like the
pituitary gonadotropin. Associations between projections
of the cumulus cells and the oocyte were analyzed in thin
sections. We observed that some cumulus projections
were greatly enlarged where they associate with the
oocyte. These enlarged regions were filled with numerous
small vesicles. Gap junctions between cumulus cell pro-
jections and the oocytes were small. We quantitated the
number and size of gap junctions between cumulus cells.
The number of small gap junctions (<1 wM) between
cumulus cells did not change significantly over the 8-hr
period after hCG administration. Larger gap junctions,
however, showed a general downward trend beginning
after the third hour post hCG. Light microscopic observa-
tions of plastic sections revealed that dispersion of the
cumulus oophorus is not observed until after 4 hr post-
hCG, but between 4 and 8 hr after gonadotropin adminis-
tration the cumulus becomes markedly dispersed. In the
majority of the oocytes in these complexes the germinal
vesicle (GV) displayed some irregularity in shape at 2 hr
post-hCG, although absence of the GV was not observed
until later.

Our observations suggest a new means of communica-
tion in the cumulus-oocyte complex by the vesicle-filled
enlargements of the cumulus cell projections at the oocyte
surface. They further indicate that the decrease in meta-
bolic coupling observed in rat cumulus-oocyte complexes
soon after exposure to LH is not associated with a change
in number and size of the gap junctions between the
cumulus cells. We suggest that it is either the disruption of
the gap junctions at the region of contact of the cumulus
cell projections with the oocyte surface or the operation of
a gating mechanism that blocks the junctional channels
without affecting their morphological appearance that is
responsible for uncoupling of the oocyte from the cumulus
cells.
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INTRODUCTION

The cells of the innermost layer of the cumulus
oophorus, the corona radiata, are associated with the
oocyte by long cytoplasmic projections that traverse the
zona pellucida and intermingle with numerous mi-
crovilli from the oocyte surface (Paladino, 1890; Ya-
mada et al., 1957; Sotelo and Porter, 1959; Anderson
and Beams, 1960; Odor, 1960; Tardini et al., 1960;
Bjorkman, 1962; Zamboni, 1974; Dekel et al., 1976,
1978; Albertini, 1984). Gap junctions present in the
regions of contact between the cumulus cell projections
and the oolemma (Sz6llosi, 1975; Amsterdam et al.,
1976; Anderson and Albertini, 1976; Gilula et al., 1978;
Larsen et al., 1987) provide the means for metabolic
coupling in the cumulus-oocyte complex (Cross, 1973;
Wassarman and Letourneau, 1976; Moor et al., 1980;
Heller and Canellakis, 1981; Eppig, 1982; Brower and
Schultz, 1982; Colonna and Mangia, 1983; Racowsky
and Satterle, 1985; Racowsky and Baldwin, 1989).
Interconnection by means of gap junctions have also
been described between adjacent cumulus as well as
granulosa cells (Bjorkman, 1962; Merck et al., 1972;
Anderson and Albertini, 1976; Zamboni, 1974; Sz6ll6si,
1975, Gilula et al., 1978; Fletcher, 1979). These specific
structures have been observed between closely opposed
cell membranes and at the regions of contact of mi-
crovilli and cell membranes.

The extensive network of communication established
between the somatic cellular components of the follicle
and the female gamete is probably of major functional
importance. A likely physiological role for this type of
heterologous cell communication is nutritional; follicle
cells directly provide nutrients that are necessary for
oocyte growth (Eppig, 1979; Heller and Canellakis,
1981; Brower and Schultz, 1982). Junctional communi-
cation within the follicle could also mediate transmis-
sion of regulatory signals that are responsible for
control of the meiotic status of the follicular oocyte
(Sherizly et al., 1988; Racowsky, 1984; Racowsky and
Baldwin, 1989).

In female mammals meiosis of germ cells is initiated
before parturition. At birth, all the oocytes are arrested
at the dictyotene stage of the meiotic prophase and it is
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not until after puberty that the preovulatory LH surge
stimulates oocytes to resume meiosis. In these oocytes
the nuclear membranes break down and the chromo-
somes form a metaphase plate. These changes are often
referred to as oocyte maturation. The large meiotic
prophase nucleus is referred to as the germinal vesicle
(GV) and the dissolution of the meiotic nucleus as
germinal vesicle breakdown (GVB). Oocyte maturation
can also be induced by exogenous administration of
hCG. Both these gonadotropins, LH and hCG, uncouple
the cumulus-oocyte complex (Gilula et al., 1978; Dekel
et al., 1981; Racowsky and Baldwin, 1989; Dekel, 1986;
Sherizly et al., 1988).

