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Exccutive Summary.

The accomplished results enriched the knowledge about maturation inhibiting activity
of porcine partictal membrana granulosa. A piece of this tollicular compartment arrest pig,
cattle and mouse vocvtes alter their release rom antral follicles in germinal vesicle stage.
The background of the inhibition and the molecules responsible tor this phenomenon arrest
were not detined. To was only clearly demonstrated that gap junctions mediating cell to cell
communications did not oceur between parietal granutosa and cumulus oophorus. On the
other hand. our experiments revealed the existence of functional communication between
somatic (cumulus oophorus) and germ cells during nitial phase of bovine oocytes nuituration,
Later, atter 6 h of culture metabolic contiet remained well conserved only between cells of
cumulus oophorus and disappeared between them and ooevie. The mteraction between
cumulus cells was maintained irrespective of the deposition of hvaluronic acid in extracellular
spaces Teading o the expansion of cumulus complex. Tt was also tound that synthesis and
deposition of mucinous substances wes accompanied with deep morphological and structural
changes of cumulus cells. Additonal intormation was obtained about participation of the
oocyte in the production of cumulus expansion enabling factor. In contrast to the mouse, in
the pig this factor was produced also by cumulus cells and under certain hormonat conditions
also by granulosa cells.

In another group of experiments the attention was paid to the molecular events that
are mvolved i chromatin condensation and nuclear membrane dissolution in initial phases
of maturation. These studies conducted originally with various developmental catezories of
rabbit oocytes clearly demonstrated close relation between the level of activation of histone
HT kinase and the degree of chromatin condensation. Identical relations were observed also
in bovine and porcine oocytes. Morcover, in these experiments was documented the role of
protein syithesis and protein phosphorylation on the activaton of histone HI kinase.

In the laboratory of Prof. RAM. Schultz (Umive of Pennsylvama) our colleague
together with other members of the statt had devetoped rapid. nonradioactive method for the
analysis of the moditication of mouse zona pellucida induced by fertilization, Later. this
method was applied in the evaluation i human zona peliucida and the authors suggested a
possible exploitation for the identification of deficiencies after [VIF failure. In this faboratory
described also basic molecular events that occur immediately after fertilization and the
participation of the p34™ cyclin B complex and myelin basic protein complex in the

formation of pronucleus.



The accomplished results were published or submitted for publication in 14 papers
that appeared in international journals. However, more important for the institute was the
chance o train our young people in first class laboratories in USA and some European
countries. Approximately halt of the budget was used for this purpose. Due to this tact we
have at present experienced persons who are able to communicate with world scientific

community on standard level.



Rescarch Objectives.

Alrcady for several decades extensive studies have been addressed to the problems
associated with mammalian oocytes maturation. Original morphological approach for the
assessment of maturation progression has been gradually complemented by methods allowing
to investigate this process on molecular level, By this way it was collected many information.
however, still remain many events far from clear understanding and only a part of embryos
derived from the oocytes matured in vitro possesses full developmental competence. At
present only approximately 20-30 healthy looking blastoeysts are harvested from 100 oocyies
selected after in vitro maturation for the fertlizavon. 1t in believed that these disappointing
results could be improved by the ereation of more sutable conditions to which are oocytes
exposed tor matration, Due to the fact that the ovaries of commercially slaughtered females
represent nearly unlimited source of potential candidates for the generation of embryos, one
can’t be surprised by the effort for o the improvement of oocytes parameters after
maturation. Unfortnately, the understanding about the control of synthetic activity in the
oacytes that is realized in close interaction with adjacent somatic cells remains very low.
Theretore, the production of embryos from this material for breeding and experimental
purposes has still severe limitations.

The rescarch objectives of present proposal were based on our preliminary results and
focused to the studies of interaction between somatic and germ cells during maturation and
to the nuclear changes that are associated with initiation and progression of this process. The
significance of mutual tunctional refations between these two types of cells were repeatedly
documented.

In context following specitic objectives were seleeted:

l. To determine if the maturation inhibiting activity of pig membrana granulosa is not
species specific and to isolate the components that are responsible for meiotic block.

2. To determine under in vitro conditions specific role of theca and granulosa cells in
resumption of meiosis induced by LI and assess the role of cumulus zxpansion and
cell to cell commenication in resumption of meiosis.

3. To test developmental ability of oocytes matured under various developmental
conditions.

Actually the studies concerning of mammalian oocyte maturation have in our
laboratory relatively long tradition and quite a few papers about various aspects of this

process were published in well recognized international journals. From this point of view we



were convineed that it will be hardly possible to make dramatic break in the strategics used
for the production of competent oocytes in vitro. Our aim was rather o contribute with
accomplished results to the elucidation of selected events that would help the suggestion of
more suituble environment for maturation. Concomitantly we preierred o periorm our studics
i close contact with international scientific community. Therefore we arranged this stays of
several young members of the staff in tirst class laboratories abroad particularly in U.S A,
The realization of this intention consumed considerabie part of the budget, however we have
now in the institute well trained young scientisis. ‘They are able to introduce new

experimental approaches that allow o investigate problers on molecular level.



Mecthods and Results.

During three year studies, beside well developed cultivation system, broad spectrum
of experimental methods was employed. All of them including results are in details described
in published or submitted papers that are enclosed to Final Report. Papers appeared

exclusively in peer-reviewed miernational journals.

List of publications thae were supported from the budget and originated in the

institute.

List of Publications:

Kalous, J.; Sutovsky, P.; Rimkevicova, 7.; Shioya, Y.; Lie, B.-L.; Motlik, J. (1993) Pig
membrana granulosa cells prevent resumption of meiosis in cattle oocytes.

Mol. Reprod. Develop. 34, 58-64

Nagyova, E.; Kalous, J.o Swovsky, P.; Motlik, 1. (1993) s cAMP decrease essential for
resumption of meiosis 1 mouse oocytes?

Reprod. Nutr. Develop. 33, 419-428

Kalous, J.; Kubelka, M. Rumkevicova, 7. Guerrier, P.; Motlik, J. (1592) Okadaic acid
accelerates  germinal vesicle  breakdown  and  overcomes  cycloheximide  and
o-dimethylamimopurine block in cattle and pig oocytes.

Develop. Biol. 157, 148-4351]

Sutovsky, Poo Jelinkova, 1o Antadikova, L. Motlik, 1. (1993)
Ultrastructural eytochemistry of the nucleas and nucleolus in growing rabbit oocytes.

Biol. Cell 77, 173180

Jelinkova, L. Kubelka, M. Motlik, J.; Guerrier, P. (1994) Chromatin condensation and
histone H1 kinase activity during growth and maturation of rabbit oocytes.

Mol. Reprod. Develop. 37, 210-215



Sutovsky, P.; Flechon, J.E.; Flechon, B.; Peynot, N.: Mottik, 1. Chesne, P Heyman, Y.
y ) )
(1993) Dynamics changes of gap junctions, cytoskeleton and extraceliular matrix
during in vitro culture of cattle vocyte cumulus complex.

Piol. Reprod. 49, 1277-1287

Sutovsky, P.; Flechon, 1.E.; Pavlok. A. (1994) Microfilaments, microtubulles and
intermediate filaments fultil difterential roles in gonadotropin induced expansion of
bovine cumulus vephorus,

Reprod. Nutr. Develop, 34, 415-425

Sutovsky, P.: Flechon, J.E.; Pavlok, A. (1993) F-actin is involved in control of bovine
cumulus expansion.

Mol. Reprod. Develop. 41, 521-529

Sutovsky, P.o Motlik, J. (1994) Cumulus expansion in mammals: Cumulus Granulosa Cell
Cytoskeleton/Extracellular Mateix/Qocyte Secretion Interactions.

Arta 6, 304-315

Prochazka, R Nagvova, o Motik, J, (1995) Porcine Cumulus and Mural Granulosa Cells
Scerete Cumulus Expansion Enabling Factor (CEEF)

Submitied: Biol. Reprod.

Sutovsky. P.; Kalous, J.; Kalab, P.: Kubelka, M.: Moos, J.; Schultz, R.M.: Motlik, J.
(1995) The Eftect of Membrana Granulosa Cells on Histone H1 and MAP Kinase
Activity in Mammalian Oocytes.

Submitted: Dev. Biol,

Some experiments were carried out in the collaboration with coworkers from other
countries, particularly from France and U.S.A. In these instances the visitors from our
Institute e«ploited the equipment and specific reagents as monoclonal antibodies that were not

for disposal in domestic lab.



List of publications originated during the stay of Dr. Jifi Moos in The Division of

Reproductive Biology, Univ. of Pennsylvania, Philadelphia - Head; Prof. R.M. Schultz.

Moos, J.; Kalab, P.; Schultz, R.M.; Kopf G.S. (1994) Rapid, nonradioactive, and
quantitative method to analyze zona pellucida modifications in singel mouse epgs.

Mol. Reprod. Develop. 38, 91-93

Moos, 1.; Visconti, Pk Moore, G.D.; Schultz. R.M.: Kopf, G.S. (1995) Potential Role
of Mitogen-Activated  Protein Kinase in Pronuclear  Envelope  Assembly  and
Disassembly Following Fertiliziion of Mouse Eggs.

Biol. Reprod. 33, 692-699

Moss, I.; Faundes, D.; Kopt, G.S.; Schultz, R.M. (1995) Composition of the human zona
pellucida and maoditications following fertilization.

Mol. Human. Reproduction 10, 00-00

Papers that will be submitted for publication soon:

Carrera, A., Moos, A., Gerton, G.L., Tesarik, J., Kopf, G.S., Moss, S.B. (1995) Tyrosine
phosphorylation of a A Kinase anchor proteins in human sperm: Regulation by a

calcium/calmodulin-dependent mechanism.

Moos, J., Kopf, Gi.S., Schultz, R.M. (1995) Cycloheximid-induced calcium-independent egg
activation:  Effect on cde2/eyelin B kinase, MAP kinase, zona pellucida modification,

chromatin condensation, and microtubule organization,

De. Jiti Moos ok a chance to work with Prof. R.ML Schultz frem April, 1993 o
the expiration of the grant support (approximately 30 months). His stay was covered from
the grant budget and as obvious he fully exploited the opportunity to learn methods used far
studies of voeytes maturation and their activation after fertilization on moltecular level.

Rescarch activity is clearly evident from the list of publications.



Impact: Relevance and Technology Transfer.

Most important impact represents the preparation of this project. Actually it was our
first trial for the support from international sources. Due to the previous isolation we had no
experience in such activity and only instructions provided kindly by Prof. R.M. Schuliz
increzsed a chance for the acceptance of our application. This help can’t be appreciated
enough particularly in the light of present situation when the financial support ol research
programs is realized according to the quality of submitted applications. Such competition has
been introduced in praxis even in domestic grant agencies that were recently established also
in Crzech Republic.

The support from ALLD. increased also the possibility 1o initiate fruitful contacts with
scientific communities abroad. It necessary grant financial sources were used for the active
participation on several international mectings, for the stays of young workers in foreign
faboratories and particularly tor the long term stay of Dr. ). Moos in U.S.A. These activities
made possible o exchange the ideas with persons aged in similar topie and particularly 1o
fearn new methods. By this way our experimental approaches have been increased and
maintained on pood inernational standard. The publications clearly support these arguments
and concomitantly indicate that our studies were in narrow context with the research efforts
i developed countries. It is not case o mentien all positive details, however, we feel that
the authority of the Tnstitute has been increased and now quite a few scientists from
developed countries call Tor consultation or colliboration,

Special value has accomphished results, They inform the international community
about professional ability of persons working in our laboratories and also contribute to the
characterization of the established scientific profile. Such progress could be achieved only
due o the grant support. The available financial means were used mainly for supplying
laboratory with chemicals, glass, small ftems and animals and of course for the training of
the statf. From more expensive equipment lett behind after the completion of the project only

2 stereomicroscopes and | computer. No finances were used for the improvement of salaries.



Project Activities.

No special meetings connected with the project realization were organized. The results
accomplished were presented in parts on common Irench-Czech-Slovak symposium realized
in KoSice (Stovakia) in November 1994, The expension for participants (4 persons) was
covered from the grant budget.

In March 24.-25.1994 was held in Krakow (Poland) meeting called First Integrated
European Conterence on Progress in Embryo Technology and Genetie Engineering in Cattle
and Sheep Breeding and 4 persons obtained financial support.

In the year 1993 attended 2 persons the confercence about nucieolar structure and
function organized in Budapest (Hungary) with the financial contribution from the budget.

In limited instances from the budget were covered only transport expenses to persons

visiting some European laboratories with the aim to conduct common experiments.



Project Productivity.

The evaluation of scientific aspects allows to admit that during studies was
accomplished more results that we originally expected (See list of Publications). Also the
introduction of progressive experimental methods, as well as the establishment of new
contacts with scientists from developed countries represents promising contribution for future
rescarch. However. according to our opinion most profitable for the institute was the training
of young colleagues in well known laboratories, particularly in USA. Without the support
from A.L.D. such possibilities would hardly available. It should be also emphasized that we
exploited tor this purpose relatively high amount of tinancial sources. However, we anticipate
that the skill of young members will open the way for effective international collaboration
and also will enhance our chances to compete in grant application on national and
international levels.

On the other hand it should be confess that the original idea, to find an approach to
the regulation of the maturation of bovine vocytes by porcine granulosa cells was not
completed sutticiendy. The working hypothesis caleulating with total inhibiton of germinal
vesicle progression after addition of these particular cells was not Tully confirmed. Our
experiments repeatedly revealed the onset of chromatin condensation irrespective of employed
culture systems. These observations prevent to suggest more effective culture environment
for the production of competent bovine oocytes in vitro, Our results rather stimulate further
studies that would clucidate in more details the background of inhibiting activity derived from
mural granulosa,

Marcover, new situation in the agriculure strongly affected also the accomplishment
of the final goal-the creation of more effective culture system. For cattle breeding were in
previous years typical large farms. At that time it was casy to find animals for the realization
of field experiments. The transformation of agriculture and the transfer of animals and soil
to private hands resulted in dramatic reduction of cattle population and in the formation of
small breeds. New owners exposed to strong cconomical pressure had only nxarginal interest
for the introduction of progressive technologies, that may be associated with unknown
results. Theretore, o select suitable animals for the evaluation of viability of bovine embryos
was accompanied with serious problems. We betieve that these difficulties are transient only

and the situation will be stabitized soon again.
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Future Work.

The knowledge concerning mutual interaction between germ cells and adjacent
somatic compartment remains still incomplete. Only littde is known about the participation
of follicwlar cells during oocyte growth and also the mechanisms responsible for meiotic
arrest of fully grown vocytes are unclear. These topics that are studied m several laboratories
in developed countries witl be investigated also i our institute in next years. The Taboratories
are relatively well equipped for these amms and also human capacity is sufficiently prepared
to perform experiments on high level. Morcover, the results obtained during previous three
vears provide good starting points for this intention. Now we are able to detect activity of
several ey enzymey including histone HT and MAP kinases and we would like w search tor
molecules that are responsible for their activation. We anticipate that observations obtained
in oocyte model may be valuable indicators for the characterizaton of similaritics or
differences between meiotie and mitotic cell eyele.

The second Tine of research will be aadressed to the extension of knowledge
concerning the background of inhibitng activity originated in membrana granulosa cells. For
these atms, as well as Tor the investigation of the role of the vocyte for cumulus expansion,
will be employed nmicthads allowing o study these processes on molecular level,

For the realization of suggested projects several grant applications were submitted.
Two were aceepted and supported from national grant agencies, the fate of others is stit]

open.
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Dynamic Changes of Gap Junctions and Cytoskeleton during In Vitro Culture of Cattle
Oocyte Cumulus Complexes'
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ABSTRACT

Changes i celtb o ceth contact and distnbutiar of cytosheletat components were investigated durmg msitro cultuse of cattle

vocyte comulus compleaes (OCCY Freesze tacture analysis (HE Y anceonpecaions of the fuorescent dye Taciter Yellow (1Y),

mnunottuorsseence, sod ultrastcucturd mmanoa tochenisry were used

The cumudus cells (CO) renutined in close contact

Vi RAp junctions (G1) consttuted ob connexm i 3 (6 3) dunmg tie entire calture tine, Whereas the G decreased in dameter

ater 2 hoot calre, thar number was sult subsantadly preat e that ame The Caad positne G, locatized between corona

radiatt celt projections and colemnmu disappeared after o ot calture: Concomitantly, the OCC Tost the ability (o transfer LY

teom cuniitus 1o oocyte, and connexand 2 (O A2 became detectable i the oocytes Both the clanges in corond aocyte coupling

and cumulos expansion were preceded by the redistabation of Eoacom i cytoplasay of CCL These data indicate that functional

G Linked the CC antld the second mewotic arrest However, the removal of €y pousitive G} interconnecting cytoplismic pro-

jections ot corom rdiatr celly wath the oocyte was tempordly correlated with germinal vesicle breakdown The present results

sugeest the pivotal role ot the cytosheleton (F-acting in cumulus enpansion

INTRODUCTION

The celt populiions i manmaban tollicles are inter
connected hyan estensive network o gap junctions (G
P These widespread stroctures contin transmicembrane
hannels tormed by hesamers of proteins belongang o the
connesin Loy [204] The phivsiolosneal Tuncaon ot tohic
ular G conasts i the mediaion of nutinonal support {51,
clecne conphing, and tansport of imessenger molecules trom
follicke cells woahe ooovie fol Whereas thie alirastruciore
and dhstribunon ot otlicle cell G s been well desenbed
F7 Ll onbv imcomplere evidence exists about the connes-
s pariicipating in their formaton 31310 Moreover, the
explanaton of the eofe ol tollicular GEins oocvie fmal mua
aration s controversial tor review, see [ 1o, 12D

Numerous lrastructoral stdies have shown a0 subsean-
il decrease i cell o cell communication during in vive
Or e viiro natardion of mamnmalian oocvte camulus com
plex (OCC) The wuthors of those studies suggrested thar LH-
mduced foss o G enuld trigger the resumption of oocvte
meote nuturation by reducing the tansport ot meiosis-
inlnbitory substancets) frome the somatic o the germinal
compartment o the tollicle (1,11 14, 16,1719} Whereas
these findings have been supported by several physiolog-
ical stadies 19 21 a majority of metabolic cooperation as-
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Revewed Febraany 15, 1993

e woth wan partiallv supported by ATD grant number 12001E The stay of
Posutonshy i INRA fouy en Josas was supponted by scholaestup frony CEES Pars,

Frame

Contespondence

savs fuve shown that passage of small radiokabeled mole-
cules from the cumualus cells (6 o an oocyte continues

atan unchanged rate for several hours atter resumption of

meosis {22270 These resulis suggest that cellocell con-
Licts e not mterrupted inresponse to gonadotropin stin-
ulation under i vivo o in vira conditions

Recent studies by Wert and Larsen [13] and Chen et al
(281 have demonstrued the mfluence of actin blocking drugs
on cumulus expansion d on cell weell communivation.
However, the changes iy eell coupling during camulus ex-
panston were not eviduated in relation o the distribution
ol hasic cvioskeleral components in GG The expansion of
cumulus s believed 1o be the result of aninerease in syn-
thesis oi hvaluronic acid, glveosaminoghycans, and glyco-
protetns 129335 Moreover, it is generally aceepted that eells
mean expanded cumulus do not communicate 29, 341

To demonstrate the dyisamics in the redistribution of G)
and evioskeletal proteins during in vitro mataration of ho-
vine OCC we emploved the methods of immunofluores-
cence, immunoclectron microscopy, microinjections ol {lu-
orescent dves, and quantitative lrecse-fracture analysis (FF).
Our tindings indicate that the volumetric expansion of cu-
mulus vophorus is riggered by an assembly of Factin in
CCand that these cells at all stages of cumulus expansion
are interconnected by anextensive network of funcdonal
G built of connexind3 (Cxa3). Synthesis of another GJ pro-
tein, connexind2 (Cx32), starts in oocvte evtoplasm after 6
h ol culture. The results offer a new perspective in the siudy
of cumulus espansion and suggest caution in interpretation
of the role fulfilled by follicular GJ in the resumption ¢f
00 e meiotic maturation
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MATERIALS AND METHODS

Sample Collection and Cultire
Cattle ovaries were collected at a local slanghterhouse
and the OCC were aspirated from 4-8-mm large antral fol-

licles. Only compact OCC with i nunimum of five liyers of

CCs were used for the culiure The OCC were caltured in
the condittions routinely used to obain viable bovine oo-
avtes tor in vitro fertilization and embryo transter |33, 30|
After brief wishing, OCC were placed in culture dishes
(Nune, Roskilde, Denmark) botom coated with a0 mono-
ricd out

Liver of bovine granulosa cells The caltare was
i M199 cultre medium containing 10% fetal calt serum
(FCS: Flow Laboratories, McLean, VY, T pe/ml ot estradiol,
and 10 pg/ml of FSEHLH (Stnwtol, Rhone-Mericux, France)
A0 390 i a humid atmosphere of 35 CO)inaie The cul-
tured OCC were fired e 3-hintervals trom 0 o 24 hoand
provessed by the methods deseribed below. Fora portion
of the aocvtes. the CC were removed via o short incubation
m MO0 containing 05% hvaluronidase and gentle pipet-
ung and the zona pellucida €Z2P) was dissolved in 0.5%

pronase solution

Dnmnofluorescence

The OCC and zonaefree vocvtes were iixed tor 20 min
m 2S5 paiaformaldehyde in Dulbeceo’™s PRS, pHET.3 (Ox
oid Unipath, England), then inenbated for 1 hin a solution
of 30 mM ammonium chlovide, washed, and conserved in
0.1 M PBS containing 0054 sodmm azide (NaN g and T md
PMSE (serva, Heidelbery, Germany

The toltowing antibodies were used forindirect imnu-
notluorescence: ant-Cx-e3 - rabbit polyelonal antibody {371,
kindly provided by Dr. Do Gros (University of Marseille,
France), diluted 1710; anti-Cx32 rat monoclonal antibody
[38] (Developmental Stadies Hybridona Bank, Baltimore,
MDY diluted 1535 anti-tubulin 7001 mouse monoclonal an-
tihody [39] from Dr Vo Viklicky (Institate of Molecular Ge-
netics, Praha, Czeeh Republic), diluted 1:30; anti-vimentin
mouse monaclonal anubody [40] fron Drec T Virtmen (Uni-
versity of Helsinki, Finland), diluted 123 TRITC-conjugated
anti rat e, diluted 2300 (ackson Tnmunoresearch Lab-
ordtories, West Grove, PAy FITC-conjugated anti-rabbit 1gG,
diluted 1200 (Pasteur Diagnostios Sanofi, Marne Ly Co-
quette, France), and FITC-conjugated anti-mouse 196, di-
hited 12300 (Biosys, Compiegne, France . Counterstains such
as Hoechst 33258 (Sigma, St Loms, MO) and rhodamine
phulloidin (Moleealir Probes, Eugene, OR) were used. Thiny:
five to fifty OCC were processed with cach antibody. The
immunotluorescence protocol included blockage of the
nonspecific reactions by premcubation in 0.1 M PBS con-
mining 2% BSA, NaN, and 0.05% saponin (Sigmi); incu-
bation for 1 h with primary antibody; washing in 0.1 M PBS
with 0.29% BSA, NaN3, and saporin; and treatment by anti-
species-specific secondary antbody. Inseveral expert
ments, the Factn was stained with thodimine-phaltoidin

SUTOVSKY ET AL

diluted (1:50) in the solution of secondary antibody. Hoechst
33258 was applicd at a concentration of 5 pg/ml after the
secondary antibody and served as wcontrol for oogyte nu-
clear maturation. After repeated washings, the samples were
mounted on slides in e mixwure of Mowiol V=88 (Hoechst,
Frankfurt, Germany) and »-propyl gallite (Sigma). The an-
nhodies and fuorescent dyes were diluted in the same so-
lution that was used tor preincubation. Controls were per-
formed using preimmune serum obtained from the donor
ol the prinary polyclonal antibody. The OCC were exam-
med and photographed with a Polyvar (Reichent Jung, Wien,
Austrint) tHluorescent micrascope.

Freeze Practioe

The OCC cultured tor 0, 12, and 24 h were fixed in a
14 glutaraldehyde and 0.5% pamformaldehyde misture, then
were washed in 0.1 M sodinm cacodvlate and impregnaced
with 200 cacodvlae-buttered glyeerol. For each tme point,
S OCC were tfrozen in nitrogen slush and fuictured inca
ReichertJung Cevofract 190 freeze-fracture: apparatus; ten
rids with fractured cvioplismic membranes were obtained
for cach tme point. The replicas were examined in Philips
CME L2 and JEOL 1200 EX (Jeol Lid,, Tokyo, Japan) clectron
microscopes. Individual G plagues from both the proto-
plasmic () and the exoplasmic (B) fracore Laces were
photographed ata magnitication of S0 000, and their sur-
fces were measured manually, naddition, the ol ares
of scanned fractional membrane was recorded, represent-
ing 20850 a0 h, 6300 i at 12 h, and 3150 ot
24 he Phe average arca of otal G, the average area of G)
plaques per 100 pm? of scanned fractional membrane, and
the average number of Gf plaques per 100 pm® of scanned
fractional membrane were cileulated for cach time point.
Both ficlds of fractional membrane containing GJ and fickds
of GJ-free merabranes were measured and included in this
cibulation,

Llectron Microscopy

The OCC were fixed ina misture of 0.6% paraformal-
debivde and 2.3% glutaraldehyde for 1 h; they were then
postiixed e 1% osmium tetroxide, dehydrated by an-as-
cending series of ethanol, and embedded in Epon 812
(Servi), The blocks were sectioned in ReichertJung Ultra-
cut B, contrasted by uranyl acetate and lead citrate, and ob-
served by electron microscopy.