In 1935 Pincus and Enzmann initially reported that
oocytes resume meiosis spontaneously upon their re-
moval from the ovarian follicle. These investigators
proposed that the somatic cells of the follicle produce a
factor that maintains the oocyte in meiotic arrest. Later
studies provided further evidence in support of the idea
that the association between the oocyte and the follic-
ular cells plays a central role in the regulation of oocyte
maturation (Dekel, 1986). We have used microscopic
analysis of semithin and thin sections to further ex-
plore the nature of the associations between the cumu-
lus cells, as well as between cumulus cells and the
oocyte, and to examine the response of the rat oocyte
and its vestments to hCG.

MATERIALS AND METHODS
Microscopy

Twenty-six day old Wistar-derived female rats were
injected subcutaneously with 15 IU of pregnant mare
serum gonadotropin (Intervet International B.V.,
Boxmeer, Holland). Forty-eight to fifty-two hr later
animals were either killed or injected intraperitoneally
with 4 IU of human chorionic gonadotropin (hCG)
(Ikapharm, Israel). Animals were killed by cervical
dislocation before or at 1, 2, 3, 4, 6, and 8 hr after hCG
injection and their ovaries removed and placed in
Leibovitz’s L-15 medium (GIBCO, Grand Island, NY).
The large follicles were ruptured and the cumulus-
oocyte complexes immediately placed in 3% glutaral-
dehyde in 0.2 M phosphate buffer at pH 7.4. All follicles
were removed within 10 min of death of the animal.
After fixation for up to 1 week cumulus-oocyte com-
plexes were rinsed in phosphate buffer, postfixed in 1%
0,041n 0.1 M phosphate buffer dehydrated in alcohol to
propylene oxide and embedded in EPON 812. One
micron sections were stained with 1% toluidine blue in
1% sodium borohydrate. Sections were photographed
with a Zeiss Photomicroscope II using a 1.4 NA planapo
objective lens. Thin sections were cut on a Reichart
OmU3 ultramicrotome and stained in 3% aqueous
uranyl acetate at 45°C for 1 hr. Sections were examined
and photographed with a Philips 300 microscope.

Quantitation of Junctions Between
Cumulus Cells

Our methods are based on those used by White (1984)
and Coons and Espey (1977). Sections of each cumulus-

oocyte complex were first examined in the electron
microscope. Complexes with many cumulus cells con-
taining numerous lysosomes, focal cytoplasmic degra-
dation, or pycnotic nuclei were regarded as degenerat-
ing and were not examined further. Gap junctions were
quantitated directly from the TEM viewing screen. To
do this a grid (G200HS Ted Pella, Inc.) was viewed at
very low magnification (SC with objective aperture
removed) and a section was selected. Fifty cells in
which the nucleus had been sectioned were examined
and scored. In a few of the sections there were less than
fifty cumulus cells with nuclei in the section. In these
cases parallel sections were used. To quantitate junc-
tions, sections were viewed at a magnification of 4,700.
Cells were scored only if they were transected through
the nucleus and no portion of the cell was over a grid
bar. The cell was viewed through the 10X binocular
microscope and the number of gap junctions were
counted. The size of the junctions was determined as
being small (less than 1 w), medium (1-2 p) and large
(larger than 2 p) by comparison to a drawing. We
quantitated junctions for six cumuli before hCG injec-
tion and six at each time period of 1, 2, 3, 4, 6, and 8 hr
after hCG injection.

RESULTS
Light Microscopy

The time of germinal vesicle breakdown is generally
determined by quantitating the percentage of oocytes
without germinal vesicles. Because of the increased
resolution which one can obtain with semithin sections
as compared to viewing whole oocytes, we examined 1
w-thick toluidine blue stained sections in an attempt to
detect early stages of germinal vesicle breakdown.