Ultrastructioal Inmunocytochemistry

OCC nd zoma-free vocytes were tised ina 25% para-
formaldehyde and 0.1% glutaraldehyde mixware, dehy-
drated in an ascending series of ethanol, and embedded in
LR White resin medium (TAAB, Reading, UK). Ultrathin sec-
tions were placed on nickel grids and blocked by prein-
cubation with 0.1 M PBS containing 2% BSA for 1 h. Then
the grids were incubated overnight with anti-Cxd3 antibody

.15



CYTOSKELETON ANTY GAP TUNCTIONS IN CATTHE O1¢ 1279

FIG 1 Distabution of Foctin i cattle OCC, demonstrated by thodamine-phallodin staining and electron ncroscopy. a) Diffuse labeling of F-actin
with rhodamune-phallodin i a freshly solated OCC Note the cortical ring of actin in the oocyte {arrows). Bar 20 pm_ b} F-actin is assembled in large
clusters around the zona pellucida ond e CC of an OCC cuttured for 6 h. Bar 20 pm. ¢} Anarregular bught nm of F-actin-contaimng corona radiata
projections {arrows) st rounds the ZP ot an OCC after 24 h of cult-re Labeting with rhodarmine-phalloding Bar 15 pm. d) The same OCC as in Figure
C. double-tabeled for Cxdd Nunetous small GJ (arrows), concer Lated around ZP, comcide with corana radiata projections in Figure C. Bar 15 um. e)
Electron mncrograph of CCinan OCC cultured for 3 b shows ruffled cytoplasmic membranes at the beginming of the formation of cytoplasmic projections.
Note the bundles of actin m crofitaments {arrows) o rulfled membrane profiles. Bar 500 nm. ) An ultrathin section of an OCC after 24 b of culture. A
large CC projechan contaming longitudmally atranged mucrofilaments tastensk) 1s intercontected with another CC through large GJ (arrows). Bar 500
nn
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diluted 1o 1=, in rabbit Fab) biotinyled fragments (Bio
cell, Carditf, UK), and in collowdal gold-conjugated strep-
awvidin (particle size 15 nm; Amersham, Buckinghamshire,
England) for 1 h. Ultrathin sections were stained with ura-
o) acetate and lead citrate,

Dye Coupling Assay

The Auorescent dyve Luciter Yellow (LY Signan) was used
in 3% concentration in 3 mM lithium chloride and pressure
mjected ino different compartiments of the OCC The in-
jection device included an epitluorescence-cquipped
Olvmpus IMT 2 ncroscope with video camera, two miero
manipulators Detonbrane, (Technicd Products Intern
tonsl, St Louis, MO)and anaatomatic microinjector CEp
pendort 32420 Hamburg, Germanyy For the injections into
oocvies, the OCE were held with o micropipette and in-
jected hornzontally, Yertical jections into CC were also
portormed: in this procedure the OCE were not held: A
total of 3+ OCC were injected i ditterent umes of i vitro

culure

Statistical Aneilysis

The diameters of all G plagues measured for cach time
point were expressed as mean & SEML The dat were eval-
wawed by anadysis of variance and Duncan’s Muliple Range
test Infterences of po<2 003 were considered statistically

sipticant

RESULTS

Nuclear Metiration and Cunuidies Expansion

Staining with Hocechst 33238 showed highly condensed
chromosomal bividents in oocvies caliured for 6 b The first
polar body appeared between 18 and 21 h o culture. Alier
24 all oocvtes used were in metaphase (M) 1 stage. Afer
9 12 Dy the expansion ol the cumulus became detectable
under the stercomicroscope. The oocvtes in M were sur-
rounded by fully expanded camule with polarized CC form-
ing long cvtoplasmic projections oriented towards the oo-
ates The cells o such OCE were separated by Rurge
mtercelfular spaces (Fig: 361 The vae of cumulus expan-
ston wias similar to that observed in catle OCC in vivo [+
and in vitro {35]

-

FIG 2 Indirect immunoflucrescence labeling of a-tubulin and vimen-
tin. a} Perinuclear rings of microtubules in CC at the onset of culture. Bar

25 um. b) The a-tubulin was also localized in cytoplasmic projections
{arrows) linking CC after 12 h of culture. Bar - 20 pm. ¢, The anchorage
of corona radiata cell at ZP of an oo<yte partially Jenuded after 24 h of
culture, as shown by TU 01 antibody. Zar - 16 um. d} Regular arrangement
of vimentin filaments in CC at the onset of culture. Bar - 20 um. e} The
cytoplasmic projections {arrows) of CC in an OCC cultured for 12 h e
loaded =+ith intern:ediate filaments constituted of vimentin. Bar = 20 um.
f) The expanded cumulus of an OCC cultured for 24 h, shown by indirect
tmmunofluorescence with anti-venentin antibody. Bar - 25 pm.
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Microfilanicents

Microfiliments containmg Factn were homogenously
distributed in the evioplasim of CC at the onset of in vitro
culture (Fig. 1A). The corona radiata cells penetrated across
the ZP vis numerous evtoplasmic projections filled with F-
acting This type of cellular projection and o regular ring of
Factin in cortical ooplasm remained visible during the en-
tire culture period. The Factin evioskeleton underwent
substantial changes within the first 3 T of incubation when
Large bondles of Factin and rufled membranes appeared
m CC P 1B Atter 69 D of culture, F-actin redistribution
continued concomitanty with the tormation of an anasto-
mosing network of evtoplismie projections between G re-
sulting i extension of intercellular spaces. During further
cultwre the Factin ring of corona radiata projections in-
creased in thickness around the ZP. Double immunotlu-
orescent labeling with anti Cx3 antibody and rhodamine-
phalloidin: revealed that s ring of Factin corresponded
with the rim of small G interconnedting the CC projections
over the ZP (Fig. 1, Cand D) Ulimstructurn observations
demoastrared the association of the microfilament bundles
with ruftled regions of evioplasmic membranes i the cu-
muli undergoing expansion ¢ 20 1E). However, such an as-
sovition wis never observed between microfiloments and
Gl membranes, even when they oceurred in close vicinity
(Fig. 11

Microtududes aned hitermedicite Fileonerits

Both the actabulincontmmg microtubaivs and inter-
miediate filiments buile of vimentin forned regular rings
around the nudei of CCatthe onset of calture (Fig, 2, A
and D). Afier 9412 1 of calture, these two evtoskeletal com-
ponents filled the cvtoplasmic projections interconnecting
the CC (Fig. 2, B and By In the OCC cultured for 24 h, the
anchorage of corom radiata cells o the ZP was visualized
by use of antibodies against these proteins (Fig. 2, Cand
) Vimentin and a-tubulin fibeling was not found in the
projections penctrating across the Zp.

Cuntidus-to-Cranulus Coll Gap Junctions

Indirect immunofluorescence showed that CC in freshly
isolated GCC were coupled by large GJ constituted of Cx«43
(Fig. 3A). No changes in GG labeling pattern were observed
up 1o 6-9 h of culture. After 9-12 h of cultare, the im-
munofluorescent labeling became punctate. After 24 v of
culture, a karge population of CC communicated through
sl Cxe3-positive Gf (Fig. 38). Ultrastructural immuno-
avtochemistry demonstrated that corona radiata cells in ex-
panded OCC were attached o ZP by branched cytoplasmic
projections (Fig. 3C) and that they contained numerous small
Gf (Figs. 1D and 3D).

Frecze-fracture analysis revealed tiat the range of GJ sizes
s similar at all tinee points £0.003-0,503 wm? at 0 b, 0.003-
625 i’ at 12 h, 0.003-0.550 pm’ at 24 h). However, the
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CYTOSKELETON AND GAF JUNCTIONS IN CATTLE (0

G 4
demonstrated via immunoftuorescence with anti-Cxdd antibody. Bar
CC projection {astenskl s eouplerd with oofmma by small GJ {arrow) Bar
culture. Bar

Texas red-conjugated secondary antibody. Bar 25 um,

mean diameter of individual G plaques deopped substan
wally after 12 and 24 hoof colture Eig 31, This decrease
wis compensated by an merease in number of G) plagues
per 100 pm of fractional membrane area, represented by
092 plaques ar 0 h, 181 plaques at 12 h,and 270 plagques

S - R

FIG. 3. Cumutus-to-cumulus cetl GJ in cattle OCC. A} Cumulus cells in
a freshly isolated OCC are interconnected by large GJ positive for Cx43
Bar 10 pm. B) Punctate pattern of immunottuarescent labeling with ant-
Cx&3 (in an OCC after 24 h of culture Bar 10 pm. C) Ultrathin section of
an OCC cultured far 24 h. Corona radiata cells form a ring of crossed cy-
toplasmic projections around 2P tarrows). Bar 5 . D) Clump of such
projections, interconaected by small GJ, labeled via the anti-Cx43 colloudal
gold method. Bar 500 nm. E) A large GJ hnking two CC expresses strong
PosItivity to anti-Cxd3 antibody Bar 500 nm. F} Average area of total GJ
plaques measured 10 FF replicates and average arca of GJ per 100 pm’ of
scanned fractional membrane The mean diameters of GJ plaques were
signihicantly different at all three time points {(p - 0.05). The numbers of
GJ plagques measured at each time pont were. N 192 31t O h, N 114

at 12.h, N 85 at 24 h. G) Cumulus-to cumulus celt GJ plague shown by
method of freeze fracture in an OCC cultured for 12 b GJ area 0.26 pm?
Bar 200 nm
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Camulus-to-oocyte G and expression of Cx32 1 bavine oocytes {A) Small GJ on the oalemma of an oocyte from freshly isolated QCC,
i5 pm. B} Etectron micrograph of an oocyte cultured for 3 h, Bulbous ending of

160 nm. C} No labeling of Cx42 was found in cattle oocytes up to 6 h of

25 pm. DY An oocyte solated from the OCC after 6 h of colture. The Cx32-positive structures were visuahzed via anti-Cx32 followed by

at 24 he Such acredistnbution of G plaques caused consid-
erable elevation of the average arca of G plagues per 100
pm® of scanned frctonal membrane atter 24 b of culuare
(Fig. 3E).

Cuntdus-1o-Oocyte Gap Junctions

At the onset of culture, both immunotluorescence and
clectron microscopy showed that smill Cxi3-positive junc-
tons mterconnected the cvtoplismic projections of CC with
the oolemnuy (Fig 4, A and B). Progressive disappearance
of these GI occurrea within 69 hof culwre. No positive
staining of Cx-43 was tound i oocvtes cultured longer than
9 I In contrast, Cx32 became detectable in aytoplasm of
oocytes cultueed for 6o h (Fig. o, € and D), its amount in-
creasing progressively up to 24 hoof culture. At the ulra-
structural level, the labeling with anti-Cx32 antibody coin-
cided with clumps of collowdal gold in contical ooplism (not
shown). No structures corresponding to G were found be-
tween corona radiata projecnons and oolemna ar this stage,
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FIG. 5 Injections of fluorescent dye LY mto CC (A, B} and into oocytes {C, DL E. F) A, B} Dye spread among CC of an OCC cultured for 24 h: {A) 30
sec, (B) 60 sec after injection. Passage of LY (C) from oocyte ta CC inan 0CC eultured for 6 h. D) Phase-contrast picture of the same OCC. E, f) No passage

ol LY was recorded man OCC cultured for 4 b Allbars 50 pm

avte 1o CC oceurred up 1o 6-9 h of culare (Fig. 5, € and
D). After this time point, no transport of LY was observed
between CC and oocytes (Fig. 5, E and F).

Dye Coupling Assay

the functionadl status of both cumulus-to cumulus and
cumulus-to-oocte G wis assessed by means of microin-
iections of luorescent dye LY, tansported exclusively through
G) During the entire culture time, the injections into CC DISCUSSION
resulied mthe immediate spread ot the dye into neigh- Assembly of Factin close o the surface of CC within the
boring cells (Fig 3, A and BY The passage of LY frony oa- first 6 h of culture preceded germinal vesicle breakdown

W
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(GVBD), removel of hieterologous G from oolemn, changes
in the staining patern of homologous GIL and volumetric
cumulus exparsion This phenomenon (Faacting assembly)
is thought to participate in the retraction of corona radiata
cell projections fron the oocyte ae the time of meiotic re-
sumption [1o] Larsen et al 2] demonstrated the associa
tion of actin microfilunents with GJ, suggesting that the mi-
crotiliment-based contractile svstem s implicated o GJ
endocvtosts inrat This intal observation was turther sup
ported by the wse ol actin polvmerizazion: inhibitor dihy-
drocvtochalasin B o CB), which was tound (o rescue CC
] fromm erk wtosts FTand tocinhibie comulus expansion
in isolated rat OCC 28] However, the same authors showed
that the stabilizanon of actn evioskeleton by THLEB did not
alter the nornil course of vovvie mewtic matration: The
inhibitory acton of FLCHK on Factin assembly was turther
more demonstrated o caltored granadosa cells [43]

In our study, the acun microfilimenis were the most
prominent evioskeletd component of CC evioplismie pro
jections et omnectng the cells i expanding camulic The
assembly of Factn and membrane ruftling in CC preceded
the chuanges in the distribution and staining patern of the
G Whereas actin microtilaments were trequently found in
cvioplasmic projectons coupled by GY o the neighboring
cells i cumuli undergomg expansion, oo diredt associaton
of microttlaments with G membranes was observed. Inad
dition, we clearlv showed that the GEin both freshly iso-
fed and tudlv expanded caomul were highly active inin
ercellular transport Ouwr obsenvations: mdicaie that changes
in Factin distnibunon i cattde OCC serve o ereate and
mainttiny rather than disrupt functional intercellular con-
et As oceurs sinnlacdy e human and rae granulosa cells
Pt 7] microtilunents of catle CC provide the first target
for gonadotropm mduced cellular differentiation, whereas
the networks of nuerotubules and mermediate tikunents
remain unaltered [43, 0] Our lindings emphasize an active
role of actm evioskeleton i cumulus expansion and sug-
gest that an interplay: between evioskeleton and extracel
Tular matrix (ECM) synthiesis is necessary for this process,

Three sites of possible disruption of cell-wo-cell com-
munication have been proposed to participate in triggering
the meiotie resumption inrat and hamster OCC: homol-
vgous G] between membrana granulosa cells 1, 18], cu-
mulus-to-camulus cell GI[HL 13, 14, 19), and the connee-
tions linking CC projections with oolemma [12, 48, -19]. Since
the participation of cumulus-to-ooayte G and membrana
granulosi G has been ruled out by quantitative freeze-frac
ture analysis of rat OCC 1,11, 14, only the CC G) seem o
be involved in the regulation of oocyte meiotic maturation
{10~ 1),

Ultrastructural studies performed in ras have suggested
that the majority of G are subjected to the endocytotic pro-
cess upon the preovulatory LH peak in vivo or upon go-
nadotropin addition o culture medium in vitro [10--144].
Whereas a decrease in dye coupling between ooayte and
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coronat radiaty cells was shown in a study of rat OCC (13,
the functional status of homologous CC G was not as-
sessed Inour experiments, injections of LY (3, 457) in the
CCs resulted inimmediate spread of the dye into neigh-
boring cells e all time points from 0 to 24 h of culwre.
These observitions together with the results obtained via
immunolluorcscence led us o conclude that the integrity
of the cumulus-to-cumulus cell commuracation was not al-
tered by gonadotropins during in vitro maturation of cattle
OCC and tha dhese junctions remained Tunctional until M
I This result coheres withy carlier findings of Gillulac et al
200 showing gt homologons G inrat OCC are conserved
until ovulation

The present study and previous reports on the intereel-
lular commumication within bovine OCC i vitro [S0} and
in vivo 51 demonstrate that the removal of cumulus-to-
oocvte G rom oolemnia is temporally correlated with GVBD
(50,51 and this study) and with the Toss of dve coupling
between bovine CCand an oocvte (this study). These re-
stdts may support the involvement of cumulus-to-oocvte G
in control of vocvte meiotic maturation. In- contrast, met-
abolic coupling assays performed in cautle [23, 26], sheep
[27], mice [2:4.52), and pigs [21,53] proved that GVBD in
these species oceurs before any detectable decrease in
iransport of small radiolabeled molecules cegn, H-uridine,
M 2002 and CHecholine, M, 139.5) benween GG and oo-
avtes. The reduced degree of ransport through the cu-
mulus-to-cocyte pathway is conserved until M {24, 50, S+
A possible explanation for these controversial observations
could consist in the existence of two transport systems in-
volved in metabolic cooperation between C€C and an oo-
avie. Gap junctions in the oolemau, transporting molecules
up to 1 kIx, could be abolished at the onset of meiotic
resumption. However, i subsidiary passage could continue
through a sccond hypothetical pathway, permeable for
molecules smatler than 100 dalons, afier the disruption of
heterologous G o agreement with our observations, Cran
et al 9] revealed that gonadaotropins partially reduced -
tiated choline movement between the vocyte and CC, but
not inside the camulus oophorus. These data suggest that
formation of GJ among CC continues during final matura-
tion of cattde OCC in vitro and that the disconnection of the
ooavites from enclosing CC s only partial and selective with
respect to the molecular weight of transported molecules,
Both newly formed and modified junctional contacts main-
tain the integrity of expanded cumulus and provide the
metabotic support required for an oocyte. The importance
of CC for normal vocyte maturation in cattle, pigs, and ro-
dents is emphasized by numerous studies {16, 34, 55-58),

The inconsistency of previous findings based on guan-
titative FIFanalysis with the results reported here and with
metabolic cooperation assay results could be due to several
limitations of this method. In FF replicas, the GJ can be
missed in highly contoured cellular regions [59] such as
ruffled CC membranes in expanded cumulus. In cells pos-
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sessing similar architecture, a majority o the {ractured
membrane surface could belong to the sheets without GJ.
However, the correlation of the FF observations with dye
coupling assay and immunofluorescence data in our study
indicates that this discrepancy could be due to other fuc-
tors. Primarily, interspecies differences, use of a supporting
cell Layer, and use of medium containing estrogen may re-
sult i an increased G syithesis and turmover in our sys-

tem. Inany case, our {indings suggest the advisability of

strong caution in the interprettion of the results obtained
by quantitative FF

Cxsd-positive GIwere recently Tocahized inthe rat pre-
ovulatory tollicle, where their immunotluoreseent tabeling
oscillated from o punctate pattern o regular rings around
the cclls in some tollicular compartments [31 8 positive
staining of Cx43 revealed in the mouse zygote by immu-
noblotting was considered to he a contaminant contributed
by residual CC rich in this protein [00] To date, no GJ con-

raining Cx32 have been localizel in the membranes of

mammalian oocvtes and preimplinttion embryos. How:
ever, the presence of Cx32 was revealed in the cytoplasim
ot all preimplant, son stages of mouse embryos {61 Such
A cvtoplasmic pool of Cx32 was auributed o aninherited
oogenctic product (60, 01 This conclusion is supported by
our results localizing Cx32 o the avoplasme of matured bo-
vine oocvtes. Thus we have proved that Cx32 is synthesized
during oocvte finad mataration. The question whether (or
when) this connexin is inserted i oolemnu rennains to be
answered. More detailed ulirstractueal anabysis i the pe-
riod of completion of meiotic maturation and preimplan-
ttion embryvonic development will be necessary tor the
resolution of this problem
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Pig Membrana Granulosa Cells Prevent Resumption
of Meiosis in Cattle Oocytes

JAROSLAV KALOUS,' PETER SUTOVSKY,! ZORA RIMKEVICOVA,! YASUO SHIOYA,*

BYONG-LYUL LIE,* axp JAN MOTLIK!

{Czechoslovak Academy of Sciences, Institute of Animal Physiology and Genetics, Department of Genetics, Libechov,
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Kanagarea, dapan

ABSTRACT Membrana granulosa was 1solated
from healthy large antral follicles of prepubertal or cyciic
gilts stimulated with PMSG or PMSG and hCG. Ultrastruc
tural observations revealed that pieces of pig membrana
granulosa were associated with the hasement membrane.
The cattle cumulus-enclosed oocytes (COC) were placed in
the rolled pieces of the pig membrana granulosa (PMG).
After 8 and 24 hr of coculture vath PMG from prepubertal
gilts,, only 16% and 21% of oocytes underwent GVBD, re-
spectively. PMG from PMSG-stimulated cyche gilts blocked
the resumiption of meiosis i all COC. The mhibtory effect
of heterologous granulosa cells was fully reversible. When
COC were imtially incubated for 2 and 4 hr, subsequent
culture i PMG prevented GVBD i 100 and 36% of
oocytes, respectively. This sugeests that functional contact
between COC and PMG was established duning the fist 2
hr of coculture. To foilow metabolic cooperation between
PMG and COC. PMG was prelabeled vath ‘H-uridine and
cocultured with COC. Autoradiography on senithin sec-
tions revealed the intensive passage of *Hundine from
PMG into the cumulus layer and an oocyte. COC placed in
PMG after GVBD (8 and 12 hr of an mutial incubation) did
not extrude the first polar body. PMG rsolated from cyclic
gilts after PMSG and hCG stimulation also inhibited GVBD
of COC. Since nearly all COC placed m PMG 1solated 10 and
12 hr after hCG remained n the GV stage after 24 hr of
coculture, the hCG stimulation did not substantially dimmn-
1sh the meiosis inhibiting activity of PMG. During coculture,
cattle cumulus cells were closely associated with the base-
ment membrane, but no gap junctions were formed among
heterologous granulosa cells. These results suggest that an
inhibitory factor secreted by pig granulosa cells 1s not
species specific and it can act in witro without the media-
tion of gap junctions. 1993 Witey Liss, Inc

Key Words: In vitro maturation, Block of meiosis, Do-
mestic animals

INTRODUCTION
In mammalian antral follicles cumulus oophorus is
functionally coupled with the membrana granulosa
layer by gap junctions. This coupling maintains cocyles
in the germinal vesicle stage. The follicular wall of
hemisectioned follicles also prevents GVBD in cumu-

© 1993 WILEY-LISS, INC.

lus-enclosed ooeytes grafted to the membrana granu-
losa (Foote and Thibault, 1969; Tsafriri and Channing,
1975; Leibfried and First, 1980b; Meinecke and Mei-
necke-Tillmann, 1981). However, a lower proportion of
denuded pig or hamster ooeytes remain in the GV stage
after culture on a segment of follicular wall (Leibfried
and First, 1980b) or in explanted hamster follicles (Ra-
cowsky and Baldwin, 1989). Pig cumulus-enclosed
oocytes cultured on fllicular walls from which mem-
brana granulosa cells were seraped off resume mejosis
(Tsafrivi and Channing, 1975). In addition, intrafollicu-
lar dislodgement of the hamster cumulus oophorus re-
sults in resumption of meiosis of the dislodged oocyte
(Racowsky and Baldwin, 1989). All these studies sug-
gest that close association of cumulus and membrana
granulosa cells is required to prevent oocyte matura-
tion. Meiotic arrest is overcome by the preovulatory
surge of luteinizing hormone (LH) or during culture of
follicles in LH or hCG supplemented medium (Lindner
ctal., 1974,

All pig oocyte cumulus complexes isolated with a
picce of membrana granulosa remain in the GV stage
(Motlik at al., 1991). Data obtained in vitro with sus-
pension of poreine granulosa cells are conflicting (Tsa-
friri and Channing, 1975; Leibfried and First, 1980a).
Neither suspension of fresh bovine granulosa cells
(Leibfried and First, 1980a; Sirard and Bilodeau,
1990b) nor monolayers of bovine granulosa cells pre-
vent germinal vesicle breakdown (GVBD) in cumulus-
enclosed bovine oocytes (Sirard and Bilodeau, 1990a).
"The majority of cattle oocytes did not resume meiosis in
only higher concentrations (0.5-1.0 x 10%ml) of cattle
granulosa cells (Sirard and Bilodeau, 1990b). This in-
hibitory effect was more pronounced when bovine fol-
licular fluid was added (Sirard et al, 1992). In
2.5 x 107/ml of horse granulosa cells, one half of horse
oocytes resumed meiosis (Hinrichs et al., 1992). These
data imply that suspended granulosa cells either partly
lost their intrafollicular ability to produce the meiotic
arrester or they are not able to generate enough inter-
cellular communication to prevent GVBD.