At 0 and 1 hr, the germinal vesicles were large and
circular (Fig. 1). However, at 2 hr most oocytes con-
tained nuclei with irregular shapes (Fig. 1). By 3 hr
only remnants of the germinal vesicles were observed
in most oocytes, and metaphase chromosomes were
observed by 4 hr (Fig. 1). Although no obvious changes
in cumulus cells were observed at up to 4 hr, by 6 hr the
cumulus cells were found to be considerably dispersed
(Fig. 1).

Quantitation of Gap Junctions

Two days after PMSG injection the oocyte with its
large germinal vesicle is surrounded by a cumulus
composed of closely associated cells. The rat cumulus
does not have a distinct corona radiata as is present
in the human and rabbit cumulus (Figs. 2 and 3). Even
in low-magnification micrographs gap junctions are
clearly visible between neighboring cumulus cells (Fig.
3). At high magnification these junctions display the
typical ultrastructure of gap junctions (Figs. 4 and 5).
Similar gap junctions have previously been reported in
the cumuli oophori of other mammalian species
(Bjérkman, 1962; Zamboni, 1974; Anderson and Alber-
tini, 1976; Szollosi, 1975; Gilula et al., 1978).

The number of junctions per cell was quantitated as
described in the Methods section. These data are pre-
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sented in Table 1 and summarized in Table 2. The data
were analyzed by analysis of variance using time as the
grouping factor. When justified by the results of
ANOVA, multiple pair-wise comparisons were made
and significance levels adjusted for post hoc compari-
sons. There was no significant difference in the number
of small (> 1 um), medium (1-3 pm), or large (> 3 wm)
junctions per cumulus cell over the first 2 hr. Thereaf-
ter, there was a general downward trend for the
medium and large junctions with significant decreases
at 6 (P <0.01) and 8 hr (P < 0.001) for medium size
junctions, 3, 4 (P, 0.01) and at 6 and 8 hr (P < 0.001) for
large junctions when compared to their respective t=0
groups. In contrast, for the small junctions (< 1 wm)
there were no significant changes at any time, al-
though there was a trend toward lower values in the
number of total junctions with time beginning at 4 hr;
this was significant only at 8 hr (P < 0.001).

Electron Microscopy

The breakdown of the germinal vesicle is a very
elaborate process. In the light microscope most germi-
nal vesicles observed at 2 hr post-hCG were irregular in
shape. In the electron microscope these nuclei were
observed to have complex shapes (Fig. 2). Similar
irregularly shaped nuclei have been reported in other
mammalian species during GV breakdown (Szollosi et
al., 1972, 1978; Hyttel et al., 1987) and first cleavage
(Longo and Anderson, 1969).

Cumulus-Oocyte Associations

In mammals long microvilli extend from the cumulus
cells that surround the surface of the zona pellucida.
These microvilli pass through the zona pellucida and
form gap junctions where they associate with the oocyte
surface. This has been observed in ovarian oocytes of
various sizes in several mammalian species (Anderson
and Albertini, 1976; Szollési, 1975). Gilula et al. (1978)
examined cumulus cell association in only the small
nonpreovulatory follicles of rats after PMSG and hCG.
They also observed numerous gap junctions between
cumulus cells and oocytes. We examined thin sections
of cumulus-oocyte complexes isolated from large cen-
tral follicles 0 to 4 hr after hCG treatment. We chose to
examine large complexes since it is these that will
mature and ovulate in response to the gonadotropin
surge.

In thin section the associations appear complex and
varied. Along most of the surface oocyte microvilli are
small and evenly distributed. However, we observe
areas where numerous microvilli protrude from the
surface. Often these microvilli interdigitate with cu-

Fig. 1. Photomicrographs of representative oocytes at the time of
hCG injection and 1, 2, 3, 4, and 6 hr after injection of hCG. Although
the GV is intact at 2 hr post-hCG the irregular shape indicates that
GVB has been initiated. Such oocytes might be considered to have
intact GVs when viewed in whole oocytes. x 350.
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Fig. 2. GVB is a lengthy process during which the GVs become crenulated into complex shapes.