Received November 1, 1992; accepted July 22, 1992.
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The present studies were undertaken to evaluate spe-
cies specificity of the metotic block indueed by pig mem-
brana granulosic iMotlik et al., 19911 Coculture of the
pig membrana granulosa coll laver (tPMG) with cattle
cumulus-enclosed nocvtes «COCT proved that the meio-
sis inlubiting activity i= not species specific and it is
transmitted through the basement membrane, Surpris-
ingly, the metosis inhubiting aetivity of PMG stimu-
Lated with h€CG was not diminished

MATERIALS AND METHODS
Isolation of Pig Membrana Granulosa
and Cattle Qoceytes

Membrana granulosa was izolated from ovaries of

slanghtered prepubertal gilts chvbrid liner or from cv-
cling mintature mlts cerosses of the Minne<ota and Gaot-
tingen strains treated at dav 168 (D161 cither with 500
1T PMSG eAntex Leo, t ‘openhagens or with PASGL and
T2 hy Bter with 1LADO 1V hOG (Pracdyn, Spofa, Praha,
Oply large antral follicles with transparent, vascular-
ized follicular wall were disseeted and hemisectioned.
With the help of 2 preparation needles, pieces of the
granulosa cell Tiver were carefully separated from the

theca In the present experiments only large pieces of

the pigg membrana granulosa 1PMGh, contaiming about
30 10 granulosa cells, wore used.

Ovaries of slaughtered heifers and cows were trans-
ferred to the faboratory in phosphate buffered saline
(PH 7.0 at 35 ¢ Antral follicles of 3- 5 mm in diametor
were aspirated, and isolated oocyte cumulus complexes
were repeatedly washed in the culture medium. Only
cattle ooevtes surrounded with compaet cumulus were
chasen for coculture experiments.

Coculture of Pig Membrana Granulosa and
Cattle Qocytes
Shortly after isolation, the picces of granulosa tended
toroll up with an inside-out ovientation. Thus, the COC
were placed on the concave surface of the basement
membrane (Fig. 11 In each rolled picce of PMG, 3-5

Fig. 2 Germmal vesiele /G s of catthe anevte cocultured with pig
membrana granulosa for S hr Thiee compact nucleol tarrowheadsy
wreviblean the viemity of condened chromatin varrow) The nucleo-
Lo membrane s out of focu - 1om

COC were deposited, and these picees (30 of PMG
with COC were placed in 1 ml of the equilibrated cul-
ture medium under paraftin oil at 38.5 C in 5% CO.,in
atrc In the same medium, 10015 COC were added with-
oul any contact with PAG.

The calture medium was modified Parker's medium
199, Sevae, Praha supplemented with 2,02 mM (a-
lactate, 2 mM Na-pyruvate, 33.9 mM Na-bicarbonato.
A4S Hepes butfer, 50 1U il penieilling 50 myr ml
treptomyein sulphate, and 1007 heat-(reated bovine
serum (B3OS, Sevae, Prichin,

I preincabation expeviments, about 20 COC were
cultured i 0.25 ml of the mediom under the deseribed
conditions for 2.4, 8 and 12 v before they were placed
on the volled PMG. Iy reversibility experiments, (O
liberated from PMG were cultured either in the control
medivm o in the mediune supplemented with 0.5 [U
I'SH mil (Folicotropin, Spofa. Praha). To test the possi-
ble nonspecific effect of PMG upon the resumption of
meiosis in cattle, the rolled picces of PMG were me-
chanically opened after The of coculture, swhen contaet
of COC with the basement membrane was established,
Thi COC were subsequently cultured upon the opened
pieces of MG for 20 hr.

At the end of culture, COC were liberated from the
rolled PMG, and cumulus was removed mechanically.
The voeytes were then mounted on slides, fixed in acetice
acidaaleohol (1:3) for 29 hy, stained with orcein, and
examined under a phase-contrast microscope. The fre-
quencies of GYBD in Figs. 3 and 4 were caleulated from
data pooled from 5 replicate experiments. The frequen-
cies of GVBD (Figs. 3 and D in various groups were
compared hy chi-square analysis. In toto, 912 hovine
oocytes were evaluated.

Electron Microscopy

The freshly isolated pig membrana granulosa (PMG)
and PMG with COC cuttured for 6, 9,12, and 24 hr were
fixed in 477 paraformaldehvde buffered with cacodylate
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Fig. 3. The effect of prg membrana granulosa tPMG apon GVBD in
cattle cumulus-enclused ooeytes (COCL COC were cultured without
EMG - | =0 mediem with PMEG hut without direet contact with it
-8 aad i rolled preces of MG -4 - tor S, 16, and 24 b, Fach
valtue represents the mean ot 5 repheate experniinents. The asterisks
denote a significant difference in the percent GVBD of COC cultured
without PMG or without direct contact with PMG from the pereent
GVED of COC cultured in PMG 2 - 00D
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Fig. . Reversibility of mewtic block induced by pig membriana
pranulosa cells (M. Cattle oocvtes hberated from PAG atter 8,12,
20, and 24 hr were subsequently eidtured for 20 he either in the control
medium --®b or in the control mediam supplemented with 0.5 U
FSH (-—a— Each value represents the mean of & replivate expen-
ments, The asterisk denotes o signiticant difference i the pereent
GVBD of COC cultured 1o the FSH-supplemented meduim from the
percent GVBD of COC cultured in the control medium o7 - 0.05)

at pll 7.3 and were postfixed in 1% osmium tetroxide
(050, All samples were treated with 19 tannie acid
before dehydratation and embedding in Durcupan
(Fluka). The serial thin sections were contrasted with
uranyl acetate and lead eitrate, examined, and photo-
graphed in a Jeol 1200 EX electron microscope.

Autoradiography
The PMG isolated from prepubertal gilts (see above)
were placed for 1 hr in the culture medium supple-
mented with 5-*H-uridine (UVVR, Praha; specifie ac-
tivity 765 Bg/moD) at a final concentration of 3.7 MBq/
ml. The labelled granulosa was thoroughty washed in
control medium supplemented with cold uridine and

was cocultured with intact COC for 3 hr. At the end of

culture, PMG with an attached COC was washed in
phosphate buffered saline (pIf 7.1) and subscquently
fixed and embedded tsee above) for histological evalua-
tion. The serial semithin sections were coated with 11-
ford K5 emulsion and exposed for 14 days. The slides
were developed by D-19 and stained with toluidine
blue.

RESULTS
Effect of Pig Membrana Granulosa (PMG) Upon
GVBD in Cattle Qoceytes

Cattle cumulus-enclosed oocytes (COC) cultured

without PMG underwent GVBD (820 during 8 hr of

culture (i 3. These vocytes reached Tate diakinesis
and metaphase 1919 after 16 hr and metaphase 11
(84<0) after 24 hr of culture. Similarly, COC cultured in
medium with the PMG cells but without direet eontact
with them resumed meiosis during 8 he of culture ¢7:3¢
GVRIN and continued to metaphase [ {16 hry and
metaphase 1124 hen When COC were cultured for 2.4
hr in medium conditioned by 2.4 hr culturcof 3-7 - 10%
ml PMG cetis, more than 90% of COC reached
metaphase 1 data not shown),

In contrast, GVBD was observed only in 1645 of COC
placed in the rolled picees of pig membrana granulosa
for 8 hr. The inhibitory effect of PMG was also evident
after 16 and 24 he (174 and 214 GVBD, respectively) of
culture. In approximately 504 of GVs, 1-5 nucleoli as-
sociated with the condensed chromatin were noticed
alter 6-24 hr of coculture with PMG (Fig. 2). When
rolled picees of PMG were opened after 1 hr of cocul-
ture, the cattle COC remained attached to PMG and
020 of them retained GV after 20 hr of subsequent
coculture. A reversibility test revealed that more than
700 of COC inhibited by PMG for 8, 12, and 20 hr were
able to undergo GVBD (Fig. ) and to expel the first
polar body. After the longer eulture interval (24 hr,
reversibility was significantly higher in FSH supple-
mented medium (2040 vs. 677 GVBD). The control me-
dium supported only the expansion of the peripheral
layers, while the whole cumulus expanded in the FSH
supplemented medium. Results indicate that meiosis
inhibiting activity of pig granulosa cell layer is not
speeies speeifies it is fully reversible and depends on
close contact between the basement membrane of PMG
and cattle cumutus granulosa eells.

Effcet of Pig Membrana Granulosa on
Preincubated Cattle OQocytes

To test the essential time for establishing the inhibi-
tory contact between eumulus and membrana granu-

U~
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TABLE 1. Inhibition of Meiosis in Preincubated Cattle Qoeyte Complexes During Coculture With
o Pig Membrane Granulosa

2 hr preincubation 4 hr preincubation 8 hr preincubation 12 hr preincubation

Nuclear t 24 hr t 2.4 hr t21 hr 124 hr
maturation  Preincubation  coculture  Preincubation  coculture Preincubation  coculture  Preincubation  coculture
GV I 36 6 I8 6

GV IV G4 94 74 36 7 6 7

1. 9 16 40

1.D. 46 46 82

M1 2 7 93 100
T 6

Altogether 172 preincubated cattle voevtes w
cerlain stagre of nuclear noduration.

GV oI
diakinesis; M1 metaphase ;T
“Clumps of M1 chromosomes.

1

telophas. 1

losa cells, cattle vocvtes were preincubated for 2 and 4
he, Nearly all COC preincubated for 2 and 4 hr were in
the GV stage 11007 and 914, respectively). After sub-
sequent eulture (24 heyin PMG, 1004 and 36%, respee-
tively, of COC still possessed the GV (Table 1). Thus,
the meiosis inhibiting activity exerted by PMG was
established duringr 2 hr of coculture,

Allooeytes that underwent GVBD (G441 in the provi-
ous experiment (the < hre preincubationy cere blocked
at the early or Lte diakinesis stage tsee Table 1), Cattle
ooeytes placed in PMG after GVBD (8 he of preincuba-
tion) were also arrested in late diakinesis (82701, The
metaphase FCOC (12 hr of preincubationy also did not
extrude the fivst polar body during subsequent culture
in PMG 20 hey, The metaphase 1 spindle disappeared
and the metaphase 1 chromosomes clumped (Table 1),
We conclude from these experiments that PMG activity
is not compatible with funetion of the meiotic spindle.

Effeet of Pig Membrana Granulosa Isolated
After PMSG and hCG Stimulation Upon Arrest
of Cattle Qoceytes

Membrana granulosa isolated from pig preovulatory
follicles 72 hr after PMSG stimulation inhibited the
resumption of meiosis in all COC after 24 hr of culture.
When isolation of membrana granulosa was accom-
plished 6 and 8 hr after hCG njection, 90 and 734 of
COC were still held in the GV stage. Membrana granu-
losaisolated 9 and 12 hr after hCG was partially lutein-
ized, and it was rather difficult to cover COC in this
piece of granulosa. In spite of this, 100% and 974 of
ooeytes remained in GV stage after 24 hr of culture.
Unexpectedly, hCG stimulation does not substantially
impair the meiotic inhibitory activity of PMG.

Morphological Cooperation of the Cocultured
Pig Membrana Granulosa and Cattle Qocytes

At the time of isolation, pig membrana granulosa
was associated with the busement membrane. After 6
hrof coculture, COC sometimes lost contact with PMG
due to manipulation before fixation. In the longer inter-
vals (9, 12, and 24 hr), COC were firmly attached to
PMG.

GV owith Dlamentous chromating GV IV GV with condensed chramating 5.,

ere evaluated. Data in columns represent the pereentage of oveytes reaching a

carly diakinesis; L.D. - late

The peripheral camulus cells of COC were in close
apposition to (he basement membrane, even after 6 hy
of culture (Fig. 8). However, no pap junctions were ob-
served between pig pranulosa and eattle cumulus cells.
Numerous gap junctions were seen between cytoplas-
mic projections of corona radiata cells and an oocyte
(Fig, 5), among PMG cells (Iig. 6) and cattle cumulus
cells (Fig. 7). With an increasing time of eulture, con-
tact between cattle cumulus cells and the pig granulosa
layer became more intimate. The cumulus cells imme-
diately apposed to the basement membrane were at-
tached to it witl their large foot projections. Also after
Y, 12 and 24 b, the continuous layer of pig basement
membrane prevented the formation of pap junctions
(Fig 01 These ultrastructural findings argue that fune-
tional cooperation of PMG and COC is achieved
through the basement membrane without the torma-
tion of gap junctions.

The "H-uridine incorporated and t1ken up with PMG
was transported during 3 hr of subsequent coculture
with COC. The labelling gradient was observed from
intensively labelled cumulus cells that were in close
apposition with the basement membrane up to the
lightly labelled oocyte (Figs, 10 and 11). The autoradio-
grams document. that *H-uridine is in‘ensively trans-
ported through the basement membrane.

DISCUSSION

After liberation of the pig membrana granulosa layer
(PMG) from the follicular wall, the PMG has a strong
tendency to roll up, but in an opposite way than in a
follicle. This is the reason why COC were added upon
the concave surface of basement membrane facing in-
trafollicularly to the theea layer. The PMG from prepu-
bertal and PMSG-stimulated gilts prevented effec-
tively resumption of meiosis in cattle cumulus-enclosed
oocytes. Similarly, the pig oocyte cumulus complexes
isolated with a piece of membrana granulusa do not
resume meiosis under in vitro conditions (Motlik et al,,
199D). Thus, we may conclude that under culture condi-
tions pig granulosa cells continued in their meiosis in-
hibiting activity in homologous (Motlik et al., 1991) or
heterologous system (present results), However, it is
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not known why cattle oncytes isolated with an attached
paece (1% 10% eells) of parietal granulosa (Motlik, un-
published results) cocultured with a suspension of cat-
tle sranulosa cells isolated from healthy small antral
follicles 10.5-1.0 =~ 107 cells/mD or upon the cattle gran-
ulosa cell monolayer resume meiosis in vitro (Sirard
and Bilodeau, 1990a,). The rapid attachment of cattle
COC to the cattle granulosa cells monolayey (Sivard
and Bilodeau, 19900 and to PMG (presented results)
prevented cumulus expansion. However, the mono-
layer prevented GVBD only in 9 and PMG blocked
resumption of meicsis xearly inall cattle ooeytes. These
findings imply that catde granulosa cells, in contrast to
PMG, do not keep their intrafollicular function under
in vitro conditions.

The inhibitory effect of heterologous granulosa colls
was raversible, while more than 60 of cattle voevtes
liberated from pig granulosa after 12 and 20 hr of cul-
ture reached metaphase I during the subsequent 24 hr
culture. After coculture of cattle oocytes and pig granu-
losa for 24 hr, reversibility was higher in the FSH-
supplemented medium, probably due to the effect upon
cumulus expansion. The opening of the rolled PMG af-
ter 1 hr coculture allowed free communication of at-
tached ooeyves with culture medium and exeluded a
possible nonspecific effeet of PAG upon the resumptic |
of meiosis, These data indicate that neither culture con-
ditions nov pig granulosa cells ivreversibly prevent
GVBD and the fivst polar body dPB emission in cattle
ooevtes,

Cattle ooeytes put on pig granulosa at late diakinesis
or at metaphase I stage did not extrude 1PB. The pro-
gression of cattle voevtes to metaphase 1 was signiti-
cantly affected by coculture with the bovine granulusa
cell monolayers as well (Strard and Bilodeau, 1990a),
‘The results indicate that coculture with homologous
and heterologous granulosa cells probably interferes
with a fanction of the first meiotic spindle. The disap-
pearance of the first meiotic spindle and clumping of
bivalents was also noticed in the presence of protein
synthesis inhibitors (Kubelka et al., 1988: Motlik et al.,
1990) ar after a multiple fusion of a metaphase [oocy te

Fig. 5. The cyvtoplasmic projections of corona radiata cells are -
mersed in cattle ooeyte evtoplasm. The numerous Junetional com-
plexes are visible 1 - 30,0000

Fig. 6. The pup junction between 2 prz membrana granulosa cells
MG s sinlar to the yunctional complex 1 Fig. 7« 40.000)

Fig. 7. The large junctional complex between 2 cattle cumulus colls
tCCalter 6 hr of coenltare (+ 60,000,

Fig. 8. The close apposition of the cattle cumulus cell (CC to the
basement membrane Gurowed) after 6 hr of coculture. PMG - pige
membrana granulosa laver (30,0004,

Fig. 9. During coculture, cattle cumulus cells orient their Larpe foat
projections against the hasement membrane and they are apposed
with it 1n o darge area tarrow) ¢ - 15,0060

Fig. 10. The passage of *H-uridine from the prelabelled piyg mem-
brana granulosa . PMG) into the cattle ooevte-cumulus complex (0,
The descending pradient of labellimgs goes from PMG to an oocyte
350,

Fig. 1. Detail of the cattle cumulus-enclosed onevte cocultured for
B hrwith prelabelled CHuridimes p1 membrana granulosa
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with growing oocytes (Fulka et al., 1986). These data
indicate that the effect of PMG could be related either
to changes in the protein synthesis pattern in cattle
ooeytes orto an interphase status of granulosa cells (see
Maotlik and Kuabelka, 1990). This assumption fits well
with the recent findings of Vale (1991) that the cell
eyele state controls severine and assembling of micro-
tubules.

Physiologically, LH provi. s the biglagical trigper
for irreversible commitment to socyte maturation (Ra-
cowsky et al, 19891 LIT acts primarily to alter the
nature or intensity of the signal from the (W'iicle cells
(Moor et al,, 19811 At least in the rabbit, sheep, and
cattle, de novo hnRNA and protein synthesis in granu-
losa cells are involved in the resumption of meiosis
(Motlik et al, 1988% Moor and Galli, 1991; Kastrop
ctal, 1990, However, the present data showed that pig
membrana granulosa isolated from PMSG and hCG-
stimulated follicles still possessed the inhibitory actiy-
ity. Only few cattle ooevtes (10%, 27%, 0%, and 3%)
cultured on pig granulosa isolated 6, 8, 10, and 12 hr
after hCG injeetion underwent GVBD, respectivelv. We
demonstrate for the first time that membrana granu-
losa isolated after hCG stimualation from oestrous gilts
did not lose its activity to inhibit the vesumption of
meiosis in cumulus-enclosed oocytes under in vitro con-
ditions.

Freeze-fracture studies have revealed the downregu-
lation of both cumulus and membrana granulosa gap
Junctions during the period of GVBD in the rat (Larsen
etal, TI86, 19871 The significant loss in gap junctional
membrane (H0°7 decrease) was observed 2 hr post-hCG
among the hamster membrana granulosa cells that un-
derly the cunaulus cell stalk (Racowsky ot al., 1989), In
this respeet it would he of interest to know whether or
not granulosa junctional disruption plays a role in sig-
naling meiotic resumption. In cocultures, gap junctions
were established between granulosa cells and myocar-
dial cells (Lawrence ot al., 1978). However, in the
present model pig membrana granulosa was isolated
with the basement membrane and cattle oocytes were
situated on it. In spite of the fact that cumulus cells
were closely associated with the basement membrane
and *H-uridine was efficiently transported through it,
no gap junctions were formed among heterologous
granulosa cells. The mechanisms by which granulosa
cells exert their ihibitory effect is unclear. We may
only postulate that an inhibitory factor scereted by pig
granulosa cells is not species specific and it can act, at
least in vitra, without the mediation of gap junctions.
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Is cAMP decrease essential for resumption
of meiosis in mouse oocytes?

E Nagyova 1, J Kalous 2*, P éutovsky 2, J Motlik 2
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2 Institute of Physiology and Genelics of Animals, Czech Academy of Science,
277 21 Libechov, Czech Republic

(5th Franco-Czechosiovak Meeting, Jouy-en-Josas, December 1992)

sSummary -- Resumption of meiosis was inhibited in mouse oocyte cumulus complexes (OCC) co-
cultured with pig membrana granulosa (PMG). After 3 and 6 h of co-cullure these oocytes pos-
sessed an intact nuclear envelope and their nuclenlar surface was associaled with granules ~ 80 nm
in diameter. Preincubation of OCCs for 30, 45, 60 or 90 min followed by co-cultuie with PMG for 2 h
of either OCCs or denuded oocytes resulted in germinal vesicle breakdown (GVBD) in = 0, 30, 70
and 1067 mouse OCCs and in - 30, 60, 80 and 100% denuded oocytes, respectively. It seems that
the inhibitory contact between mouse oocytes and PMG was established during the first h of co-
culture. After isolation from antral follicles the oocytes contained 2.75 fmol cyclic adenosine 3, 5'-
monophosphate (cAMP). When OCCs were co-cultured for 1, 2 or 3 h with PMG, the amount of
cAMP per oocyte was 1.34, 1.33 and 1.51 fmol, respectively. After culture of OCCs in conirol medi-
um the amount of cAMP was 1.21, 1.39 and 2.16 fmol, respecuvely. The present results suggest
that the inhibitory activity of PMG is not species-specific. Moreover, PMG prevented resumption of
meiosis in mouse oocytes in spite of the cAMP Jrop in oocyle cytoplasm characteristic of the ic-
sumption of meiosis.

mouse oocyte / meiosis / cAMP / pig membrane granulosa

Résumé — La décroissance de I'AMPc est-elle essentielle pour la reprise de la méiose dans
fes ovocytes de souris ? La reprise de la méiose a 616 inhibée dans des complexes ovocyte-
cumulus (OCC) de souris cocultives avec de la «memt.ana granulosa» de porc (PMG). Ces ovo-
cytes conserven! une enveloppe nucléaire aprés 3 el 6 h de coculture el la surface nucléolaire est
associée avec des granules de 80 nm de diametre. La préincubation des OCCs pendant 30, 40, 60
ou 90 min puis la ccculture avec la PMG d'OCCs ou d'ovocyles dénudds aboulit a la rupture de la
vésicule germinative (GVBD) dans environ 0, 30, 70 et 100% des OCCs et environ 30, 60, 80 ct
100% des ovocytes dénudds, respectivement. Il semble qua linhibition par contact entre la PMG et
fes ovocytes s'établisse pendant la premiére heure de cocullure. Aprés isolement de follicules & t'an-
trum, les ovocytes contiennent 2,75 fmol d'adénosyl 3'5' monophosphate cyclique (AMPc). Quand
les OCCs sont cocultivés pendant 1, 2 ou 3 h avec fa FMG, la concentration d’AMPc par ovocyte est
respectivement de 1,34; 1,33 et 1,51 Imol. Aprés culture des OCCs dans le milicu témoin, la
concenltration dAMPc est alors de 1,21, 1,39 ¢t 2,16 Imcl. Les résultals présents suggérent que l'ac-
tivité inhibitrice de la PMG n'est pas limitée a l'espéce. De plus, la PMG empéche la roprise de la
médiose d'ovocytes de souris en «.pit de la chute dAMPc, caractéristique de celte reprise, dans le
cyloplasme ovocytaire.

ovocyte de souris / méiose / AMPc / membrana granulosa de porc

* Correspondence and reprints
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INTRODUCTION

The hypothesis that the antral follicles in-
hibit the resumption of meiosis until the
preovulatory gonadotropin surge was first
put forward by Pincus and Enzman (1935).
Further studies have confirmed that either
intrafollicularly or under in vitro conditions,
the membrana granulosa and cumulus
granulosa cells are required for the pre-
vention of oocyte maturation (Foote and
Thibault, 1969; Tsafriri and Channing,
1975; Leibfried and First, 1980; Racowsky
and Baldwin, 1989). In addition, pig oo-
cytes surrounded by the cumulus with a
part of membrana granulosa directly adja-
cent to the cumulus do not mature in gona-
dotropin-free medium (Mattioli et al, 1988;
Mothk et al, 1991). We have recently found
that under suitable culture conditions a
piece of pig membrane granulosa (PMG)
1S able to prevent resumption of meiosis in
cattle oocytes (Kalous et al, 1993). This
heterologous effect of PMG was used in
the present experiments when the mouso
OCCs (OCC) were co-cultured with a
piece of PMG.

Under in vitro conditions, analogs of
cAMP and phosphodiesterase inhibitors
prevent spontancous meiotic resumption
in mouse (Cho et al, 1974, Wassarman e!
al, 1976) and rat oocytes (Magnusson and
Hillensjo, 1977; Dekel and Beers, 1978).
These findings imply that a drop in the
cAMP levels in rodent oocytes is related to
germinal vesicle breakdown (GVBD). In
fact, a decrease in oocyte cAMP precedes
GVBD in mnuse (Schultz et al, 1983a, b:
Vivarelli et al, 1983) and rat cocytes (Ra-
cowsky, 1984; Aberdam et al, 1987).

The present experiments were under-
taken to answer 2 questions: first, does
PMG prevent resumption of meiosis in 0o-
cytes with a rapid time sequence of
GVBD? Sccond, does co-culture with
PMG influence cAMP levels in the cyto-
plasm of the mouse oocytes?

MATERIALS AND METHODS

Oocytes and granulosa cells

Mouso oocyles were isolated from large antral
follicles of sexually mature females (strain A)
primed 48 h before with § 1U pregnant maro set-
um gonadotropin. Only oocytes surrounded by
cempact cumulus were chosen for these experi-
ments. Membrana granulosa was isolated from
ovaries ol slaughtered prepubertal gilts. Only
large antral follicles (7-10 mm in diameter) with
a transparent, vascularized follicular wall were
dissected. With the help of 2 preparation nce-
dles, large pieces of granulosa layer vere care-
fully separated from the theca. Only pieces of
the PMG containing - 1-3 x 10° granulosa cells
were used. A previous ultrastructural study (Kal-
ous et al, 1993) revealed that PMG was always
isolated with lhe basement membrane.

Co-culture of mouse oocytes with pig
membrana granulosa

In the present experments modified Parker's
culture medium (M-199, Sevac, Prague) supple-
mented with 2,92 mM Ca-lactate, 2 mM Na-
pyruvate, 33.9 mM Na-bicarbonate, 4.43 mM
Hepes butfer, 50 IU/ml penicillin, 50 mg/ml
streptomycin sulfate, and 10% heat-treated bo-
vine serum (BOS, Sevac, Prague) was used
(Pavlok et al, 1988).

About 15 mouse OCCs were placed on the
basement membrane {concave side) of each
piece of PMG and cullured in 0.5 m! Parker's
medium under paraffin oil at 38°C under 5%
CO,inairfor 1,2, 3, or 6 h. In preincubation ex-
periments, -- 10 OCCs were cultured in 0.1 ml of
the medium under the above-described condi-
tions lor 30, 45, 60 and 90 min before either oo-
cytes with compact cumulus or oocytes with me-
chanically removed cumulus (cumulus-free
oocytes) were co-culwred for 2 h with PMG.

As a control, mouse OCCs were cultured in
the control medium (control 1) or in the medium
with several pieces of PMG but without direct
contact with them {control 11). In further contro!
experiments, the PMG basement membrane
was covered with a nitrocellulose membrane.
Both the adhered membranes and OCCs were

L\
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situated on the nitrocellulose membrane and
were cultured for 3 h.

At the end of the culture period, OCCs were
removed from contact with PMG and used either
for light and electron microscopic evaluation or
for cAMP determination.

Determination of cAMP
by radioimmunoassay (RIA)

After isolation (0 h) or incubation (1, 2 or 3 h)
the OCCs were transferred to medium conltain-
ing 1 mM 3-isobutyl-1-methylxanthine (IBMX) to
minimize cAMP hydrolysis within the cells. Cu-
mulus cells were mechanically removed from
the oocytes. Denuded oocytes were washed 3
times in the medium with 1BMX and then trans-
ferred into 10 pl 0.5°% sodium dodecy! sulfate
(SDS, wiv; Racowsky, 1984). When lysis was
completed, the samples were capped and
stored at -80 C. Before extraction with 100 pl
% trichloroacetic acid (TCA) at 4°C, 10 pl bo-
vine serum albumin (10 mg/ml) was added to
each microcap to act as carrier protein. The ex-
tracted samples were centrifuged at 2 000 g for
15 min and supernatants were removed and lyo-
philized. TCA extracts werce diluted and assayed
after acetylation. Cyclic AMP was measured by
radioimmunoassay using kits (JVVVR, Prague)
(Prochazka et al, 1991). The sensitivity of the
assay was 4 fmoltube. The intra- and inter-
assay coefficients of variation in this RIA weie
7.8 and 10.2%. The significance of the differenc-
©s in CAMP concentralions between experimen-
lal groups was assessed using the Student's t-
test.

Light microscopy

To prepare the OCCs for ight microscopy cumu-
lus cells were mechanically removed. Oocytes
were mounted on slides, fixed in an acetic acid/
alcohol (1:3) mixture for 24 h, stained with orce-
in and examined under a phase-contrast micro-
scope. Frequency of GVBD in | and Il was calcu-
lated from data pooled from 3 replicate
experiments and the frequency of GVBD be-
tween groups was compared by x2 analysis.

Electron microscopy

Samples were fixed in a mixture of 0.6% para-
formaldehyde and 2.5% glutaraldehyde in 0.2
cacodylate buffer (pH 7.4) for 90 min, washed,
postfixed in 1% OsO, in cacodylate buffer for 1
h and dehydrated in ascending ethanol series.
After infiltration in a mixture composed of propy-
lene oxide and Epon, the samples were embed-
ded in Epon 812. The blocks were cut in Reich-
ert-Jung Ultracut, mounted on grids, contrasted
with uranyl acetate and lead citrale, and exam-
ined in a Jeol 1200 EX clectron microscope.

RESULTS

Co-culture

When the freshly isolated mouse OCCs
were cultured on PMG, the OCCs did not
resume meiosis during the 3-h (table 1} and
6-h (date not shown) co-culture period.
The mouse denuded oocytes were also
blocked at the GV stage by PMG. In con-
trast, mouse OCCs culturcd in the same
drop of medium but without direct contact
with PMG matured spontancously. A sheet
of nitrocellulose membrane between PMG
and OCCs abolished the inhibitory effect of
PG upon mouse oocytes. It was conclud-
ed that the direct contact of the mouse de-
nuded or cumulus-enclosed oocytes with
PMG was essential to prevent resumption
of meiosis.

Fifty-six percent of the mouse oocytes
denuded after the 45-min preincubation
perind underwent GVBD during the subse-
quent 2-h co-culture with PMG (table 11).
The cumulus-enclosed oocytes required
60-min preincubation to undergo GVBD
(66%) during the co-culture period. These
data indicate that the inhibitory effect of
PMG upon GVBD was effective in the
commitment period only.
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Table I. GVBD in mouse OCCs co-cultured with PMG and nitrocellulose membrana.

Type of culture No of oocytes Stage of meiosis GVBD (%)
GV LOMI

Control I 54 2 53 962

Control Il 59 3 47 952

OCCs and PMG 46 46 - o

OCCs and NM 51 1 50 983

OCCs and PMG + NM 47 2 45 963

Mouse OCCs were cultured for 3 h in control medium {control 1), in the presonce of PMG without contact with PMG
(control 11}, in contact with PMG (OCCs and PMG), in contact with nitrocellulose membrana (OCCs and NM) and in
contact with nitroceilulose membrang adhering to PMG (OCCs and PMG + NM). Values with different superscripts

are sigmhcantly diferent (P < 0.05)

CAMP levels

In the control medium, all oocytes under-
went GVBD during 3 h of culture. The
alterations in intraoocyte cAMP content in
oocytes during culture are shown in table
Il and figure 1. The oocyte intracellular
cAMP content was 2.75 + 0.24 fmol/oocyte
before incubation (0 h). The significant
drop in intracocyte cAMP content, which
was detected after 1 h of incubation (1.21

+ 0.07 Ifmol/oocyte), was followed by
GVBD. After co-culture with PMG, the re-
sumption of meiosis was prevented during
1, 2 or 3 h of incubation, but surprisingly
the significant cAMP drop was detected in
the mouse oocytes (1.34 + 0.12 fmol/
oocyte) after 1 h of co-culture. No signifi-
cant difference was observed in the intra-
oocyte cAMP content after 1 h incubation
when the control and PMG groups were
compared.

Table ll. The effect of PMG upan GVBD in preincubated mouse OCCs.

Cumulus-enclosed oocyles

Cumulus-free oocyles

Min 0 30 45 60 90 0 30 45 60 90

GVBD (%, 02 02 31b  B6¢ 1004 02 34b 56¢ 77d 100°

Mouse OCCs wero premcubated for 30, 45, 60 and 90 mmutes in control medium and subsequently OCCs {cumu-
lus-enclesed oocytes) and oocyles after mechanicat removing of cumulus (cumulus-free oocytes) were co-cullured
with PM@G for 2 h. Each interval was repeated 3 limes and at least 50 oocytes wore used. Values with difteront su-
perscripts aro significantly different (P < 0.05).
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Table lll. Cyclic AMP levels in oocytes incubated without PMG.

Group
c- ocec
Time (h) 4] 1 2 3
Mean 2.75° 1.21 1.39 2.16
SEM 0.24 0.07 0.24 0.23

The mouse oocyte cumulus complexes {OCC) were cultured for 1, 2, and 3 h in control medium. The oocytes ware
denuded (C-) before (tme zero) or atter incubation in control medium (tme 1, 2 and 3 h). Vatues represent the
mean fmol cAMP per aocyte and the SEM from at least 3 ndep ;ndenl experiments. * The time 2zero is significantly

different from that of other groups (£ < 0 05).

Electron microscopy

The co-culture of mouse OCCs with PMG
resuited in the close attachment of mouse
cumulus cells (CC) to the pig basement
membrane (BM) (fig 2). The cells in the
mouse cumulus were interconnected by
extensive network of gap junctions (GJs)
at all time points (0, 3, 6 h of culture) (fig
3A). Similarly, a large number of GJs coti-
pled PMG cells during co-culture {fig 3B).
Finally, the cytoplasmic projections of
mouse corona radiata cells remained in
contact with the oocyte aiter 6 h co-culture
with PMG (fig 4). The direct conlact be-
tween cytoplasmic membranes of PMG
cells and mouse CC was prevented by the
presence of the continuous pig BM (fig 5).
In no casc did the cells from the pig or
mouse compartment of the co-culture sys-
tem penetrate across the BM. In arcas
where the space betwecn mouse cumulus
and pig MG was enlarged, the BM was dif-
ferentiated into 2 distinguishable layers
(lamina rara densa and lamina lucida)
(fig 5).

The nuclear ultrastructure of mouse oo-
cytes underwent substantial changes after

co-culture with PMG (fig €). Whereas the
nuclear envelope remained intact, tne
compact nucleoli were surrounded by a
conspicuous rim composed of nucleolus-
associated chromatin and large granules
~ 80 nm in diameter. The same granules
formed smali clusters in the nucleoplasm.

T
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Fig 1. Effect of pig membrana granulosa on the
content of cAMP in mouse oocytes. The mouse
oocyte cumulus complexes (OCC) were cultured
for 1, 2 and 3 h upon pig membrana granulosa
(OCC + PMG). The oocytes were denuded of
cumulus cells (C-) before (time zero) or after
{time 1, 2 and 3 h) the experimental treatment,
Sars represent mean fmol cAMP per oocyte and
the standard error of the mean from at least 3 in-
dependent experiments. The time zero is signifi-
cantly different from other g-aups (P < 0.05).

24
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In addition, round-shaped clumps of
chromatin granules =20 nm in diameter
and numercus nucleolus-like bodies
(NLB), were scattered throughout the nu-
cleoplasm. These 3 structures were often
associated with the nuclear envelope.

DISCUSSION

The pig cumulus-enclosed cocytes isolat-
ed with attached piece of membrana gran-
ulosa did not resume meiosis in vitro (Mot-

Fig 2. Composition of 3 serial micrographs showing the experimental model used in this study. Large
compact nucleolus (N} is visible inside the intact GV of mouse oocyte cultured for 6 h with pig mem-
brana granulosa (PMG). Mouse cumulus cells {CC) are attached to continuous pig basement mem-

brane (arrowheads) (x 3 000).

lik ef al, 1991). The isolated pig membrana
granulosa (PMG) effectively and reversibly
prevented GVBD in heterologous (cattle)
oocytes (Kalous et al, 1993). The present
data demonstrate that PMG prevented re-
sumption of meiosis in oocytes, also with a
rapid GVBD time seguence. Nearly all
mouse oocytes retained the GV stage after
lhe 3- and 6-h co-culture. The preincuba-
tion of the mouse denuded and cumulus-
enclosed oocytes for 45 and 60 min, re-
spectively, significantly abolished the inhib-
itory effect of PMG. The data suggest that
the inhibitory activity of PMG, similarly 1o

Fig 3a,b. Homologous gap junctions remaining in mouse cumulus cells (A) and pig granulosa cells

(B) co-cultured for 6 h (a x 90 000; B x 80 000).

Fig 4. Heterologous contacts (arrowhead) between corona radiata projections and oocyte in mouse
OCCs conserved until tho end of co-culture (x 27 000).

Fig 5. Pig basement membrane separaling the mouse (CC) and pig (PMG) compartment of experi-
mental model. The basement memerane is separated into 2 layers in site of gap between the pig and

the mouse cells {asterisk) {x 28 500).

[G N
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the elfect of IBMX (Eppig et al, 1983), can-
not be excried after irreversible commit-
ment of mouse oocytes to GVBD.

FSH and cholera toxin significantly in-
crease the cumulus-cell CAMP levels. In
spite of the fact that it docs not result in
any detectable rise in oocyte CAMP, re-
sumption of meiosis in mouse nocytes is
postponed (Schultz et al, 1983b). If cAMP
is not transmitted from cumulus cells to oo-

Fig 6. Nuc'ear ultrastructure of mouse oacyte co-cultured with pig membrana granulosa cells. Large
compact nucleolus (N) and small nucleolus-like bodies (B) are surrounded by the rim of chromatin,
containing clumps of 80-nm granules (arrows). Note the round-shaped clump of chromatin (C) and

the association of nucleolus-like bodies with nuclear membranc (arrowhead) (x 17 500).

cytes then some factor other than cAMP
may be transterred from cumulus cells to
the oocyte to inhibit oocyte maturation.
The action of FSH in delaying maturation
is mediated by the cumulus cells and it is
only transient while all oocytes passed
GVBD within 4 h (Eppig et al, 1983).

The action of FSH, cholera toxin and
suboptimal concentrations of dbcAMP in
inhibiting mouse oocyte GVBD depends on
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an intact coupling pathway between the
cumulus cells and oocytes (Eppig et al,
1983; Schullz et al, 1983b). In the present
experiments, the pig granulosa cells as
well as the mouse cumulus cells and coro-
na radiata cells with the oolemma were
tightly coupled by numerous gap junctions.
However, both compariments were strictly
separated by the basement membrane.
This means that a putative maturation in-
hibiting factor was secreted by the PMG
through the basement membrane and was
transponted in both cumulus-enciosed and
denuded oocytes.

The main characteristic of the commit-
ment period in the mouse oocyles is a de-
crease in oacyte cAMP levels (Schultz ot
al, 1983a; Vivarclli et al, 1983; present re-
sults). Surprisingly, our experiments also
documented this drop in oocytes blocked
at the GV stage by PMG. These data could
help lo answer a question raised by Thi-
bault et a/ (1987): "Is the decrease in the
CAMP level a prerequisite to meiosis re-
sumption?” Il cAMP driopped similarly in
the ooplasm of committed and inhibited oo-
cytes, this significant decrease could be
caused by liberation of oocytes from follic-
ular environment to the cuiture conditions
and a putative intrafollicular inhibitor of
meiosis could act downstream of the step
which is sensitive to the cAMP level.
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Pig and cattle oocytes, when released from the follicle,
spontancously resume first meiotic division within 20 or 8
hr, respectively. In oocytes of both species, the activity of
histone HI1 kinase increases during maturation, exhibiting
amaximum in metaphase 1. Treatment of these oocytes with
okadaic acid results in acceleration of germinal vesicle
breakdown (GVBD) and of histone II1 kinase activation.
This effect is more important in pig oocytes, in which the
acceleration rises for 6 hr, as compared to 2 hr in cattle.
Morecover, under these conditions, 11 kinase activity mea-
sured after 12 hr of culture appears higher than that ob-
served in control metaphase I cocytes. When added to pro-
phase oocytes, both cycloheximide and 6-DMAD (G-dimeth-
vlaminopurine) block GVBD and histone 111 kinase
activation. Okadaic acid, at a concentration of 2.5 uM, is
able to release the inhibitory effeet exerted by cyclohexi-
mide on histone II1 kinase activity; however, GVBD oc-
curred only in two-thirds of pig and one-quarter of cattle
oocytes after 20 hr of culture. In addition, okadaic acid fully
reverses the effect of 6-DMAP on 111 kinase activity and on
GVIBD in both species. The opposite cfTects of 6-DMADP and
okadaic acid on MPI activation are discussed, as well as the
nature of the protein, which has to be synthesized during
the first meiotic division and may be involved in the MPF

activation cascade. « 1993 Academic Press, Inc.

INTRODUCTION

Okadaic acid (OA), a potent inhibitor of protein phos-
phatases 1 and 2A (Bialojan and Takai, 1988; Haystead
et al, 1989), has been shown to induce a rapid appear-
ance of MPF activity upon microinjection into Xenonus
(Goris et al, 1989) and starfish oocytes (Picard ¢t al,
1989; Pondaven ¢t al., 1990). In Xenopus oocytes, the acti-
vation of MPF by OA neither required protein synthesis
nor involved cAMP-dependent protein kinase (Rime et
al, 1990). Similarly, in mouse oocytes, OA was able to

' To whom correspondence should be addressed.

overcome meiotic block induced by dbeAMP (Rime and
Ozon, 1950), IBMX, and tumor-promoting phorbol esters
(Gavin et al, 1991), These results with mouse oocytes
indicate that inhibition of specific phosphatase(s) can
bypass the inhibitory effect brought about by protein
kinase A or C (Rime and Ozon, 1990; Gavin ¢t al,, 1991).

In contrast to rodent oocytes, pig, sheep, and cattle
oocytes are very sensitive to cycloheximide or puromy-
cin (Fulka et al, 1986a; Moor and Croshy, 1986; Hunter
and Moor, 1987). All of these oocytes are characterized
by a slow sequence of events leading to germinal vesicle
breakdown (GVED). However, pig and cattle oveytes are
sensitive to these protein synthesis inhibitors only dur-
ing the first half-period of the time required for GVBD
(F'ulka et al, 1936a; Motlik ef «l, 1991). Such protein
synthesis requirements, necessary for the initiation of
M-phase and also reported in the case of Xenopus (Was-
sermann and Masui, 1976; Gerhart et al, 1984), were
formerly interpreted as requirements for eyelin synthe-
sis. However, the latest resuits obtained by Gautier and
Maller (1991) and by Minshull ef al (1991) show that
cyclin BB is already present in Xenopus in suflicient
amounts before the activation of MPF, which precedes
the first and second mieiotic divisions. Similarly, our re-
cent experiments with pig oocytes revealed that eyelin B
was present in prophase-arrested pig oocytes and did
not significantly change its level during first meiotic
division (Kubelka ¢t al, unpublished resuits). Therefore
the protein synthesis requirements for the first meiotic
division to occur in pig, cattle, and Xenopus oocytes may
involve another not yet identified protein. This might
also apply for the second meiotie division in starfish
(Picard et al, 1985) and mouse oocytes (Fulka et al,
1986a), and for the mitotic cell eyeles triggered follow-
ing oocyte fertilization or activation (Gerhart et al,
1984; Clarke and Masui, 1983).

However, OA could activate MPF in cycloheximide-
treated Xenopus oocytes (Goris et al, 1989) or in mouse
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oocytes, which were activated at metaphase 11 by puro-
mycin and further maintained in the presence of this
protein synthesis inhibitor (Rime and Ozon, 1990). This
reveals that the absence of this unkiown protein can be
compensated by the action of OA, suggesting that it is
involved in the phosphorylation/dephosphorylation
pathway leading to MPIF activation.

To investigate the possibility that an inhibition of
O A-sensitive protein phosphatases would be capable of
inducing the biological effeets of MPF in the ubsence of
protein synthesis, pig and cattic ooeytes were cultured
in media supplemented with OA alone, or with OA plus
eyveloheximide, Here we report that OA substantially
aceelerates the kineties of GVBD along with triggering
a premature activation of histone 11 kinase. Further-
more, OA proved to be able to activate H1 kinase in the
absence of protein synthesis and in such a way that it
overcame the eveloheximide- and 6-DMAP-dependent
block of pig and eattle oocytes.

MATERIAL AND METHODS
Source of Ooeytes and Culture Procedwre

Pig and cattle ooeytes were colleeted at a local
slaughterhouse and transported to the laboratory in
phosphate-butfered saline (PBS, pl1 7.4, 23°C). The oo-
exvtes aspirated from small antral follicles (3-5 mm in
diametery were washed in PBS and selected under a
stereomicroscope, Only ooevtes surrounded by compact
cumulus were used for the following culture,

The culture medinm was TCM 199 (Sevae, Prague,
Czechoslovakia) butfered with 443 madf Hepes (Sigma,
St. Louis), supplemented with bovine inactivated serum
(105, v/v) (Sevace), 2 mM sadium pyruvate, 292 md/ cal-
cium lactate, 33.9 mA sodium bicarhonate (Serva, Hei-
delberg, Germany), and antibiotics. About 20 oocytes
were cultured in 250 gl of medium under paratiin oil at
38°C (pig ooevtes) or at 39°C {cattle voeytes) in humidi-
fied air containing 5% CO,.

In alternate experiments the culture medium was sup-
plemented with okadaic acid (Moana BioP’roduets Inc.,
Hawaii) at coneentrations 0.5 and 2.5 g M, with 10 gg/ml
cycloheximide (Serva, Heidelberg, Germany), or with 2
mM 6-dimethytaminopurine (6-DMAD) (Sigma).

At the end of culture, cumulus cells were removed
from oocytes by pipetting through a narrow-bore pi-
pette. One part of the vocyies was used for extract prepa-
ration (see below);, the other was examined morphologi-
cally: the ooeytes were mounted on slides, fixed in an
acetie acidiethanol (1:3, v/v) mixture for 24 hr, stained
with orcein, and examined under a phase-contrast mi-
croscope. The frequencies of GVBD were pooled from
five replicative experiments with the total of 150 ooeytes
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per group. All data were compared va the basis of x*
analysis,

Fortract Prepiration

For histone H1 kinase assgays, the ooeytes first incu-
bated in control or drug-supplemented media were freed
of cumulus cells and treated with 0.5% pronase (Serva,
Heidelberg, Germany) to remove the zona pellueida,
They were then washed several times in control medium
without bovine serum and transferred in the kinase
buffer (Meijer of ol 1984). After several freeze/drying
rounds, the ooevtes were mechanically homogenized and
centrifuged for 10 min at 10,000q, at 4°C. Supernatants
were used as “crude extracts” for further procedures.
About 30 oveytes were used for each extract.

Histone 11 Kinase Assay

1 kinase activity was tested using a modilication of
the procedure deseribed previously by Meijer ef al
(1989).

The reaction mixture contained 5 ul of sample, 0.2
mg/ml histone H1 (Boehringer, Mannheim, Germany),
10 13 PEI-syuthetie peptide (Sigma), 2 uCi of [y-*D]-
ATP (110 TBy/mmol, Amersham, PB 10168, England,
UK) in 30 g4l of the kinase buifer (66 mM Na-glycerol-
phosphate, pH 7.4, 15 mM pe-nitrophenylphosphate, 5
mA FEGTA, 1H mM MeCl b md dithiothreitol (Sigma).
The final concentration of ATP in the reaction mixture
was adjusted by nonradioactive ATP to 0.1 mM. The
mixtures were incubated for 15 min at 30°C .nd the
reaction was stopped by the addition of 2 vol of 3x
concentrated electrophoresis sample butfer. The sam-
ples were then hoiled for 5 min and loaded on 109, SDS-
polyacrylamide gels (Laemmli, 1970); dried gels were
subjected to autoradiography. The autoradiographs
were scanned with LKB Ultrosean XL and the relative
1 kinase activity was plotted against the time of oocyte
culture.

RESULTS
0A Accelerates GVBD in Pig and Cattle Qoeytes

To study the possible influence of OA upon the time
sequence of events leading to GVBD, two concentrations
of OA (0.5 and 2.5 uM) were used. In pigs, all control
oocytes possessed an intact GV after 6 hr of culture;
however, 34 and 76% of the ooeyte population under-
went GVBD in 0.5 and 2.5 uM OA, respeetively. The most
prominent difference between control and OA-treated
oocytes was deteetable after 12 hr of culture, when 88
and 100% of oocyles in the OA group had undergone
GVBD, in contrast to only 12% in the control group (Fig.
1). These data imply that OA accelerates significantly
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F1G. 1. Effect of OA on time sequence of germinal vesicle breakdown
(GYBD) in pig oocytes. Pig cumulus-enclosed noeytes were cultured in
control medium (a) supplemented with 0.5 ¢ M (C)) or 2.5 pM (@) OA,
At each time interval, the frequeney of GYBD was determined in at
least five replicate experiments. An asterisk denotes significant dif-
ference of OA groups from control (£ < 0L01). A cross indicates a
significant difference between two OA concentrations (£ < 0.01).

and in a dese-dependent manner the time schedule for
GVID as observed in pig ooeytes.

In eattle, the two selected OA concentrations (0.5 and
2.5 uMYy increased quite significantly the rate of GVBD
after 5 and 6 hr of culture (Fig. 2).

O Treatment Causes Morphological Changes of the
Metaphase I Spindle

In experiments using the lower dose of OA (0.5 udM),
the cytological aspeets of the metaphase I spindle were
checked respectively in cattle and pig oocytes after 6 and
8 hr of culture. Frequently, microtubules were not oaly
oriented toward the two spindle poles, but pointed in
several directions (Figs. 3a and 3b). During the longer
culture intervals in both pig and cattle ooeytes, the ab-
normal metaphase I spindle disappeared and the highly
condensed bivalents, with or without faint remnants of
the microtubular network, spread throughout the eyto-
plasm. Such scattered bivalents remained visille in cy-
toplasm even after 20 hr of culture.