% 19,000.

mulus cell microvilli (Figs. 6 and 7). Associations
between cumulus cell microvilli and the oocytes are far
less prevalent than have been reported in oocytes
isolated from small follicles (Anderson and Albertini,
1976; Gilula et al., 1978). Very small gap junctions are
sometimes observed where cumulus cell microvilli as-
sociate with the oocyte surface (Figs. 7 and 8). Some
cumulus cell microvilli are unusual in that they are
very enlarged where they associate with the oolemma.
The cytoplasm of these microvilli is characterized by
numerous vesicles. The vesicles have a diameter of 0.1
to 0.2 n (Figs. 8 and 9).

DISCUSSION

The present theories for regulation of oocyte matu-
ration suggest that its association with the cumulus
cells is essential for maintenance of meiotic arrest. The
follicular fluid oocyte maturation inhibitor (OMI) will
not affect oocytes in the absence of cumulus cells (Dekel
et al., 1979), and the supply of the inhibitory cAMP is

also dependent on the integrity of the oocyte-cumulus/
granulosa compartment (Dekel, 1986; Sherizly et al.,
1988; Racowsky and Baldwin, 1989). Motivated by
these ideas, we studied in detail the interactions of the
oocyte with the cumulus cells. We found that the
cumulus cell projections form different types of associ-
ations with the oolemma. Some projections extend for a
long distance along the oolemma while others associate
with tufts of oocyte microvilli. Occasionally small gap
junctions are observed between the cumulus cell pro-
jections and the oolemma. Still other projections have
vesicle-filled, expanded ends at the oocyte surface.
Vesicles are known to transmit signaling molecules at
neural junctions and they may have similar functions
in the cumulus-oocyte complex. Furthermore, it could
be possible that the different morphological types of
associations between cumulus cells and the oocytes
serve different functions.

According to the model proposed by our studies
(Dekel, 1986), which has been supported by Racowsky
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Fig. 3. Micrograph showing a portion of a GV (lower right) in a rat oocyte 48 hr after injection of PMSG.
The zona pellucida surrounding the oocyte is typically polarized such that the surface facing away from
the oocyte is more irregular in shape than the surface adjacent to the perivitteline space. Oocytes are
characterized by short microvilli of similar lengths. Long microvilli are occasionally observed in the zona
pellucida and associated with the surface of the oolemma. x 3,500.
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Fig. 4. Aregion of the cumulus oophorus (2 hr after injection of hCG). Numerous gap junctions (arrows)
are observed between neighboring cells of the cumulus oophorus. x 5,000.
Fig. 5. Gap junction between two cumulus cells. x 82,000.

and Baldwin (1989) in their recent report, it is the
alternation between established communication and
uncoupling in the cumulus-oocyte system which con-
trols the meiotic status of the oocyte. Essential to the
causal relationship between the breakdown of commu-
nication and the reinitiation of meiosis is the temporal
relationship between these events.

Morphological analysis by light microscopy for the
presence or absence of the GV is commonly used to
assess the meiotic status of the oocyte. Using light
microscopy in a previous study with the same strain of
rats, we have reported that GVB is observed in 50% of
the oocytes at 3.2 hr after injection of hCG (Dekel et al.,
1979). Using thin sections in the present study, we have
observed that it is at 2 hr after injection of hCG that
most GVs display irregular shapes. Thus, the nuclear
changes in the oocyte appear to take place before the
actual disappearance of the GV. At the time we ob-
served no change in the number or size of the cumulus
cell gap junctions. We did observe a gradual reduction
in the number of large gap junctions at 3 hr. Larsen et
al. (1986) found a decrease in the total gap junctional
area of the rat cumulus that occurs at about the same
time (between 2 and 3 hr after hCG administration).
Furthermore, in a more recent study these investiga-

tors (Larsen et al., 1987) have demonstrated that the
heterologous gap junctions between the oocyte surface
and the cumulus cell projections are disrupted even
after exposure to the hormone. Taken together, these
studies seem to contradict our previous findings that
metabolic coupling in rat cumulus-oocyte complexes
significantly drops soon after hCG administration un-
less gap junctions can lose these functions while main-
taining normal morphology. Lowenstein has presented
evidence for a hormonally regulated gating mecha-
nism, possibly operated by phosphorylation-dephospho-
rylation of the gap junction proteins (Lowenstein,
1985). If this is the case, even if morphological exami-
nation reveals that gap junctions do not disappear soon
after hormonal stimulation, it is possible that meta-
bolic coupling in this system has been interrupted. We
conclude, therefore, that the structural demonstration
of gap junctions may not necessarily mean that com-
munication has been maintained.
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TABLE 1. Average Numbet: of Small, Medium and Large Gap Junctions Per
Cumulus Cell as Measured in Thin Sections