When the higher concentration of OA (2.5 uM) was
used, the highly condensed bivalents of the cattle and
pig oocytes were already scattered in the eytoplasm
with no remnant of the inicrotubular network after only
6 and 8 hr of culture, respectively. These results indicate
that OA blocks pig and catlle ooeytes at the late diakine-
sis-metaphase I stage. OA at 0.5 M caused the forma-
tion of an atypical, nonfunctional spindle, while the
metaphase I spindle could not be formed at all in 2.5
ul OA.

DEVELOPMENTAL BloLocy
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OA Overcomes the Cycloherimide- and 6-DMA -
Dependent Inhibitions of GVBD in Pig and
Cattle OQocytes

Nearly all pig and cattle ooeytes were blocked at the
GV stage with highly condensed bivalents when they
were cultured in the presence of 10 pg/ml eyeloheximide
for 8 and 20 hr, respectively. In @ medium containing 10
ugr/ml eyeloheximide and 2.6 uM OA, 24% cattle (Table
2) and 62% pig ooeytes (Table 1) underwent GVBD after
20 hr of culture. Thus, 2.5 pM OA concentriation proved
able to overcome the eyeloheximide block in one-quarter
of cattle and two-thirds of pig vocytes.

Pig and cattle ooeytes are also blocked at the GV stage
when incubated in 2 mA 6-DMAP. In the same medium
supplemented with 2.5 ¢M OA, the inhibitory effect of
G-DMAD upon GVBD of pig ooeytes was fully reversed
(Table 1) and the time schedule for GVBD was substan-
tially aceelerated. OA also counteracted 6-DMATD action
in cattle ooeytes (Table 2).

OA Induces Premature Activation of Histone H1 Kinase
in Ply and Cattle Oocytes and Qvercomes the
Cyelohevimide- and 6-DMADP-Dependent
Blocks o 1T Kinase Activity

Using pig and cattle ooeytes, which are characterized
by a low sequence of events leading to GVIBD, we were
able to follow premature H1 kinase activation in OA-
treated ooeytes even during the first meiotie division.
As illustrated in Figs. 4 and 7, the 1 kinase activity in
pig ovoeytes begins to inerease after 6 hr of culture,
reaching @ maximum at metaphase 1, i.e., after 20 hr of
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Fi16. 2. Effect of OA on time sequence of germinal vesicle breakdown
(GVBD) in cattle oocytes. Cattle cumulus-enclosed oocytes were cul-
tured in control medium (A) supplemented with 0.5 pM (O) or 2.5 uM
(m) OA. At cach time interval, the frequency of GVBD was determined
in at least five replicate experiments. An asterisk denotes significant
difference of QA groups froin control (? < 0.01).
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microtubules, but the microtabules arve not oriented to two spindle poles only ¢

spindle potes are evident in boorrowhewls e Bars, 10 0m

culture. When cultured 6 heinthe presence of 2.5 g M OA
(Ies. B oand 7, such pig ooevtes exhibit an H1 kinase
activity comparable to that observed in control oocytes
cultured for 12 hr (Figs. L and 0. Moreover, atter 12 hr
of culture in OA-supplemented mediom (Fig, 7, their
11 Kinase activity is even higher than that observed in
control metaphase Tooeytes (Fig 71 0A produced simi-
I effeets when applied to eattle ooeytes, Incontrol eat-
tle ooevtes, HT kinase activity i= <lightly acetivated alter
he of culture (Fig <) In O -treated ooeytes, H Kinase
rises sharply during the tivst 4 hr, then reaches its max-
imal level after S hr of culture (Fig, 8).

Both pig and eattle ooeytes possess very low HE kinase
activity, whether treated with eveloheximide or 6-

TABLE Y
TR OA, CYCLOHEXIMIDE, AND 6-DMAD vrox
AGE C 1 0r GYBD N P16 OoeyTeES

THE CoMUINED ¥

Duration of culture

Treatment 6 hr S hr 12 hr 20 hr
Control medinm I 7 REY Wy
07 T iy 1000 100°
Cyeloheximide o R o
Cyelohesimide + 0A T A n2"
6-DAMAP o — 0*

Rt - W

G-DMAD + OA

Note, After isolation from the follieles the piy ooeyte comulus com-
plexes were eultured in eontrol medium, or in medium enriched with
OA (25 g My, eveloheximide (10 me mly, eveloheximide (10 mp/mh
and OA (25 w3, 6-DMAP 2 mdD, or 6-DMAP (2 md) and OA (25
M) Ateach time point of the calture the GVBD status of the ooevtes
wias evitluated. Figares in columns with different superseripts are sig-
niticantly ditTerent ¢F - 00

Cattle soeytes enltared for 6 e in O -supplemented (005 3 M mediom, The higghly condensed bividents arve linked to the spindle

Touny. Twa equatorial plates are visihle ina Gierowheads s three

DMADL (IMirs. 7 and %) However, when these media are
supplemented with OA (2.5 w M), H1 kinase activity is
greatly enhanced. The eyeloheximide-dependent bloek
of HI Kinase activity in pig oocytes is already released
by OA after 6 hr of culture (Figs, 6 and 7y, and after 20
hre HT Kkinase is activated to the same extent as ohzerved
incontrolooeytes (Figs 4, 6A, and 7o Similarly, ineattle
oueytes, T Kinase is activated in eveloheximide-OA-
supplemented medin (Figo 8). Furthermore, the 6-
DMAP-dependent hlock of HI1 Kinase activity could be
overcome by OA, both in pig (Figs. 613 and 7) and cattle
oneytes (Fig. 8).

Therefore, in hoth pig and cattle voeytes, OA proved
able to provoke an activition of histone Ht kinase and

TABLI 2
1 oF OA, CYCLONEXIMIDE, ANDG-DMAP c1roN
1 oF GVBD N CATTLE QOeyTES

THE CoOMBINED ER1E
'A

Duration of culture

Treatment 6 hr N hr 12 hr 20 hr
Control medium ERM T2 [
0A RT° 96" 100
Cyeloheximide 0* o 0
Cycloheximide + OA 3 5* 2
G-DMAP - 0 "

- Kk LC

G-DMAP + 0A

Nate After isolation from the follicles the cattle ovevte cumulus
complexes were cultured in control medinm, or in medivm enriched
with OA (2.5 p M), evelobeximide (10 mp/ml), eveloheximide (10 mp/
mhand OA 25 2, 6-DMAP 2 mM), or 6-DMAP (2mM) and OA (2.5
M) Ateach time point of the culture the GVBD status of the oveytes
was evitluated. Figures in columns with different superseripts are siy-
niticantly ditferent ¢F* < 00
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F1G. 4. Time course of H1 kinase aetivity in pig oocytes cultured for
0, 6, 8, 12, and 20 hr in control medium.

to release the cyeloheximide- or 6-DMAP-dependent
blocks of 11 kinase activity.

DISCUSSION

In the present experiments, the time sequence of
GVBD in cattle oocytes was found to be acceelerated by 2
hr in comparison to the kinetics of GVBD observed in
control oocytes, matured cither in rivo (Hyttel et al.,
1986) or in vitro (Motlik et «l., 1978; Hyttel of al., 1987),
This phenomenon was more pronounced in pig oocytes
in which the OA treatment reduced the time required
for GVBD to 8 hr, in comparison with the 16-20 hr neces-
sary toobtain GVBD inooeytes matured after hCG stim-
ulation or under (v edro conditions (Motlik and Fulka,
1376). Furthermore, a parallel acceleration of the his-
tone H1 kinase activation could be observed in such OA-
treated pig and cattle ooeytes. Again, these effects were
better expressed in pig voeytes, in which the time corre-
sponding to the beginning of the increase in H! kinase
activity was shortened by 6 hr as compared to 2 hr in
cattle oocytes, and in which the activity reached after 12
hr was even higher than that found in control meta-
phase I ovoeytes. These results indicate that premature
morphological events such as chromosome condensation

6 8 1

Hours

F1G. 5. Time course of H1 kinase activity in pig oocytes cultured for
6, 8, and 12 hr in medium with 2.5 uM OA.

DEVELOPMENTAL BIOLOGY

VoLUME 157, 14993

A B

ges
-4 R

. . -

8 12 20

Hours

Hours

F1a. 6. H1 kinase activity in pig ooeytes cultured for 8, 12, or 20 hr in

the presence of 10 ggg/ml eyeloheximide and 2.5 gM OA (A) and for 6,8,
or 20 hr in the presence of 2 mM G-DMAP and 2.5 xM OA (B).

and GVBD are not caused by nonspecific OA effeets, but
really depend on MPEF activation,

Although OA was found to aceelerate GVBD in cattle
and pig ooceytes, the overall meiotic maturation process
did not progress bevond late diakinesis-metaphase 1
stage. These data confirm previous observations made
on Nenopus (Rime ef al, 1990) and mouse ooeytes (Rime
and Ozon, 1990; Alexandre ef «l, 1991), which indicated
that the cvtoplasm of OA-treated ooeytes had lost its
capacity to organize a normal pattern of metaphase mi-
crotubules. We have observed in cattle and pig ooeytes
that the effects of OA on spindle formation were dose
dependent. While 2.5 uM OA precluded the organization
of a metaphase Lspindle, 0.5 M OA produced an abnor-
mal spindle with an apparent multiplication of microtu-
bule organizing centers (MTOCs). These data are in
agreement with recent observations of mouse vocytes
which showed that OA did not impair the ability of tu-
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F1G. 7. Quantitative rate of relative H1 kinase activity plotted
againgt time for pig oocytes cultured in control medium (m), or in
medium enriched with 2.5 gM QA (Q), 10 mg/ml cycloheximide (O), 10
mg/ml cycloheximide and 2.5 uA OA (A),2 mM 6-DMAP (@), or 2 mAM
6-DMAP and 2.5 uM OA (+).
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F1G. 8. Quantitative rate of relative H1 kinase activity plotted
against time for eattle ooeytes cultured in control medium (@), or in
medinm enriched with 27 @M ON (0D, 10 mpeZml eveloheximide (O), 10
my/ml eyeloheximide and 25 g M OA (&), 2mM 6-DMAP (@), or 2mM
G-DMAP and 25 4 M OA (+).

hulin to polymerize, but interfered with the establish-
ment of focal MTOCs (Alexandre ef «l, 1991), Similarly,
Vandre and Wills (1992) showed the oceurrence of the
abnormal mitotic spindle in porcine kidney (LLC-PK)
cells blocked in mitosis by OA,

Pigrand cattle voeytes, which normally mature sponta-
neously when taken out of the follicle, cannot resume
meiosis in media supplemented with protein synthesis
inhibitors (Fulka ef «l, 195360; Hunter and Moor, 1987;
Sivard ef al, 1989; Motlik ef al., 1991). Ilowever, in con-
trast to what oceurs in Xewopus, eyceloheximide pro-
eludes the amplification of MPF in those mammalian
ooeytes which have been fused (Falka ef al., 1986h, 1988)
or microinjected (Prochizka of al, 1989). It has also been
shown that the microinjection of active p347* kinase
into starfish (Astropecten) prephase ooeytes failed to
trigger GVED, suggesting that another component may
exert a negative eontrol on the amplification step (Pi-
ard of al, 1991). The action of this neutralizing factor
could be reversed by another factor originating from the
nucleus, as revealed in experiments, in which the MPF
amplification was induced by injecting the kinase into
the nueleus or by injecting nuclear content into recipi-
ent eytoplasm. Requirements for this nuclear factor
could be overcome by an inhibition of type 2A phospha-
tase, mediated by the microinjection of OA, whereas the
microinjection of phosphatase 1 inhibitors had no ef-
feet. Therefore, the inactivation of microinjected p34rdc®
kinase within the recipient eytoplasm was presumably
due to its rephosphorylation, the unknown nuclear fac-
tor acting most likely by inhibiting type 2A phosphatase
(Picard et al, 1991).

If we suppose that such a factor, necessary for MPR
activation, is synthesized only during first meiotic divi-
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sion in pig and cattle ooeytes, one may understand why
inhibition of type 2A phosphatase may bypass the eyclo-
heximide block of these ooeytes. And, actually, we found
that OA was able to reverse the effect of eyeloheximide
and to induce H1 kinase activation with kinetics similar
to those found in control vocytes. This indicates that the
relevant protein, synthesized at the beginning of the
first meiotic cell eyele in pig and cattle ooeytes, can acti-
vate p34® kinase most probably by influencing its
phosphorylation/dephosphorylation state. The differ-
ences between HI1 kinase activity and the pereentage of
GVBD under the same culture conditions could support
the idea, already pronounced by several authors, that
the histone H1-p34°** Kinase activity and MPF activity
need not present the same entity.

6-DMAP, an inhibitor of serine/threonine protein ki-
nases (Meijer and Pondaven, 1988; Néant and Guerrier,
1988), was also found to provoke a rephosphorylation of
P on tyrosine, when applied to Xenopus ooeytes at
GVBD (Jessus ef «l, 1991). Such a rephosphorylation
process correlated with the disappearance of MPF, the
partial inactivation of H1 kinase, and reentry into in-
terphase. OA, which is supposed to control MPF activa-
tion by modulating the tyrosine phosphorylation level of
P34 (Rime ef al., 1991), proved able to reverse the ac-
tion of 6-DMAP in such Newopus ooeytes (Jessus of al.,
19491).

In accordance with recent data on mouse ooeytes
(Alexandre ef al, 1991}, we show that the effects of G-
DMAP on pig and cattle vocytes (block in the prophase
stage accompanied by an inhibition of H1 kinase activa-
tion) can be reversed by OA. H1 kinase activation takes
place with nearly the same kineties as observed in con-
trol nontreated oocytes, suggesting that MPEF is fully
activated in 6-DMAP-OA-treated ooeytes and it induces
its biological effeets in more than 90% of the oocyte
population.

Taken together, our data therefore suggest that in pig
and cattle as well as in Xenopus oocytes, OA and 6-
DMAP may positively and negatively regulate MPF ae-
tivation, probably by influencing the phosphorylation/
dephosphorylation state of p34 most likely via the
involvement of a still unknown protein regulator. Ex-
periments are now in progress to test the value of this
new working hypothesis.
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Ultrastructural cytochemistry of the nucleus and nucleolus
in growing rabbit oocytes
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Summary — Ultrastructural changes of the germinal vesicle during the growth of rabbit oocytes were studied by means of light and
clectron microscopy, *H-uridine autoradiography, Ag-NOR staining and E-PTA staining. Particular interest was paid to the nucleolo-
genesis and condensation of chromatin. ln contrast to other mammalian species, chromosome condensation in rabbit oocytes oc-
curred concomitantly with rRNA synthesis-dependent nucleolar compaction and preceded nuclear envelope breakdown and resumption

of meiosis.

nucleolus / chrontosome condensation / ooeyte / rabbit / TRNA synthesis

Introduction

Mammalian follicles leaving the follicular pool enter in the
egrowth phase. The follicular growth, characterised by
progressive differentiation of follicular cells, is paralleled
by ooeyte growth [14]. In oocyte nucleus, germinal vesi-
cle (GV), diplotene chromosomes are decondensed and the
fibrillo-granular nucleolus contains numerous smatl fibril-
lar centers (FC) 1, 35, 37).

The increase of nucleolar rRNA synthesis is considered
to be the first event in the initiation of oocyte growth [7,
23}, During further oocyte growth, both the nucleclar
structure as well as the high ‘H-uridine incorporation in
the nucleoplasm and nucleolus indicate that growing
oocytes are engaged in intense hnnRNA and rRNA synthe-
sis {12, 13]. The active transcription of the highly decon-
densed genome enables a steady accumulation of tRNA
and rRNA throughout the oocyte growth period [16, 18].

When the oocytes reach full size, substantial changes
of the nucleolar ultrastructure lead to the compaction of
the nucleolus, which is accompanied by gradual cessation
of rRNA synthesis [10, 27]. However, some hnRNA syn-
thesis takes place in mammalian oocytes up to the resump-
tion of meiosis [27, 32, 39].

In the majority of mammalian species, the chromosome
condensation occurs after resumption of meiosis, concomi-
tantly with breakdown of the nuclear envelope. Surpris-
ingly, the GV of fully grown rabbit oocytes is filled with
highly condensed bivalents [26]. This fact suggests that
chromatin condensation in this species is not dependent
upon meiotic stimulus.

In the present study, growing and fully grown rabbit

Abbreviations: GV, germinal vesicle; ¥C, fibrillar center; OCC, ooceyte
cumullus complex; GC, granular component; DFC, dense fibrillar com-
ponent; NAC, nucleolus associated chromating NV, nucleolar vacuole,
E-PTA, ethanol-phospholungstic acid.

oocytes were investigated using autoradiography and
ultrastructural cytochemistry. We report here for the first
time that in rabbit oocytes, in contrast to all mammalian
species so far studied, the process of nucleolar compac-
tion and chromosome condensation occur conconitantly.

Matcerials and methods
Oocyte collection and light microscopic observations

In adult rabbit females, pseudopregnancy was induced by 150 U
hCG (Praedyn, Spofa, Czech Republic). At the 17th, 18th and
19th day of pseudopregnancy, the females were injected twice
daily with 5.7 U of FSH (Folicotropin, Spofa, Czech Repub-
lic). 1 day later, the rabbits were killed, and the follicles and pieces
of ovarian cortex were isolated under dissection microscope. The
follicles were measured by light microscope with measuring at-
tachement. Oocyte cumullus complexes (OCCs) were collected
by rupturing of the follicular wall, the oocytes were denuded by
pipetting, measured and divided according to the follicle diameter
into the following categories:

i) category A: oocytes from preantral follicles (follicle and oocyte
diameters were not measured); i) category B: oocytes from small
antral follicles 0.2-0.5 mm in diameter (oocyte diameter
95122 pm); iii) category C: oocytes from middle antral folli-
cles 0.5—1.0 mm in diameter (oocyte diameter 122~ 138 pm); and
iv) category D: oocytes from large antral follicles 1.0-1.8 mm
in diameter (oocyte diameter 140-153 pm).

Numbers of oocytes and picces of ovarian cortex used in
present study were: for electron microscopy: 56 oocytes and
12 pieces of ovarian cortex; for light microscopic autoradiogra-
phy: 15 vocytes; for Ag-NOR staining: 19 oocytes and seven
picces of ovarian cortex; and for E-PTA staining: 16 oocytes and
cight picces of ovarian cortex.

Light microscopic autoradiography

The OCCs werce incubated for 20 min in culture medium con-
taining 92 ml isotonic M 199 (Usol, Prague), 25 mg calcium lac-
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tate, 25 my sodium pyruvate, 150 me Hepes, 3 mg penicilling
S mg streptomyein, 3.9 mb L453%% NallCO, + 0.002%0 phenol
red and 3-'Heuridine (UVVVR, Prague, Crech Republic; specil -
icactivity 765 GByg-mol, final concentration 3.7 Midg-ml). Then
the OCCs were washed, fived ind embedded in Epon 812, Semi-
thin sections on glass stides were coated waith Htord K3 autoradio-
praphic emulsion and exposed Tor 14 days at 4°C. After
developing in D19 developer the sections were stained by tolui-
dine blue and examined in light microscope,

Flectron nucroscopy

OCCs from antral Tollicles and small pieces of ovarian cortex
containing preantral follicles were fixed in 0.6%% paratormalde-
hyde and 2.53% plutaraldehyde mixture for 90 min. After brier
washing and postfixation in 19% osmium tetroxide, the samples
were dehydrated and embedded in Epon 812, Ultrathin sections
were stained by uranyl-acetate and lead citrate and examined in
Jeol 12000 EX electron microscope.

Figs 1-3. 1. Ultrathin section ol the nucleolus inan oocyte from unilaminar follicle as demonstrated by uranyl acetate/lead citrate
staining. The large round shaped arcis of the granular component (G) possess the lacunas filled with tine filamentous material (L),
The strands of dense fibrilla component fink the granular arcas with fibrillar center (F); = 1S000. 2. a. Serial secuons of the granu-
lar arca with the lacuna (1), located closely to the periphery. b, The material inside nucleolar facuna is connected with perinucleolar
chromatin (arrow). The sections were stained by vranyl acetate and tead citrate; < 30000, 3. Nucleolus of an unilaminar stage oocyte
after Ag-NOR staining. Fibntlar center () and dense fibrillar components are densely covered by silver grains, The granulir compo-
nents and the facuna Gurowy are not sifver posttive; = JOCHO.

4
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Fig 4. Nucleolus of an oocyte from plurilaminai follicle with a large amount of dense fibrillar components. a. Fibrillar centers (F)
are seattered in the nucleolonema. The area of granular components with small lacuna is visible Girrow) in this section stained by

uranyl acetate and fead citrate;

L-PTA staining

E-PTA staining of basic, Ivsine-rich proteins associated with
DNA wis used Tor distinetion of DNA and RNA created parti-
cles in the nucleoli. The voevtes were lised by 16" elutaralde-
hyde in phosphate butter, dehydrated and immetsed in 2%
phosphotungstic acid in ice-cold absolute alcohol overnight ae-
cording to Antoine e af {3}, After rinsing in absoluge alcohol
and winshing in propylene ovide, the samples were embedded in
Epon, sectioned and examined without further contiast.

A-NOR staining

The Ag-NOR staining miethod was used for ultrastructuralfocali-
zation of acidic non-histone proteins involved in tONA tanserip-
tion and carly processing,

The oocytes were fived for 20 min in glutaraldehyde, washed
in 0.2 M cacodvlate butTer, postfixed in the misture of ethanol
and acetic acid for Hnun and then washed carelfully in deionized
water. The silver staining technigue deseribed by Likossky and
Smetana [22] was used. Finally, the samples were dehvdrated in
ascending series of ethanol, infiltrated and embedded in Epon
CH Ulirathin sections were contrasted by uranyl acetate and
evaluated.,

Results
Category A

In unilaminar follicles, the oocytes possessed the reticu-
lated nucleoli with round shaped sheets of granular com-
ponents (GC). Small lacunas filled with finely filamentous
material were often embedded in GCs (fig ). Oceasion-
ally, these Tacunas were located at the periphery and linked
with nucleolus associated chromatin (NAC) (fig 2a,b). The
cords of dense fibrillar compaonents (DIFC), often attached
Lo GCs, and fibrillar centers (FC) were strongly positive
lor silver after Ag-NOR staining (fig 3). The DFCs and NAC
were highly contrasted in E-PTA stained sections, whereas

17000 b, After E-PTA treatment, the dense fibrillar components are strongly stained. < 26000,

FCs, GCs and material in nucleolar facunas stained only
weakly.

Concomitantly with the multiplication of follicle cells
in plurilaminar follicles, the nucleolonemas formed round-
shaped nucleoli with numerous irregular nucleolar vacu-
oles (NV). The increased amount of DEFCs ereated a large
meshwork of anastomosing cords, Numerous small FCs
were scattered in nucleolonemas. The strands ol GCs were
shifted to the periphery and still possessed several lacu-
nas (fig 4a).

The above described distribution of nuzleolar compo-
nents was confirmed by Ag-NOR staining. The DIFCs and
small FCs were densely covered by silver grains, whereas
GCs and lacunas were completely devoid of silver. The
E-PTA staining emphasized the large masses of DIFC and
clusters of NAC (fig 4b).

Category B

Oocytes isolated from small antral follicles were highly ac-
tive in TRNA and hnRNA synthesis, as shown by light
microscopical autoradiography (fig 9a). Besides numerous
small vacuoles, several large NVs appeired in round-
shaped nucleolonemas of those oocytes. The FCs, some-
times located at the nucleolar periphery and linked with
clusters of NAC, begun to extend in diameter (fig 5a). The
DFCs, visualized by Ag-NOR staining penetrated by
numerous protrusions from FCs into nucleolonemas
(fig 6a). GSc formed large sheets and thick cords among
nucleolar vacuoles.

Usually, the nucleoli were surrounded by the bound of
NAC, sometimes penetrating into peripherally located
nucleolar vacuoles, Small clusters of the same material
were found inside several vacuoles, particularly around
FCs (fig 3b). Some of these clusters, both on the rim of
NAC and the DFCs were strongly stained by E-PTA
(fig 6b). The first signs of chromosome condensation ap-
peared in the nucleoplas.

W
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Category C

Oocytes isolated from middle antral follicles reached nearly
full size (see Materials and methods). Owing to a chro-
mosome condensation, the IH-uridine incorporation in

nucleoplasm substantially decreased. The labelling of

nucleoli was visible as peripherally localized caps, cor-
responding with the position of FCs in ultrastructural ob-
servations (fig Yb).

The large nucleolar vacuoles extended to maximal size,
piving a lattice-like shape to the nucleolonenias. Consider-
able clusters of NAC were arranged at the periphery and
similar material was found inside the vacuoles. The num-
ber of DECs and FCs decreased and the nucleolonema was

predominantly created by GCs. However, the diameter of

FFCs substantially increased (fig 7a). They were located
the periphery and contained only small amounts of silver
grains after Ag-NOR staining. The protrusions of silver
deposits from FCs to nucleolonema disappeared (fig 8).
E-PTA staining showed a continuous rim of NAC at
the nucleolar periphery and a decreased amount of DFC
in nucleolonemas. Some of the granular clusters inside
vacuoles and small clumps of condensed chromatin in
nucleoplasm were well stained too (lig 7b).

Category 1

The fully grown oocytes were weakly labelled after the
H-uridine autoradiography (fig 9c¢).

Nucleolar compaction and the segregation ol nucleolar
components beginning in this stage caused the shrinking
and gradual disappearence of nucleolar vacuoles (fig 10).
In some oocytes, both compact and vacuolated nucleoli
were found.

The compact nucleoli were composed of a homogenous
mass of fine filaments. The FCs, DFCs and GCs disap-
peared. Sometimes, the lenticles of silver positive materi-
al were found at the nucleolar periphery (lig 12b). Highly
condensed  chromosomal  bivalents  appearing in the
nucleoplasm were linked at several points with compact
nucleoli. Numerous small beads were often associated with
the periphery of condensed chromatin (fig 11).

E-PTA staining emphasized the peripheral rim of NAC
and highly condensed chromosomal bivalents. The lenti-
cles were well stained too. Homogenous nucleolar mass
was bleached (fig 12a).

Discussion

Diplotene stage oocytes in primordial follicles of the mouse
(101, rat [1], hamster [41], cow [24] and man [9] exhibit
a reticulated type nucleolus that predominantly consists
of strands of DFCs, small FCs and aggregates of GC. In
rabbit primordial follicles studied here, the large, round-

shaped sheets of GCs were the predominant structure of
reticulated nucleoli. Besides all usual nucleolar components
(review in {17]), numerous small structures, containing the
clumps of fine filamentous material were embedded in
GCs. They seem to arise from the penetration of
perinucleolar chromatin into nucleolonemas, as shown in
figure 2a,b. To better distinguish these structures from
other nucleolar components, we designated them nucleo-
lar Tacunas. Similar structures were described as nucleo-
tar microspherules in the nucleoli of supraoptic neurons
without any suggestion about their function [21]. After
uranyl acetate/lead citrate staining, fibrillar material in
nucleolar facunas resembles the material observed in 1°Cs,
However, the lacunas do not touch directly the DIFCs,
from which they are separated by a large mass of GC and
they lack other typical features of FC such as the positivi-
1y to silver staining. The disappearance of nucleolar lacu-
nas before the fall of rRNA svithetic activity in oocytes
isolated from antral follicles could be considered as one
of the first steps in the process of nucleolar component
segregation, The question remains 1o be answered if the
lacunas contain rDNA.

The presented autoradiographic data on rabbit oocytes
are in agreement with previous findings that rRNA syn-
thesis gradually increases after beginning of the growth
period in mammalian oocytes and diminishes concomitant-
ly with achievement of their full size [12, 13]. The amount
of DFC protrusions around FFCs in rabbit oocyte nucleoli,
visualised by Ag-NOR staining increased in direct relation
1o rRNA synthesis. The same phenomenon was deseribed
instimulated somatic cells {31, 40]. Similarly, the tenden-
¢y ot rabbit oocytes to rise the number and diminish the
diameter of IFCs concomitantly with the increase of rRNA
svithesis is well known from the experiments with stimu-
lated human lymphocytes [15]. Such results are in contrast
with the recent suggestion that there is no direct relation-
ship between silver staining and rRNA synthesis [6].
Perhaps, the quantity of Ag-NOR proteins is enlarged af-
ter the increase of TRNA synthesis, but a certain amount
of these proteins is still present in inactive nucleoli.

We demonstrated the penetration of NAC into peripher-
ally localized nucleolar vacuoles. Presence of this materi-
al, well stained after I-PTA staining, both iin small and
large nucleolar vacuoles, could imply that the non-
transcribed rDNA is situated in nucleolar vacuoles of rab-
bit growing oocytes. After the disappearence of NVs, the
compact nucleoli were still linked with condensed chro-
matin. Similarly, the connection of chromatin bivalents
with the nucleolus was confirmed both by clectron
microscopy [34] and Ag-NOR staining of chromosome
preparations [33).

Nucleolar compaction, accompanied by gradual cessa-
tion of rRNA synthesis [11, 39] could play a key role in
achievement of full meiotic competence of mammalian
oocytes [26]. This process scems to be a general feature

igs 5, 6. 5. Nucleolus of an oocyte obtained from small antral follicle. Uranyl acetate/lead citrate staining. a. The fibrillar centers
Fyare surrounded by the clumps ol a dense fibrillar component. The peripherally located fibrillar centet is connected with clusters
)f_lluglcolus associated chromatin (arrow). Several small vacuoles are filled with similar material. Some vacuoles increased profound-
!)’ nstze; > 12000, b, Considerable clusters of nucleolus associated chromatin are characteristic for those oocytes. The penetration
of |}uc|cnh|s associated chromatin into the nucleolar vacuoles is arrowed; x 16000, 6. Nucleolus of an oocyte from small antral
r()||IC|C.‘:I. Ag-NOR statining shows strongly positive fibrillar centers. Numerous protrusions of silver deposits penctrate from fibrillar
L‘cn(crs__lntp nucleolonema; x 20000, b, E-PTA staining emphasises the peripheral rim of nucleolus associated chromatin and the
dense fibrillar components. E-PTA positive granules are visible inside the nucleolar vacuoles (arrowed); x 10000,
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Figs 7-10. 7. Uranyl acetates bead citrate staining of the nueleolus inan ooeyte isolated from a middle-sized antral follicle. a. Extend-
ed nucleolar vacuoles give a lattice-like shape to the nucleolus predominantly formed by granufar components. The clusters of nucleolus
associated chromatin (arrows) are attached to targe fibrillar center (F), moved to the nucleofar periphery; x 15000, b, After E-PTA
staining, the rim of nucleolus associated chromatin is more conspicuous in comparison with previous stage. Dense fibrillar compo-
nents are well stained too; < 10000, 8. Ag-NOR staining of an oocyte from middle-sized antral oocyte. The sensitivity of fibrillar
centers 1o silver decreases and the protrusions of silver positive material disappear; < 30000, 9, 'H uridine awtoradiography. a.
Autoradiogram of an oocyte from small antral follicle. The intensive labelling is visible both over the nucteoplasm and the nucleoli;
%X 650. b, Germinal vesicle of an oocyte isolated from a middle sized antral follicle. The incorporation of *H uridine is concentrat-
ed in two caps at the nucleolar periphery. The nucleoplasm is labelled less intensively; < 500. ¢. The compact nucleolus of an oocyte
obtained from large antral follicle is weakly labelled only. The labelling of nucleoplasm is at the level of background; x 400. 10.
I an oocyte from large antral follicle, the nucleolus undergoes compaction. The nucleolar vacuoles are shrinked, condensed chro-
matin arrow) and expulsed granular components (arrowhead) are visible in the nucleoplasm. An ultrathin section was stained by
uranyl acetate and lead citrate; < 12000,

of mammalian oogenesis but it does not occur at the same isolated from large antral follicles, similarly to human
follicular stage in individual species. While nucleoli of oocytes [38].

mouse oocytes are exclusively compact before antrum for- The process of nucleolar compaction was described in
mation [10], the rat [1] and hamster [36] oocyte nucleoli the oocytes of viviparous teleost [5], in mollusc {felcion

become a compact homogenous mass at the antral folli- pellucidus [4] and in cow oocytes [12] as cnlargcmcm‘of
cle stage. Nucleoli of the pig and cattle oocytes are com- the central nucleolar vacuole with subsequent segregation
pact also in small antral follicles when the tull size is of nucleolar components. In mice [10], rat [1] and pig {13],
achieved {25). We found the compact nucleoli in oocytes a new nucleolar structure, the compact, homogenous mass

é’l/
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Figs 11, 12, 11, The compacet nucleolus of an preavulatorny ovevte consists of a homogenous fibrillar mass. The condensed bivalents
are cither linked with compact nucleolus or located separately in the nucleoplasm (C). Small dense beads are arrowed. The nuclear
coveloppe (arrowhead) is still intact. Section stained by uranyl acetate/lead citrate; » 6000, 12, The nucleolus of large antral stage
oveyte. a. After E-TA treatment, the homogenous nucleolar mass (N) is bleached, the nucleolar periphery together with highly

condensed bivalents

s well stained. Note the strongly stained lenticle at the nucleolar periphery (arvow); = 5000, b, Ag-NOR stain-

ing revealed that such lenticles, attached to the exclusivelly compact acleolus, are strongly positive o silver; x 60 000,

of fine fibrills, gradually growing from the center of
nucleolus, is involved in process of nucleolar compaction.
In rabbit oocytes, the compaction was realized by shrink-
ing and gradual disappearence of aucleolar vacuoles.

The compact nucleoli are formed by a fibrillar mass rich
in besic E-PTA positive proteins, believed to be the rem-
nants of DFCs [13, 35, 36]. In some works, the presence
of acidic phosphoproteins, which are not silver-stainable,
was detected in compact nucleoli [2]. [n our results, the
I-PTA staining was strongly positive at NAC, but only
the peripheral part of compact nucleoli was stained.
However, the presence of basic proteins cannot be exclud-
ed because of insufticient penetration of E-PTA into the
compact nucicolar mass, shown previously (36].

The germinal vesicles of fully grown mammalian oocytes
possess compitct nucleoli surrounded by highly condensed

NAC [8]. However, no condensed chromatin is visible in
nucteoplasm before the endogenous 1LH peak, exogenous
hCG stimulation or at the beginning of in vitro culture [19].
In this study, the first signs of chromatin condensation
were found in the nucleoplasm of growing rabbit oocytes
isolated from small antral follicles. In middle-sized antral
follicles, the progressive condensation of NAC as well as
chromatin in nucleoplasm was noticed. The highly con-
densed bivalents together with an intact nuclear envelope
characterized rabbit oocytes in pre-ovulatory follicles. In-
terestingly, a similar morphotogy of the GV was seen in
pig and cattle vocytes cultured in protein synthesis inhibi-
tors [20, 28] and in the mouse oocytes subsequently treat-
ed with 6-dimethylaminopurine and cycloheximide [29].

Altogether, these results confirm the conclusion of New-
port and Spann [30] that nuclear envelope breakdown and

&
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chromosome condensation are separable and independent
processes. Further biochemical studies are required to cla-
rify preconditions for initiation of chromatin condensa-
tion in growing rabbit oocytes.
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Rapid, Nonradioactive, and Quantitative Method to
Analyze Zona Pellucida Modifications in Single

Mouse Eggs

JIRE MOOS," PETR KALAB,' GREGORY 8. KOPF," axo RICHARD M. SCHULTZ?
Duwvision of Reproductive Biology, Departments of 'Obstotrics and Gynecology, and “Brology, University of

Pennsylvania Philadelphia

ABSTRACT A rapid, nonradioactive method to
momitor the ZP2 to ZP2, conversion in the zona pellucida of
single mouse egy's has been developed This assay is based
on the chenuluminescent detection of biotinylated ZP2
and ZP2, following electrophoresis under reducing condi-
tions and electrophoretic transfer to Immobilon P. This
method 15 about 10 times faster and detects similar ex-
tents of ZP2 to ZP2, conversion following A23187-induced
egg actwation, when compared to the commonly used
radioiodination grocedures. ¢ 1999 Wiley-Liss, Inc

Key Words: Zona pellucida, Epyr activation, Mouse

INTRODUCTION

The zona pellucida (ZP) of mouse eggs is composed of

three glycoproteins, ZP1, 2P2, and ZP"3 (Wassarman,
1990). ZP3 binds acrosome-intact sperm and subse-
quently induces the acrosome reaction of those bound
sperm. Acrosome-reacted sperm then interact with
ZP2. Following fertilization-induced cortical granule
exoeytosis, the contents of the granules modify P2 and
ZP3, such that they lose these aforementioned biologi-
cal activities. These modifications of the ZP constitute a
block to polyspermy.

The modification of ZP3, which results in a form
called ZP3;, does not result in any apparent change in
its electrophoretic mobility. In contrast, the modifica-
tion of ZP2 to ZP2;, which is due to a specific proteolytic
cleavage, results in a change in electrophoretic mobil-
ity from M, - 120,000 (ZP2) to M, = 90,000 (ZP2,) un-
der reducing conditions (Bleit et al., 1981). The electro-
pharetic mobility shift associated with the Z1°2 w ZP2;
conversion can, therefore, serve as a quantitative index
of carly events of egg activation, since a positive corre-
lation exists between the extent of cortical granule exo-
cytosis and the conversion of ZP2 to ZP2; (Ducibella
ct al,, 1993).

At present, the ZP2 to ZP2; conversion is quantified
by a method that is based on radioiodination of the
intaet ZP (Bleil et al., 1981} and this method can be
used on the ZP from single cgps (Kurasawa et al.,
1989). Briefly, isolated ZP are radioiodinated using
chloramine T and subjected to electrophoresis under
nonreducing conditions (Schroeder et al., 1990). Under
these conditions, ZP2 and ZP2; have similar clectro-

© 1994 WILEY-LISS, INC.

phoretic mobilities, whieh differ from those o, 7P1 and
ZP3. The position of the ["™1ZP2ZP2; is located by
auwtoradiography of the nondried gel, and when individ-
ual Z1" are analvzed, this exposure takes 3-7 d. The
portion of the gel corresponding to {¥P1ZP2ZP2; is
then excised and subjected to gel electroploresis under
reducing conditions. (Under reducing conditions, a di-
sulfide bond that stabilizes the proteolytic cleavage
product is reduced and results in the release of that
product and the formation of ZP2..) The positions of P2
and ZP2; are again located following autoradiography
of a dried «el, the bands excised from the gel, and sub-
jeeted to gamma counting to quantify the extent of the
202 to ZP2; conversion. When individual ZP are ana-
Iyzed, this exposure takes 3-5 d.

Although this method provides accurate and quanti-
tative data, it has two main drawbacks. First, when
analyzing individual ZP, the time that it takes to com-
plete this analysis is about 10-14 d. Sccond, the use of
"™ [INal has associated health and disposal concerns.
We report here a nonradicactive method to analyze
quantitatively the Z2P2 to ZP2; conversion of individual
ZP.'This method, which is based on enhanced chemilu-
minescent (CLY detection of biotinylated 2P, vields
data that are comparable to that ebtained by radioiodi-
nation and can be performed in 1 d.

MATERIALS AND METHODS
Collection and Ionophore Treatment of
Mouse Eggs

Ovulated metaphase l-arrested eggs were isolated
from superovulated 6 week old CF-1 female mice as
previously described (KKurasawa et al., 1989); cumulus
cells were dispersed by hyaluronidase treatmert. "The
cges were washed in minimal essential medium con-
taining 25 mM HEPES, pH 7.4, and 3 mg/ml polyvi-
nylpyrrolidone (MEM/PVP) and then incubated in
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MEM/PVP in the presence or absence of 5 uM caleium
ionophore A23187 (Calbiochem). Eggs were removed at
various periods of time and intact ZPs were isolated as
described below,

ZP Isolation, Radioiodination, and Biotinylation

Intact single ZP were isolated, washed, and radioiodi-
nated as previously described (Kurasawa et al., 1989),
Single ZP were biotinylated using the water soluble
sulfosuccinimidyl-6 (biotinamidoy hexanoate (NHS-LC-
Biotin, Picrce, 1. NHS-LC-Biotin was dissolved in 0.1
M NaHCO,, pH 8.3, to a concentration of 1 uM and
three velumes of this solution were mixed with one
volume of a buffer containing 20 mM HEPES, pH 7.4,
150 mM NaCl, 3 mg/ml PVP, und the isolated ZPs. The
samples were incubated for 60 min at 20°C, washed five
times with MEM/PVD, and individually analyzed by
SDS-PAGE and Western blotting (see below).

Electrophoresis/Western Blotting,
Autoradiography, and Chemilumineseent
Detection

Two-dimensional reduction electrophoresis of radio-
iodinated ZP, autoradiography, and quantification of
the ZP2 to ZP2; conversion were performed as previ-
ously described (Schroeder ot al., 19901,

Biotinylated ZP were subjected to SDS-PAGE on a
9¢ gel under reducing conditions (Laemmli, 19700, ZP
glycoproteins were transferred electrophoretically onto
an Immobilon P membrane (ALllipore) (Towbin et al.,
1979) for 96 min at 50 volts. (Although we have limited
experience using nitrocellulose, it is suitable under the
described conditions for transfer.) Following electro-
phoretic transfer, the membranes were blocked by an
overnight incubation with teleostean skin gelatin (30
ml/h (Sigma, G-7765) in a buffer containing 150 mM
NaCl, 0.05% Tween-20, and 20 mM Tris-11CI, pIl 7.4
(TBS-Tween-gelatin}. The membrane was then incu-
bated for 45 min at 20°C with avidin-biotinylated per-
oxidase complex (Vectastain ABC kit, Vector Laborato-
ries, Inc., CA) in TBS-Tween-gelatin according to the
manufacturer’s instructions. The membranes were
first briefly washed three times with TBS-Tween, fol-
lowed by three additional washes over a 2 hr period at
room temperature. The bound pernxidase was then de-
tected using an Amersham ECL detection kit according
to the manufacturer’s instructions and Kodak XAR
X-ray film. The exposure times were typically 20 sec to
3 min. The extent of the conversion of biotinylated Z12
to ZP2; was quantified using an Image VAT image pro-
cessor {Interactive Video Systems, Inc.; Concord, MA).

RESULTS AND DISCUSSION

The major component of the mouse ZP deteeted by
ECL follewing biotinylation according to the methods
described above was ZP2 (Fig. 1, lane 1); ZP1 and ZP3
were cither not detected or were barely discernible. In
addition, the presence of ZP2 as the major biotinylated
product was also ohserved following electrophoresis un-
der non-reducing conditions (data not shown). These

Time (min)

er10-3 )
214— |

Fig. 1. Time course of the 212 to ZP2, convers.on detected
following A23187 treatment. Metaphas~*7 rrested ags were
with A23187 and the 212 to 712, conversion analyzed by biotis
and ECL as described under Materials and Methods, Each lan
sents the profile from a single isolated 2P, The exposure tin
Xeray [l was 20 sece.

patterns contrast those observed following ¢
phoretie analysis of radioiodinated ZP where all
2P glycoproteins are observed. The [ailure to ol
biotinylated 73 facilitates the analysis of the 7
ZP2; conversion, when compared to analysis usi
diiodinated ZP, since only clectrophoresis und
ducing conditions is required. The reason for this)
P2, co-migrates with Z2P3 (M, = 83,000) under 1
ing conditions and {his necessitates electroph
first under nonreducing conditions to resolve ZI:
from ZP3.

At this juneture two qualifications must be e
sized. First, we do not know if other PVDIE memb
will substitute for mmobilon I, Second, it mt
stressed that if this method is used for 21 analy
other species, the electrophoretic profile of the bi.
lated ZI° must first be established under nonred
conditions to insure that the mobility of a ZI:
compenent is not similar to that of a ZP3-like «
nent. If two-dimensional reduction gel electroph.
is required, a brief capillary transfer (15-30 min)
2P proteins from the gel to the Immobilon P is
cient to detect analytically the position of the resp.
bands in the nonreducing gel by ECL (data not sh
the appropriate band may then be excised from t}
and run under reducing conditions.

When mouse eggs were treated with the calciu
ophore A23187 to induce cortical granule exoc
and the associated ZP modifications that normal
company fertilization, a time-dependent increase
conversion of ZI'2 to ZP2; was observed (Figs. 1 a
The time course and extent of the ZP2 to ZP2; co
sion were similar to that observed when a parall
periment was performed and the ZP2 to ZP2; co
ston monitored by the radiciodination protocol (I,
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Fig. 2. Comparison of the extent of the ZP2 to P2, conversion by
either radiviodination or biotinylation following A23187 treatment. o,
biotinylation; e, radioiodination. Each point represents the mean =
SEM (n ranges from 3-7 individually assayed ZP at each time point).

Linear regression analysis of the ZP2 conversion at
each time point comparing both methods yielded an
= = 0.92, which indicates that the results obtained
from both methods are highly correlated with cach
other. This method has also been used to monitor the
extent of the ZP2 to ZP2; conversion following fertitiza-
tion in vitro and has yielded results similar to that
obtained with the radioiodination protocol (data not
shown).

ZP MODIFICATION ASSAY 93

In summary, we report here a simple, rapid (about 10
times faster than the radiviodination procedure with no
loss in sensitivity), safe, and cost-effective method to
analyze quantitatively changes in the ZP composition
of single mouse eggs. This method is also likely to be
applicable to the analysis of ZP and ZP conversions in
other species.
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ABSTRACT

Cattle cumulus-enclosed oocytes (OCCs), initially cultured up to
diakinesis or metaphase | stage, possessing high H1 kinase and MAP kinase
activities, were subsequently cocultured with pig membrana granulosa
(PMG) cells for 6 h. In the diakinesis stage oocytes, PMG cells caused
aggregation of chromosome bivalents into one or several chromatin
clumps and the process of nuclear envelope disassembly was interrupted.
In OCCs initially cultured up to metaphase |, PMG cells also induced
clumping of bivalents and, moreover, destruction of microtubules of
meiotic spindle was observed. In both diakinesis and metaphase | oocytes,
chromatin clumping was accompanied by a dramatic decrease of H1 and
MAP kinase activities within 6 hours of coculture. After release from
coculture, the diakinesis oocytes continued in meiosis progression with a
concomitant increase of histone H1 and MAP kinase activities up to the
level characteristic to MI oocytes. This complete reversibility of
granulosa cell derived block was never observed in the cocultured
metaphase | oocytes. These results suggest that granulosa cells possess a
meiosis inhibiting activity incompatible with high H1 and MAP kinase
activity in maturing oocytes. These studies indicate that also under in
vitro conditions, PMG cells control progression of meiosis by modulating

the protein kinase activity.
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INTRODUCTION

Mammalian oocytes released from their intrafollicular environment
resume meiosis in a time sequence that is species specific (Motlik, 1989)
and depends on activation of cytoplasmic maturation promoting factor
(MPF) (see Motlik and Kubelka, 1990). In the cytoplasm of fully grown
oocytes, both MPF components, protein p34cdc2 and cyclin B are present and
assembled into inactive MPF (Lohka et al., 1988). Activation of p34cdc2
kinase requires dephosphorylation of p34cdc2 gn Tyr-15 and Thr-14
(Solomon et al., 1992). These dephosphorylations are catalyzed by cdc25, a
protein phosphatase containing both tyrosine and serine/threonine
phosphatase activity (Gautier et al., 1992).

The active MPF phosphorylates several substrates including nuclear
lamins (Dessev et al., 1991), histone H1 (Langan et al., 1989), tubulins of
meiotic spirdle (Verde et al., 1990) and proteins associated with
microtubule organizing centers (MTOCs) (Buendia et al., 1992; Centonze
and Borisy, 1990; Verde et al., 1990). Phosphorylation catalyzed by MPF
initially leads to germinal vesicle breakdown (GVBD), a complex event
including condensation and individualization of chromosomal bivalents,
disassembly of nuclear envelope and formation of meiotic spindle (Calarco
et al.,, 1972).

The mitogen-activated protein (MAP) kinase is stimulated during
Mo, maturation of clam (Shibuya et al., 1992), Xenopus (Ferrel et al.,
1994, Gotoh et al.,, 1991b; Posada and Cooper 1992) and mouse oocytes
(Verlhac et al., 1993). MAP kinase activation in Xenopus oocytes starts at

the time of GVBD and it coincides with the rise of H1 kinase activity
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(Gotoh et al., 1991a; Posada et al., 1991). For in vitro matured mouse
oocytes, the rise of MAP kinase occurs about 2 h after H1 kinase
activation (Verlhac et al., 1994).

We recently demonstrated that the isolated PMG cells maintain their
intrafollicular function to inhibit resumption of meiosis in cocultured pig
(Motlik et al., 1991) cattle {Kalous et al., 1993) and mouse oocytes
(Nagyova et al., 1993). The present study describes morphological and
biochemical alterations that occur in bovine oocytes initially cultured up
to diakinesis or metaphase | stage, and subsequently exposed to the
inhibitory effect of PMG cells. In both cases, this coculture caused the
block of meiosis, and was paralleled by a fall of H1 and MAP kinase
activity, clumping of chromosomal bivalents, interruption of nuclear
envelope disassembly (diakinesis oocytes) and disappearance of meiotic
spindle (M | oocytes). Whereas diakinesis stage oocytes were able to
complete the first meiotic division when released from coculture, no
reversibility was observed in metaphase | oocytes. These observations
suggest that the meiosis inhibiting activity of PMG cells modulates the

protein kinase activity in oocyte cytoplasm.
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MATERIALS AND METHODS

Isolation of Pig Membrana Granulosa Cells and Bovine Oocytes

Pig and cattle ovaries were collected at a local slaughterhouse and
transported to the laboratory in phosphate-buffered saline (PBS, pH 7.4,
25°C). Bovine oocytes aspirated from small antral follicles (3-5 mm in
diameter) were washed in PBS and selected under stereomicroscope. Only
those oocytes surrounded with multiple layered compact cumulus were
used for further experiments.