Rat number Total du 1-3 u >3 u GV
0 hr 1 0.96 0.28 0.46 0.12 Present
2 1.14 0.48 0.44 0.22 Present
3 1.42 0.74 0.54 0.14 Present
4 1.08 0.18 0.74 0.16 Present
5 1.54 0.72 0.64 0.18 Not observed
6 1.52 0.66 0.52 0.26 Present
1 hr 7 1.52 0.62 0.84 0.06 Present
8 1.22 0.70 0.40 0.12 Present
9 1.70 0.80 0.62 0.28 Present
10 1.12 0.28 0.66 0.18 Present
11 1.66 0.88 0.58 0.20 Not observed
12 1.30 0.58 0.70 0.02 Present
2 hr 13 0.96 0.42 0.40 0.14 Present
14 0.66 0.44 0.16 0.06 Irregular
15 1.58 0.66 0.68 0.24 Irregular
16 1.24 0.62 0.40 0.22 Not observed
17 1.14 0.26 0.70 0.18 Present
18 1.34 0.58 0.56 0.20 Irregular
3 hr 19 1.28 0.64 0.58 0.06 Irregular
20 1.02 0.40 0.52 0.10 Irregular
21 1.38 0.66 0.56 0.16 Not observed
22 1.20 0.74 0.42 0.04 Not observed
23 1.20 0.62 0.36 0.12 Irregular
24 1.18 0.70 0.46 0.02 Present
4 hr 25 0.78 0.34 0.44 0.00 Not observed
26 0.68 0.18 0.42 0.08 Not observed
27 1.10 0.62 0.36 0.12 Irregular
28 1.10 0.62 0.36 0.12 Not observed
29 0.56 0.44 0.12 0.00 Not observed
30 1.10 0.80 0.28 0.02 Irregular
6 hr 31 1.26 1.02 0.20 0.04 Not observed
32 0.80 0.48 0.28 0.04 Not observed
33 0.54 0.46 0.08 0.00 Not observed
34 1.24 0.74 0.50 0.00 Not observed
35 0.86 0.80 0.06 0.00 Not observed
36 0.44 0.32 0.12 0.00 Not observed
8 hr 37 0.22 0.20 0.02 0.00 Not observed
38 0.50 0.38 0.12 0.00 Not observed
39 0.40 0.34 0.06 0.00 Not observed
40 0.34 0.22 0.08 0.04 Not observed
41 0.44 0.32 0.12 0.00 Not observed
42 0.60 0.40 0.16 0.04 Not observed
TABLE 2. Summary of Data Presented in Table 1
Time after
hCG (hr) Total <lpu 1-3 u >3 u
0 1.27 £ 0.09 0.51 + 0.04 0.55 + 0.04 0.18 £ 0.02
1 1.42 £ 0.09 0.64 + 0.07 0.63 = 0.05 0.14 £+ 0.03
2 1.15+0.12 0.49 + 0.05 0.48 + 0.07 0.17 £ 0.02
3 1.19 £ 0.05 0.62 + 0.04 0.48 + 0.03 0.08 £ 0.02
4 0.88 + 0.09 0.49 + 0.08 0.34 + 0.05 0.04 £ 0.02
6 0.85 + 0.13 0.63 + 0.10 0.20 + 0.06 0.01 £ 0.007
8 0.45 + 0.05 0.31 = 0.03 0.09 + 0.02 0.01 £ 0.007
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Fig. 6. Tufts of oocyte microvilli are frequently observed on the oocyte surface. Cumulus and oocyte
microvilli interdigitate in these regions. X 83,000.

Fig. 7. Small gap junctions are sometimes observed where cumulus cell microvilli associate with the
oolemma (arrows). X 126,000.
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Figs. 8 and 9. Many cumulus cell microvilli have enlarged tips containing vesicles. Such enlarged
ends are either associated with the cell membrane of the oocyte (Fig. 8) or protrude into the oocyte (Fig.
9). X 96,000.
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