Membrana granulosa cells were isolated from the ovaries of
slaughtered prepubertal gilts (hybrid line). Large antral follicles with
transparent, vascularized follicular walls were dissected and
hemisectioned. With the help of two preparation needles, the large pieces
of granulosa cell layer were carefully separated from the theca, washed in

PBS and transferred into culture medium.
Culture of Bovine Oocytes

Isolated bovine OCCs were washed and initially cultured for 8 h
(diakinesis) or 12 h (metaphase 1) in modified Parker's medium (M-199,
Sevac, Prague), supplemented with 2.92 mM Ca-lactate, 2 mM Na-pyruvate,
33.9 mM Na-bicarbonate, 4.43 mM Hepes buffer pH 7.2, 50 IU/ml penicillin,
50 mg/ml streptomycin sulphate, and 10% heat-treated bovine serum

(BOS, Sevac, Prague), under paraffin oil at 38.5°C in 5% COsin air.
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Coculture of Bovine OCCs with PMG

Since the PMG cells were always isolated with the underlying
basement membrane and these pieces tended to roll up with an inside-out
orientation, the OCCs were placed on concave surface of this basement
membrane. The bovine OCCs, initially cultured up to diakinesis or
metaphase | stage, were put in the rolled pieces of PMG and co-cultured
for 6 h under the conditions described above. In each rolled piece of PMG
cells, 8-10 OCCs were deposited and 3-4 pieces of PMG cells with OCCs
were placed in 1 ml of the equilibrated culture medium. The contiol OCCs
were added in every culture dish and cultured outside the PMG. After 6 h of
coculture, the OCCs were liberated from the rolled PMG cells and a portion
was further cultured in hormone free culture medium in order to assess
the reversibility of the meiotic arrest caused by coculture with PMG cells.
At the end of culture, the control and co-cultured OCCs were stripped of
cumulus cells and processed as described bellow. In total, above 1000

bovine oocytes were evaluated.
MBP and histone H1 kinase double assay

At selected times, groups containing 10 oocytes each were removed
from culture and transferred in a minimal volume of buffer to an
Eppendorf tube and freezed immediately at -70°C. Before assay, tubes
were placed on ice and 4 pl of buffer A (15 mM para-nitrophenyl
phosphate, 60 mM beta-glycerophosphate, 15 mM EGTA, 0.1 mM EDTA, 1 mM
DTT, 0.25 mM NazVOy4, 60 fg/ml leupeptin and 60 fg/ml aprotinin) was

L7
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added. Tubes were briefly vortexed, centnfuged at 10,000g for 15 sec and
then the kinase reaction was initiated by addition of 5 ul of buffer B (25
mM HEPES, pH 7.2, 5 mM para-nitrophenylphosphate, 60 mM beta-
glycerophosphate, 25 mM MgClz, 15 mM EDTA, 0.1 mM EGTA, 20 tM cAMP
dependent protein kinase inhibitor (Sigma). 60 pg/mi leupeptin and
aprotinin, 600 fM ATP, 2 mg/ml histone H1 (Boehringer) anc¢ 3 mg/ml MBP
(Sigma) and 500 fCi/ml 32P gamma ATP (Amersham). The reaction was
allowed to proceed for 30 min at 30°C and was stopped by the addition of
15 ul of double-concentrated sample buffer. Samples were boiled for 3
minutes and separated on 15% SDS PAGE gel (Laemmli, 1970). Gels were
stained with Coomassie Blue R250 (Serva), destained overnight, dried and
after autoradiography, the regions containing 32P labelled histone H1

and MBP were cut out and scanned with LKB Uliroscan XL. The relative H1
kinase and MAP kinase activity were plotted against the time of oocyte

culture.
Phase contrast and electron microscopy

To evaluate the rate of meiotic maturation, the cumulus free oocytes
were mounted on slides, fixed for 24 h in ethanolic acetic acid, stained
with orcein, and examined under a phase-contrast microscope. The
frequencies of GVBD were pooled from three replicative experiments. The
obtained data were evaluated using chi-square analysis.

For transmission electron microscopy, the OCCs were fixed in mixture
of 0.6% paraformaldehyde and 2.5% glutaraldehyde, then postfixed in 1%

osmium tetroxide, dehydrated by an ascending series of ethano! and
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embedded in Epon 812 (Serva, Heidelberg, Germany). The blocks were
sectioned in Re.chert-Jung Ultracut E, contrasted by uranyl acetate and

lead citrate and observed in Jeol 1200 EX electron microscope.

Immunofluorescence
The oocytes, devoid of the cumulus oophorus and zona pellucida, were

fixed for 20 min in 2.2% paraformaldehyde in 0.1 M PBS (pH 7.3, room
temperature), then incubated for 1 h in the solution of 50 mM ammonium
chioride, washed and placed in 0.1 M PBS containing 0.05% sodium azide
(NaN3) and 1 mM PMSF. The immunofluorescence protocol (Sutovsky et al.,
1993) included blockage of nonspecific reactions by preincubation in 0.1 M
PBS, containing 2% BSA, NaN3 and saponin. The samples were then
incubated with anti-a-tubulin TU-01 mouse monoclonal antibody (Viklicky
et al. 1982), washed and treated with FITC conjugated anti-mouse IgG and
Hoechst 33258 (5 ung/ml). After repeated washing, the samples were
mounted on slides in a mixture of Mowiol V 4-88 and n-propyl gallate and
observed in Leitz axiophot epifluorescence microscope. Controls were

performed by omitting first antibody.
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RESULTS

Co-culture of late diakinesis oocytes with PMG cells

Bovine oocytes initially cultured for 8 h reached diakinesis stage of
the first meiotic division and displayed typical signs of GVBD. The
individual chromosomal bivalents were formed (Figs.1A and 1B) and they
were surrounded by deeply folded nuclear envelope (NE), which exhibited
numerous loops, blebs and quadruplexes (Fig.1A). The co-culture of these
oocytes with PMG resulted in aggregation of individual bivalents into one
or more clumps of highly condensed chromatin that were surrounded by the
remnants of NE (Figs.1C and 1D). Frequently, this compact mass of
chromatin contained several bright areas, probably composed of
centromere heterochromatin {Fig.1C). The percentage of GVBD in OCCs
initially incubated for 8 hr and subsequently co-cultured with PMG for 6
hr was not significantly different from OCCs initially incubated for 8 hr
only (81% and 76%, respectively; Table 1A). When diakinesis oocytes were
withdrawn from contact with PMG cells, block of meiosis was fully
reversible, and the majority of oocytes reached metaphase Il during 20 h
(Table 1A, Figs.1E and 1F) or 30 h (data not shown) of subsequent culture.

Coculture of metaphase | oocytes with PMG

After 12 h of preincubation, 89% of bovine oocytes underwent GVBD
and two thirds of them exhibited typical metaphase | appearance with

condensed bivalents in the longitudinally arranged microtubules of the
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meiotic spindle (Table 1B, Figs.2A,2B and 2C). During the subsequent
coculture for 6 h with PMG cells, the incidence of GVBD did not increase
(Table 13) and chromosomal bivalents clumped similarly as observed for

diakinesis oocytes (Figs.2D and 2E). Moreover, the coculture caused
depolymerization of microtubules and subsequent disappearance of
meiotic spindle. Bundles of disordered microtubules were found, however,
in association with chromatin clumps (Figs.2F and 2G). Concomitantly, the
structures similar to the dense pericentriolar material assembled by
parthenogenetically activated rabbit embryos (Szollosi and Ozil, 1991)
appeared in the perinuclear region of cocultured oocytes. No centrioles
were found inside these structures that were apparently derived from
Golgi vesicles (Fig.2H). These results suggest that meiosis in OCCs
initially cultured for 12 h was irreversibly blocked during 6 h of co-

culture with PMG.
H1 and MAP kinase assay

Both diakinesis and metaphase | oocytes possessed high histone H1 and
MAP kinase activity (Figs. 3A and 3B; 4A and 4B). A dramatic fall in H1 and
MAP kinase activity occurred within the 8 hours of coculture in all of the
experiments performed. There were differences, however, in the kinetics
of the decrease of H1 kinase activity as compared to the activity of MAP
kinase. The decrease of histone Hikinase activity appeared to be more
linear, while that of MAP kinase activit%ﬁisplayed a more abrupt decline
within the first 4 h of co-culture, in some experiments the initial

dramatic decrease was followed by a moderate increase within this period

10
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(see Fig.3B, lane 3 and 4). When diakinesis stage oocytes were released
from coculture, the reappearance of H1 and MAP kinase activity was
evident within 2 h and their values further rose after 4 h and 6 h of
cuiture (Figs. 3A and 4A) to levels typical for metaphase | oocyte. Such a
complete reactivation was accompanied by progression of meiosis (Table
1A). In contrast, only partial restoration of H1 and MAP kinase activity
was observed in metaphase oocytes within 6 hours after removal from the
coculture with granulosa (Fig. 4B and Fig. 3B, lanes 7 and 8). This
moderate increase of H1 and MAP kinase, however, was never accompanied

by progression of meiosis (Table 1B), even when the culture periods was

extended up to 30 h (data not shown).
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DISCUSSION.

In the present study, we have shown the ability of PMG cells to
modulate the level of histone H1 kinase and MAP kinase activity in co-
cultured bovine oocytes. These oocytes, initially cultured up to diakinesis
or metaphase | stage possessed high histone H1 and MAP kinase activity,
each of which was dramatically reduced by coculture with PMG cells.
Thus, it is likely that the specific dephosphorylation of p34cde2 (Solomon
et al., 1990) and phosphorylation of MAP kinase on threonine and tyrosine
residues (Anderson et al.,, 1990; Posada and Cooper, 1992) were abolished
by this co-culture. Whereas the activation of MAP kinase in mouse oocytes
is evident not earlier than 3 h after GVBD (Verlhac et al., 1994), the
present data show high MAP kinase activity in cattle oocytes prior to
GVBD. Following co-culture with PMG cells, the decrease of MAP kinase
activity was more abrupt in comparison with relatively linear decline of
histone H1 kinase activity. During the natural Ml to MII transition, histone
H1 kinase activity drops (Kubiak et al., 1992; Verthac et al., 1993)
although MAFP kinase activity remains high (Verlhac et al., 1993; 1994).
Also, the activation of ovulated mouse eggs results in a sharp decrease of
histone H1 kinase activity while MAP kinase activity declines very slowly.
Similarly, the decrease of MAP kina-: activity in activated Xenopus
oocytes occurs only after MPF inactivation (Posada et al., 1991; Nebreda
and Hunt, 1993). Consistent with these results, our results clearly show
that the kinases responsible for MBP and histone H1 phosphorylation
behave independently and therefore MBP phosphorylation is not due to the
activity of p34cde2 kinase.

An initial incubation of mouse oocytes for 45 and 60 min

12
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significantly abolished the inhibitory effect of PMG cells on GVBD
(Nagyova et al.,, 1993) This suggests that the inhibitory activity of PMG,
similarly to the effect of IBMX (Eppig et al., 1983), cannot be exerted
after irreversible commitment of mouse oocytes to GVBD. In contrast with
these observations, both histone H1 and MAP kinase activities reappeared
in bovine diakinesis oocytes within 2 h after termination of coculture
with PMG cells. Further increase of histone H1 and MBP phosphorylation
up to the level characteristic for Ml was accompanied by progression in
oocyte maturation. This would suggest that the effect of PMG cells on
diakinesis oocytes was reversible from both biochemical and
morphological aspects.

Only moderate increase of histone H1 and MAP kinase activity occurred
in metaphase | oocytes released from co-culture with PMG and this
increase was not accompanied by either reformation of meiotic spindle or
progression of meiosis. The observation that MAP kinase may regulate
microtubule dynamics at metaphase (Gotoh et al., 1991b) could acccunt for
the failure of metaphase oocytes to reassemble meiotic spindle after the
termination of co-culture since MAP kinase activity is low in these
oocytes.

Protein synthesis, rather than protein phosphorylation, seems to be a
prerequisite for maintaining metaphase chromosomes in a condensed form
(Clarke and Masui, 1983; Hashimoto and Kishimoto, 1988). Indeed, the
chromosomes oif prometaphase stage murine oocytes decondense in
presence of puromycin, a drug affecting both protein synthesis and
phosphorylation, whereas the chromosomes remain condensed when

exposed to 6-DMAP, an inhibitor of protein phosphorylation (Rime et al.,
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1989; Szoilosi et al., 1991). Our results are consistent with the meiosis
inhibiting influence of PMG cells not affecting protein synthesis in co-
cultured oocytes. Moreover, the finding of MTOC-like structures in
cocultured metaphase oocytes suggests the de novo synthesis of MTOC
proteins throughout the co-culture period.

The disruption of interphase-like network of microtubules and the
enucleation of microtubules around MTOCs occurs as a consequence of
oocyte MPF activation (Maro et al., 1990). Generally, the MTOCs are
composed of a pair of centrioles embedded in dense pericentriolar
material (PCM), within which the microtubule nucleating activity seems
to be located (Gould and Borisy, 1977). Surprisingly, r~ centrioles are
found in the MTOCs at the spindle poles of mammalian oocytes throughout
first and second meiotic division (Szollosi et al.,, 1972) and the centrioles
found in blastomeres during first mitotic cycles are thought to be of
paternal origin (Le Guen and Crozet, 1989; Schatten et al.,, 1986).
Similarly, the centrioles are absent from the MTOCs found in
parthenogenetically activated rabbit oocytes (Szollosi and Ozil, 1991).
The MTOC-like structures, described in our study, are morphologically
reminiscent to the acentriolar MTOCs found in those parthenogenetically
activated embryos and in meiotic spindles of ruminant oocytes (Thibault
et al., 1987). Moreover, the association with Golgi vesicles is observed in
all these studies and the emergence of MTOC-like structures in bovine
oocytes (this study) coincides with the depolymerization of spindle
microtubules. These observations are consistent with Boveri's theory on
paternal centrosome inheritance (Boveri, 1901), suggesting that the

centrioles are introduced in the zygote by sperm at the time of

14



fertilization. Despite of the lack of centrioles, bovine oocytes themself
seem to have an ability to generate pericentriolar material.

The occurrence of polymerized microtubules associated with clumped
chromosomal bivalents in metaphase oocytes is of a particular interest
since the spindle microtubules in those oocytes are depolymerized after
coculture with PMG. This fact could be explained by the known efl ct of
mitotic chromatin on microtubule polymerization (Karsenti et al., 1984).
In addition, the ability of histone H1, a protein involved in chromatin
condensation, to stabilize microtubules, provides further support for the
role of chromatin in the assembly of mitotic (meiotic) spindle (Multinger
et al.,, 1992).

Taken together, the present data imply that PMG cells regulate the
activity of oocyte protein kinases (histone H1 kinase and MAP kinase) and
thus influence the resumption and progression of meiotic maturation. The
ultrastructural observations on behavior of spindle microtubules and

MTOCs s provide the opportunity for further characterization of factors

involved in organization of meiotic apparatus.
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TEXT TO THE FIGURES

Fig. 1. Reversible inhibition of meiotic maturation in bovine oocytes
precultured up to late diakinesis and subsequently put in co-culture with
PMG cells. A control oocyte cultured for 8 hdisplays typical signs of
germinal vesicle breakdown, including folded nuclear envelope (arrows)
and condensation of chromatin (arrowheads). Bar represents 2 pm. B
Condr.ised chromosomal bivalents demonstrated by fluorescent staining
with Hoechst 33258. Bar represents 15 pum. C Diakinese stage oocytes
after the coculture with pig membrana granulosa cells. The quadruplets of
nuclear envelope (arrowheads) are assembled around clumped
chromosomal bivalents. Bar represents 1 pm. D A clump of disordered
chromosomes in the diakinesis stage oocyte cocultured with PMG and
stained by Hoechst 33258. Bar represents 15 um. E, F Double fluorescence
labelling with Hoechst 33258 (E) and anti-a-tubulin (F) antibody shows
the metaphase 1l chromosomes (E) and meiotic spindie (F) in a diakinese
stage oocyte, cocultured for 6 h with PMG and subsequently cultured for

30 h in absence of PMG cells. Bar represents 15 pm.

Fig. 2. Coculture of metaphase | stage bovine oocytes with PMG cells
irreversibly blocked the progression of meiotic division. A Electron
micrograph of a control oocyte cultured for 12 h. The microtubules
(arrowheads) start to form meiotic spindle around the condensed
chromosomal bivalents (Ch). Bar represents 1 um. B,C Double
immunofluorescence labelling of a metaphase | oocyte with Hoechst

33258 (B) and anti-a-tubulin antibody (C) shows the formation of

16



metaphase plate and meiotic spindle. Bars represent 10 um. D A
metaphase stage oocyte cultured for 6 h with PMG. The meiotic spindle
disappeared and the condensed bivalents are clumped. Bar represents 1
pum. E,F Double fluorescence labellingof a metaphase oocyte exposed to
the coculture with PMG. The bundle of disordered microtubules, shown by
anti-o-tubulin  antibody (F) coincides with clumped chromatin,
demonstrated by Hoechst 33258 (E). Bars represent 10 um. G A metaphase
| bovine oocyte cocultured for 6 h with PMG. Whereas the meiotic spindle
was destructed, large individual microtubules (arrowheads) appeared
inside the ring of clumped chromosomal bivalents. Bar represents 0.5 um.
H A detail of the microtubule organizing center-like structure, apparently
derived from Golgi vesicles (arrowheads). These structures, reminisce to
pericentriolar material of embryonic MTOCs, were regularly found in the

perinuclear region of metaphase oocytes cocultured with PMG. Bar

represents 0.3 um.

Fig 3. A The H1 and MAP kinase activity in cattle oocytes precultured for
8 hr. The oocytes were cultured for 0 h (lane 1) and 8 h (lane 2) in control
conditions. The precultured oocytes were cocultured with PMG for 2 h
(lane 3), 4 h (lane 4) and 6 h (lane 5). After 6 h of coculture the oocytes
were released from the contact with PMG and subsequently cultured in
control medium for 2 h (lane 6), 4 h (lane 7) and 6 h (lane 8). B The H1 and
MAP kinase activity in cattle oocytes precultured for 12 h. The oocytes
were cultured for 0 h (lane 1) and 12 h (lane 2) in control conditions. The
precultured oocytes were cocultured with PMG for 2 h (lane 3), 4 h (lane 4)

and 6 h (lane 5). After 6 h of coculture the oocytes were released from the

17
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contact with PMG and subsequently cultured in control medium for 2 h

(lane 6), 4 h (lane 7) and 6 h (lane 8).

Fig 4. Relative histone H1 (, ) and MAP (A,A) kinase activity in bovine
oocytes precultured for 8 h (K 8)(Fig. 4A) and 12 h (K 12)(Fig. 4B) prior to
coculture with PMG for 2 h, 4 h, and 6 h (Gr 2, Gr 4, and Gr 6) and cultured
for 2 h, 4 h, and 6 h after coculture (R 2, R 4, and R 6). KO corresponds to
freshly isolated oocytes. Experiments were performed twice whereby
autoradiograms corresponding to data denoted by filled symbols ( ,A) are

shown on Fig. 3A and Fig. 3B, respectively.
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Table 1A Meiotic maturation of cocultured cattle oocytes preincubated for 8 n
Culture procedure Stage of meiosis
[number of oocytes(percentage) ]

Preincu—- Coculture Subsegquent Total

bation with PMG culture GV LD MI MII GVBD Number
8 h 6 h 10 h 20 h of OCCs

+ - - - 15(23) 45(73) - 2 (3) 48(76)2 62
+ + - - 11(29) 43(77)* 1 (2)=* 1 (2)* 45(81) 56
+ + + - 9(13) 52(73) 9(13) 1 (1) 62(87) 71
+ + - + 5 (7) 15(25) 8(12) 36 (56) 59(93)2 64
Note: * - chromatin condensed during coculture with PMG
a - these values are significantly different (P<0.05)
Tabie 1B Meiotic maturation of cocultured cattle ococytes preincubated for 12 h
Culture procedure Stage of meiosis
(number of oocytes(percentage) ]

Preincu- Coculture Subsequent Total
bation with PMG culture GV 1D MI MII GVBD Nunmber
12 h 6 h 10 h 20 h of OCCs

+ - - - 6(11) 12(21) 35(61) 4 (7) 51(89) 57
+ + - - 7(15) 11(24)* 24(54)* 3 (7)* 38(85) 45
+ + + - 7(15) B(17)* 30(64)% 2 (4)* 40(85) 47
+ + - + 6(10) 15(25) % 38(62)* 2 (3)* 55(90) 61

Note: * - chromatin condensed during coculture with PMG

N
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ABSTRACT

The objectives of this study were 1) to assess production of CEEF by porcine
oocytes during their growth and differentiation and 2) to find out whether
porcine cumulus cells and mural granulosa cells can secrete CEEF. Culture
drops of M-199 medium were conditioned by denuded oocytes in different
stages of their development (1 oocyte/ul), oocytectomized complexes (OOX)
representing cumulus cells (1 OOX/ul) or pieces of mural granulosa cells
(MGC) or porcine oviductal cells (POC) (1000 cells/ul). The production of
CEEF was assessed by addition of mouse OOX and FSH (1ug/ml) into the
conditioned medium. Expansion of the mouse OOX, resistance to mechanical
disruption and mucification of the cumulus were assessed 16-18 h later by a
subjective scoring system (0-4). Mouse OOX did not expand in non-conditioned
FSH supplemented medium. Growing GVBD incompetent porcine oocytes
(diameter <100 um), growing GVBD competent oocytes (diameter=110 um),
and fully grown immature oocytes (120 um) stimulated 3-4 expznsion of the
mouse OOX which is the same degree of expansion that was cbserved in intact
oocyte-cumulus complexes (OCC). The expanded cumuli were highly mucified
and extremely resistant to mechanical disruptiion. Metaphase I, metaphase II,
activated and pronucleas oocytes also caused dispersion of the mouse OOX.
However, the cumuli were not mucified and were easy to remove by pipetting.
We conclude that 1) immature porcine oocytes produce CEEF regardless of
their GVBD competence; 2) the production of CEEF persists during the
transition to metaphase I oocytes; oocytes that progressed to and beyond
metaphase I produce factor(s) that appears to be different from CEEF. All

porcine granulosa cells regardless of their position in the medium size follicles
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(cumulus or mural granulosa cells) responded in vitro to FSH treatment by
expansion. Moreover,these granulosa cells secreted CEEF. In preovulatory
follicles (after PMSG or PMSG and hCG treatment), the mural granulosa lost
the abnve mentioned properties and only cumulus granulosa cells and the
limited area of the mural granulosa attached to the cumulus oophorus still
secreted CEEF and responded to FSH by expansion. We conclude that porcine
cumulus cells constitutively preduce CEEF in vitro. Mural granulosa cells from

mediam size follicle do so only when they are stimulated by FSH.

INTRODUCTION

In the fetal mammalian ovary, dictyate oocytes become enclosed in a single
layer of flattened pregranulosa cells and form p.imordial follicles. In follicles
selected for growth, the granulosa cells undergo a series of mitotic divisions
and, foliowing antrum formation, differentiate in two populations: cumulus
cells, surrounding ti.e oocytes, and mural granulosa cells (MGC) representing
the innermost layer of the follicle wall. The granulosa cells, cumulus cells and
the oocytes communicate via gap junctions [1] and slso by secretion of paracrine
factors [2,3). This communication is bidirectional. The granulosa cells appear
essential for oocyte growth [4,5] and regulation of oocyte maturation [3,6]; the
oocyte is essential for proliferation, differentiation and function of granulosa
cells [3,7).

The cumulus cells undergo expansion following the preovulatory surge of
gonadotropins. The e¥pansion involves dispersion of cumulus cells due to

deposition of hyaluronic acid in the extracellular matrix [8]. In vitro, cumulus
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expansion can be induced by chemicals that increase intracellular cAMP like
FSH [9,10] or activators of adenylcyclase [11,12] and also by an activator of
tyrosine kinase, EGF [13]. In the mouse, oocyte plays an important role in
regulation of cumulus expansion. Removal of the oocyte from OCC inhibits FSH
and EGF induced expansion of the cumulus [14,15]. This inhibition occurs
independently or downstream of the cAMP regulation since cAMP levels are
comparable in both intact and oocytectomized complexes [14]. Conditioning of
the culiure medium with denuded oocytes reverses the inhibitory effect of
oocytectomy on expansion of cumulus cells {14]. This indicates that mouse
oocytes produce a soluble factor enabling expansion of the cumulus (CEEF).
Mouse oocytes »zquire the ability to secrete CEEF during the growth period, at
the time of acquisition of the competence to undergo germinal vesicle
breakdown. The oocyte ability to secrete CEEF is lost after fertilization [16].
Porcine oocytes also produce CEEF since they enable the FSH stimulated
expansion of mouse OOX [17,18]. However, oocytectomy does not affect FSH
induced expansion of the porcine cumulus in vitro {11,17,18). The ability of the
OOX to expand is not due to persistence of CEEF of oocyte origin within
cumulus cells since they expanded even with a 32 h delay before FSH
stimulation [18]. A hypothesis was proposed that the oocyte CEEF induces a
permanent change in the cumulus cells that enables them to undergo expansion
whenever the appropriate hormonal stimulus cccurs [18]. An alternative
possibility could exist that the CEEF is not produced exclusively by the oocyte
in the pig follicle. Porcine granulosa cells produce different paracrine factors
including EGF [19], TGF-beta [20] and IGF I [21]. An autocrine or paracrine

production of CEEF by the porcine cumuius cells would also explain the FSH
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stimulated expansion of oocytectomized complexes.

To understand more the regulation of expansion of the porcine cumulus we
decided 1) to assess production of CEEF by porcine oocytes during their growth
and differentiation and 2) to find out whether porcine cumulus cells and other

populations of granulosa cells can secrete CEEF.

MATERIALS AND METHODS

Source of oocytes and culture

Gilts from crosses between Minnesota and Goéttingen strains of miniature pigs
were stimulated with 500 IU pregnant mares’ serum gonadotrophin (PMSG)
(Bioveta, Ivanovice na Hané, Czech Republic) on Day 16 of the cycle; 66 h
later, the gilts were slaughtered, ovaries were excised, put in a thermos and
transferred to laboratory. The preovulatory follicles were cut out from ovarian
tissue, opened and membrana granulosa was released in PBS by scraping the
inner surface of the follicular wall. OCC and OCC with an attached piece of
membrana granulosa were collected and washed three times in culture medium.
PBS containing the pieces of mural granulosa cells was collected ir 15 ml
testubes. The cells were let to settle and then washed three times in culture
medivm. Pieces of the membrana granulosa containing about 1000 cells were
used for medium conditioning. The same procedures were used for the isolation
of OCC and granulosa cells from medium size (2-5 mm in diameter) follicles of
slaughtered prepubertal gilts.

Growing pig oocytes were obtained by the above described procedure from

small antral follicles ( <0.7 mm; GVBD incompetent oocytes, oocyte diameter
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<100 gm) and from 1.6 mm follicles (GVBD competent growing oocytes, oocyte
diameter =110 um). The competence of the oocytes to undergo GVBD was
verified following 48 h of culture in vitro. Metaphase II oocytes were obtained
by culture of fully grown oocytes (120 um) in vitro for 42 h. Activated oocytes
were obtained by stimulation of the M II oocytes by a single 100 us electrical
pulse of 1.75 kV/cm [22]. Pronuclear oocytes were produced by overnight (16 h)
culture of the activated oocytes. Maturing oocytes surrounded with an expanded
cumulus were also collected from preovulatory follicles of minipigs stimulated
by PMSG and 66 h later by hCG (1000 iu). The oocytes were collected 20 h
following administration of hCG.

Pig oviductal cells (POC) were isolated by the method described previously
for bovinc oviductal cells {23]. Briefly, POC were transferred to 15 ml conical
tube and washed 3 times with M-199. The cells were transferred to a 60 mm
culture dish with 10 ml M-199 with 10% FCS and cultured overnight. The
ciliated cell aggregates were used for conditioning.

Mouse OCC were isolated from ovaries of 4-6 weeks old ICR mice, stimulated
44-46 h previously with 10 i.u. PMSG. The ccinplexes were released from
follicles by a puncture of the follicular wall with fine needles in M-199 medium,
washed and immediately used for culture or oocytectomy.

The culture medium was TCM 199 (Sevac, Prague, Czech Republic) buffered
with 20 mM NaHCO, and 6,25 mM Hepes, supplemented with fetal calf serum
(FCS) (10%, v/v), 0.91 mM sodium pyruvate, 1.62 mM calcium lactate and
antibiotics [24]. This medium was supplemented by 1.0 ug/ml FSH (Bioproduct
Belgium) when used for production of matured oocytes. The culture drops were

placed in 35 mm Petri-dishes and covered by light mineral oil (Sigma

o



10
11
12
13
14
15
16
17
18
19
20
21
22

23

Chemicals). The dishes were cultured at 38,5°C in air containing 5% CO,.

Oocytectomy

Some of the mouse and pig OCC were deprived of the oocyte (oocytectomized)
by the method described previously [14,11]. Briefly, each OCC was attached to a
holding pipette. A glass needle was then introduced through the cumulus cells
and the oocyte into the holding pipette. After withdrawal of the needle, the
ooplasm was aspirated into the holding pipette by a burst of negative pressure.
A set of about 15 oocytectomized complexes (OOX) was prepared within 20 min

and immediately placed into culture.

Preparation of conditioned media and assessment of the cumulus
expansion

Conditioned media were prepared by a culture of 50 denuded oocytes, OOX
(cumulus cells), pieces of granulosa cells or aggregates of POC in 50 ul of the
culture medium for 24 h. Afterwards, 40 ul of the conditioned medium was
collected, supplemented by 1.0 ug/ml FSH provided that FSH was not
previously included in the culture medium during the period of conditioning. To
assess production of CEEF, about 15 mouse OOX were added to the culture
drop of the conditioned medium and expansion of the cumulus cells was
assessed 18 h later, according to the subjective scoring system (0-4) described
previously [14]. Briefly, 0 indicates no detectable response, while 1 indicates the
minimum observable response, peripheral cumulus cells have a glistening
appearance ; 2 indicates expansion of the peripheral layers of the cumulus; 3

indicates expansion of all layers of the cumulus except corona radiata cells and
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4 indicates expansion of the cumulus including corona radiata cells. Following
assessment of cumulus expansion, the cumuli were passed several times through
a glass pipette and assessed for mucification (0-4) and resistance to mechanical
disruption (0 - all layers of the cumulus and corona cells were easily removed by
pipetting; 1 - indicates that cumulus cells but not corona cells were removed; 2 -
indicates that outer half of the cumulus cells was removed mechanically; 3 -
only peripheral layers were removed; 4 - no or few cells could have been
removed). Sensitivity to hyaluronidase was assessed by exposing several
expanded cumuli to 200 IU/ml hyaluronidase (Sevac, Prague) in the culture

medium for 10 min [11].

RESULTS

Production of CEEF by pig oocytes during their development

Intact mouse OCCs underwent 3-4 expansion when cultured in medium
supplemented with FSH and FCS. On the other hand, expansion did not occur
in OOX cultured under the same conditions (Table 1). However, 3-4 expansion
occurred in both OCC and OOX in the medium conditioned by growing pig
oocytes with or without GVBD competence or by fully grown oocytes (Table I,
Fig. 1). In all these situations, the expanded cumuli were mucified, elastic,
highly resistant to mechanical disruption and sensitive to hyaluronidase. The
metaphase I, metaphase I, activated and pronuclear pig oocytes also induced 3-
4 expansion of the mouse OOX. However, the cumuli were fragile, not mucified,
insensitive to hyaluronidase and exhibited no or low resistance to mechanical

disruption (Fig.2). Neverthelecs, these cumuli essentially differed from those
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cultured in non-conditioned medium which were compact and firmly attached to
the bottom of the culture dish (Fig.3). Thus, it can be concluded that CEEF is
produced by growing pig oocytes regardless of their GVBD competence and by
fully grown GV oocytes during their transition to M 1. Matured, activated and
pronuclear oocytes produce factors which prevent attachment of cumulus cells
to bottom and induce disintegration of the cumulus. However, due to absence of

mucification of the cumulus, the factors appear to be diffcrent from CEEF.

Production of CEEF by cumulus granulosa cells

To assess the hypothesis that expansion of porcine OOX may be supported by
autocrine production of CEEF by cumulus cells, we conditioned medium with
porcine cumulus cells stimulated by FSH. As shown in Table 2, the porcine
OOX originating from medium size follicles and also from large preovulatory
(PMSG treated) follicles stimulated 2-3 expansion in the mouse OOX (Fig.4),
compared to 0 expansion in control groups (unconditioned or conditioned by
evacuated zonae). Identical results were obtained when the medium was
conditioned by the pieces of MGC attached to the cuinulus which also possess
the ability to undergo expansion [11].

We assessed production of CEEF by cumulus and the attached piece of MGC
undergoing expansion in vivo following PMSG and hCG administration. The
mass of expanded cells isolated from a single follicle (Fig. 5) was sufficient to
condition 50 ul of the culture medium (Table 2).

The above data indicate that expansion of the porcine cumulus is
accompanied by secretion of CEEF or CEEF like molecule. To exclude a

possibility that the CEEF was not produced by the cumulus cells, but
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represented CEEF of the oocyte origin accumulated in cumulus cells, we first
cultured the porcine OOX in a large volume of culture medium (1 ml) for 16 h
and :hen allowed the complexes to condition a drop of culture medium. The
production of CEEF was preserved after 16 h delay (Table 2). Next, we assessed
whetner the CEEF is produced by cumulus cells only as a response to FSH
stimulation. The data of Table 1 show that CEEF is produced in both FSH
stimulated and FSH non-stimuiated cumulus. In other words, both compact and

expanding cumuli , roduce CEEF.

Production of CEEF by MGC

As shown in Table 2, MGC of medium size pig follicles (2-5 mm) stimulated
2-4 expansion of mouse OOX, however, only when FSH was added to the
medium during the period of conditioning. The FSH stimulated MGC of the
medium size follicles underwent extensive expansion within the culture period
of 24h (Fig. 6). This was in contrast to the behaviour of MGC isolated from
preovulatory follicles of PMSG treated animals, which did not expand within 24
h of culture (Fig. 7) and did not produce the CEEF even after FSH stimulation
(Table 2). MGC of PMSG and hCG treated preovulatory follicles also did not
stimulate expansion of mouse OOX.

Medium conditioned by POC does not stimulate cumulus expansion of mouse
OOX. When FSH was added to POC during the period of conditioning, the
medium induced 1-2 expansion in the OOX, however the cumuli were fragile

and displayed no or low mucification (Table 2).
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DISCUSSION

In the mouse oocytes, the onset of CEEF production coincides with the time
of acquisition of GVBD competence [16]. However, this coincidence is only
temporal but not functional. It has been shown that the secretion of CEEF by
mouse oocytes is independent of oocyte growth and competence to undergo
GVBD [25]. Our results also document that there is not a casual relationship
between acquisition of GVRD competence and production of CEEF in porcine
oocytes, since CEEF is secreted by oocytes which ¢'d not possess GVBD
competence. The pattern of CEEF production differs from that observed in the
mouse in other aspects. In mouse oocytes, CEEF secretion continues throughout
the periods of growth and maturation [16]. In pig oocytes, secretion of CEEF
occurs only in oocytes in GV stage and during GV to MI transition. Oocytes
which progressed to and beyond metaphase I appear to produce factor(s) that is
(are) different from CEEF at least in its physiological effect on mouse cumulus
cells. Instead of mucification of the cumulus, these factors promoted, in
combination with FSH, rather disaggregation of cumulus cells. We observe
identical situation in mouse oocyte-cumulus complexes stimulated by FSH and
cultured in serum free media. Under these condition, the produced hyaluronic
acid cannot be incorporated in the extracellular matrix [26,27)]. Recently, the
serum factor responsible for retaining hyaluronic acid in the expanding cumulus
was identified as a member of inter-a-trypsin inhibitor family [28]. We may thus
speculate that pig oocytes beyond M I, in contrast to GV oocytes, do not
produce this factor. Another possibility is that these oocytes do not stimulate
synthesis of hyaluronic acid in mouse OOX. Further experiments are necessary

to differ between these possibilities.
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Our results document that under in vitro conditions CEEF was not produced
exclusively by oocytes. The porcine cumulus cells and also MGC of medium size

. capable of CEEF secretion. This is the first demonstration of CEEF
secretion by somatic cells. The failure of POC to stimulate expansion and
mucification of the mouse cumulus suggests that production of CEEF is not a
common feature of somatic cells but this property is limited perhaps only to
granulosa and cumulus cells. In the mouse, any of the assayed somatic cell
types, including granulosa and Sertoli cells, did not secrete CEEF in sufficient
concentrations (expansion 1 was observed in all tests) [14]. This discrepancy
may by caused by species differences or by different preparation of the cells for
conditioning of the culture medium. So far, we do not know whether CEEF
secreted by granulosa cells is the same as the CEEF secreted by oocytes. If it is
true, the purification and characterization of CEEF would be greatly facilitated,
since it is extremely difficult to obtain enough material from oocytes.

We show in this study that both cumulus and MGC of medium size follicles
have the ability to undergo expansion following FSH stimulation. This ability
persists until the preovulatory surge of gonadotropins. So far, there is only
fragmentary information in the literature about an ability of mural granulosa to
expand. The porcine MGC attached to the cumulus were observed to undergo
expansion in vivo and in vitro [29,11]. In mouse PMSG and hCG primed
follicles, the MGC neighbouring the cumulus and also the antral layer of the
mural granulosa cells were shown to secrete hyaluronic acid [30] and thus
altogether participate on cumulus expansion in vivo. In our study, we observed
expansion of not only superficial but all layers of the mural granulosa under in

vitro conditions. However, only MGC of medium size follicles are capable of
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expansion. Pieces of MGC isolated from PMSG treated follicles do not undergo
expansion, as we [11] and others [18] postulated previously.

Our data suggest that CEEF is constitutively produced by porcine oocytes and
cumulus cells during folliculugenesis. MGC were found, in our experiments, to
produce CEEF only during FSH induced expansion in vitro. Since such an
expansion does not occur during follicle development in vivo, we cannot confirm
that MGC produce CEEF under in vivo conditions. For this reason,
physiological significance of the production of CEEF by MGC cannot be
defined at the present time. Nevertheless, it is noteworthy in this respect that
pig preovulatory follicle has an internal volume 200 ul which is strikingly
different from the mouse follicle, whose volume is below 1 ul. If intrafollicular
concentration of CEEF plays a role in regulation of cumulus expansion or in
other yet unknown processes, it is conceivable that production of CEEF by
cumulus and MGC may be essential for achievement of sufficient concentration
of CEEF in large volume follicles.

Following preovulatory surge of gonadotropins, the ability to undergo
expansion and to secrete CEEF remains limited only to cumulus cells and
attached piece of MGC. Our results suggest that auto- or paracrine production
of CEEF by these cells is sufficient to drive the cumulus expansion. This
opinion is justified by the finding that both intact and oocytectomized
complexes undergo the same degree of expansion [11,18,17]. Nevertheless, the
cumuli may, under in vitro condition, secrete less CEEF than the oocytes, sirce
the expansion of mouse OOX was somewhat lower in medium conditioned by
the cumuli compared to the same number of denuded oocytes.

We conclude that 1) the onset of production of CEEF by porcine oocytes does
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not depend on the acquisition of GVBD competence; 2) CEEF appears to be
produced only by oocytes in GV stage and during GV-MI transition; 3) in vitro,
CEEF is constitutively produced by porcine cumulus and by FSH stimulated
MGC of growing follicles; 4) MGC of medium size follicles stimulated by FSH

undergo expansion and produce CEEF.
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Table 1. Expansion of mouse intact and oocytectomized oocyte-cumulus

complexes in culture medium conditioned by oocytes in different stage of

development.

Type of oocytes used Type of Degree of Res/ Number
for conditioning complexes expansion mucif of

complexe
s
Intact 0 1-2/0 40
None (M-199) 00X 0 1-2/0 40
Intact 3-4 4/4 45
None (M-199+FSH) 00X 0 1-2/0 45
Intact 3-4 4/4 60
Fully-grown oocytes 00X 3-4 4/4 60
Growing oocytes, Intact 3-4 4/4 45

GVBD incompetent

00X 3-4 4/4 45
Growing oocytes, Intact 3-4 4/4 45
GVBD competent 00X 3.4 4/4 45
. Intact 3-4 4/4 45
Maturing (MI) oocytes 00X 3-4 0/0-1 45
Intact 3-4 4/4 45
Matured (MII) oocytes | oy 3-4 0/0-1 45
| Intact 3-4 4/4 45
Activated oocytes 00X 3 0/0-1 45
Intact 3-4 4/4 435
Pronuclear oocytes 00X 3 0/0 45

Res-resistance to mechanical disruption; Mucif-mucification of the cumulus.

GVBD-germinal vesicle breakdown; MI-metaphase I; MII-metaphase II.

\0



Table 2. Expansion of mouse oocytectomized' oocyte-cumulus complexes in

culture medium conditioned by cumulus, granulosa and oviductal cells.

Type of cells used for | Degree of Degree of Number of

conditioning expansion resistance/ complexes
mucification

Cumulus cells 2-3 3/3 30

Cumulus cells (16 h 2-3 3/3 30

delay)

Cumulus cells+ FSH 2-3 3/3 30

Cumulus cells from 2-3 3/3 30

PMSG follicles

Cumulus cells from 2-3 3/3 30

PMSG follicles + FSH

MGC from medium 0-1 1/0 30

follicles(2-5mm)

MGC from medium 2-4 3/3 40

follicles+ FSH

MGC from PMSG 0 1/0 40

follicles

MGC from PMSG 1 1/1 40

follicles+ FSH

MGC from PMSG 1 1/1 40

and HCG follicles

Pig oviductal cells 0-1 0/0-1 30

Pig oviductal I-2 0/0-1 30

cells+ FSH

‘Intact oocyte-cumulus complexes cultured under the listed conditions displayed
a uniform response: expansion 3-4, resistance to mechanical disruption 3-4,

mucification 3-4.
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Abstract

Cumulus expansion is a final step in the process of cumulus granulosa cell
differentiation, inclnding cytoskeletal remodelling, alterations of protein
synthesis and steroidogenesis, deposition ef cumulus ECM, and modification
of the pathway interconnecting an oocyte and somatic follicle celis. Although
the recent data threw light on some of these particular processes, cumulus
expansion still raises many questions. Among others, the oocyte secreted
expansion enabling factor awaits precise characterization. This investigation
was conducted to evaluatethe interactionbetween oocyte-secreted factor(s) and
the cytoskeleton of CGC, und the possible stimulating influence on ECM
synthesis. Similarly, little is known about the differential response of cumulus
and parietal granulosa cells to LII stimulus. There is the distinct cytoskeletal
organization of these two follicular compartments. There is also a descending
gradient of oocyte scereted factors from cumulus to periplhieral granulosa
layers. In spite of the recent findings on regulation of oocyte mciosis by
metabolic activity of granulosa cells, doubts still exist about the role of
cumulus expansion related processes (e.g. GJ endocytosis) in regulation of
oocyte meiosis. The resolution of these problems play a key role in developing
the reliable technology of in vitro maturation/fertilization.

Abbreviations

CEEF cumulus expansion enabling factor
CGC cumulus granulosa complex
ECM extracellular matrix
EGF cpidermal growth factor
F-actin filament actin
FGF fibroblast growth factor

. GF growth factors
GJ gap junction
HA hyaluronic acid
IF intermediate filament
IGF insulin-like growth factor
Ial inter-a trypsin inhibitor
0oCC oocyte cumulus complex
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I. Introduction

In most mammalian species, the oocytes, reaching metaphase of the second meiotic
division, are released from ovarian follicles tegether with the expanded cumulus oophorus (CO).
Gonadotropin-stimulated expansion of cumulus cell-oocyte complex is instrumental for ovulation
(Dekel et al, 1979; Eppig 1979) since inhibition of cumulus expansion prevents the rupture of
follicular wall and the release of an oocyte into oviductal infundibulum (Chen et al, 1990). The
presence of expanded cumulus around the ovulated oocyte substantially influences its transport
throughout the oviduct (Larsen 1988). :

Under in vitro conditions, the cumulus expansion is often taken as a major criterion for
both human and domestic animal in vitro feriilization protocols. The oocytes matured and
fertilized with their enclosing cumulus oophorus display clearly higher rates of fertilization,
pronuclear formation and embryonic development (Paviok/McLaren 1972; Ball et al, 1983;

Staigmiller/Moor 1984).

Until now, cumulus expansion has been defined as a process of spatial separation of
cumulus cells due to the increased secretion and deposition of a mucoelastic extracellular matrix
rich in hyaluronic acid (Dekel et al, 1979; Eppig 1979). Recent studies brought new important
data about composition of cumulus ECM, intercellular communications, involvement of
Cytoskeleton and interactions between oocyte and cumulus cells throughout the preovulatory
period.  The present review takes profit from all these recent findings. The significance of
cumulus expansion for oocyte maturation, fertilization and initial period of embryonic
development will be discussed as well,

II. Oocyte-cumulus Complex in Preovulatory Follicle before LH Surge

A. Origin/ Morphology of cumulus granulosa cells
Membrana granulosa cells (GC), probably issued from embryonic rete ovarii (Byskov

1974) form one layer of flattened cells in the primordial ovarian follicle. During the FSH-
controlled period of follicle and oocyte growth, the GC undergo intensive proliferation, giving
rise to several distinct cellular population. The peripheral layer, termed mural or parictal
granulosa, is attached to the follicular basement membrane, constituting a selective barrier
between vascular and avascular compartments of the follicle. Around the oocyte, multiple
layers of cumulus granulosa cells (CGC) form the cumulus oophorus. The innermost layer of
cumulus granulosa cells, designated corona radiata, penetrates by long cytoplasmic projections
through zona pellucida and interacts with oocyte cytoplasmic membrane (Thibault et al, 1987)

Generally, parietal and cumulus granulosa cells in nonovulatory antral follicles display
uniform morphology (Figure 1). This is characterized by round shape, large nucleus and the
Cyloplasm containing numerous mitochondria and poorly developed Golgi and endoplasmic
reticulum (Amsterdam/Rotmensch, 1989). Such GC contain typical interphase network of
microtubules (MT) and inlen_nediate filaments (IF), built of cytokeratin and/or vimentin (Ben-

Ze'ev/Amsterdam, 1989; Sutovsky et al, 1993).  The filamenous actin (F-actin- or
microfilaments (MF) are regularly disturbed along Cytoplasmic membranes of such cells.
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B. Intercellular communication in preovulatory follicle

The cells inside antral follicle communicate through an extensive network of gap
junctions (GJ), interconnecting the individual populations of somatic follicle cells with one
another and with the oocyte (Gillula et al, 1978; Larsen et al, 1987). These transmembrane
structures arise from the assembly of permeable channels called connexons, which are the
hexamers of proteins belonging to the connexin family (Risek et al, 1990). Gls allow
bidirectional exchange of ions and molecules up to | kDa. Formation and activity of GJs is
regulated by differential phosphorylation of connexin molecules (Musil et al, 1990). In cattle
oocyte cumulus complexes (OCC), these Gls are formed exglusively by connexind3 (Figure 2),
whereas mouse granulosa cells contain also connexin32 (Sutovsky et al, 1993; Validmarrson
etal, 1993). The communication between cocyte and corona cells is mediated by Cx43 positive
cumulus-to-oocyte GJs, found at the tips of zona spanning cytoplasmic projections (Sutovsky

et al, 1993).

Besidcs the Gls, the desmosomes, tight and intermediate junctions are present in cumulus
and parietal granulosa. Similarly, the intermediate junctions interconnect the bulbous ending
of the zona spanning projections of corona radiata cells with an oocyte (Paton/Collins, 1992;

Thibault et al, 1987).

C. Granulvsa cells/Qocyte interaction
Several transport mechanisms, established during folliculogenesis allow bidirectional

exchange of metabolic and signal molccules between somatic and germinal compartment of
ovarian follicle. Indecd, GCs uptake aminoacids for the oocyte and produce other metabolites
necessary for oocyte growth (Haghighat/Van Winkle, 199G). GCs also seem to be 2 major
source of substances maintaining the oocyte in meiotic arrest (Sirard/Bilodeau, 1990).
Inversely, the oocyte generated signals are necessary for follicle development
(Nekola/Nalbandov, 1974). Differentiation of granulosa cells to functional curmulus cells
competent to synthesize ECM is critically influenced by the oocyte (Moriya et al, 1988;
Vanderhyden et at, 1990).

Cumulus expansion, which is mediated through the cAMP pathway (Eppig 1989), is
dependent upon a specific cumulus expansion-enabling factor (CEEF) secreted by mouse oocyte
(Buccione et al, 1990; Salustr et al, 1990). Itallows the cumulus cells to synthesize hyaluronic
acid and undergo cumulus expansion in response to FSH or EGF (Buccione et al, 1990). The
CEEF is secrcted by the mouse fully grown, meiosis-arrested oocytes, maturing oocytes and
metaphase 11 oocytes. Intrafollicularly, it causes a descending gradient of ECM synthesis from
oocyte to peripheral granulosa layers (Sallustri et al, 1992). The innermost granulosa cells
synthesize and deposit extracellular matrix also in the pig preovulatory follicles after LH surge.
Thereafter, a limited arca of the parietal granulosa is expanded and connected with the mucified
cumulus (Motlik et al, 1986). Furthermore, both the ability for the cumulus oophorus to
expand and the capacity for the oocytes to secrete enabling factor are temporally linked to the
acquisition of competence for germinal vesicle breakdown (Vanderhyden ct al, 1990).

Whereas mouse OCCs fail to expand when deprived of their included oocyte (Buccione
et al, 1990), oocytectomy does not influence expansion of the porcine cumulus (Prochdzka et
al, 1991). These data could imply that cumulus expansion does not depend on the presence of
oocyte in this specics. However, pig oocyles secrete a factor that enables the expansion of

\©



Figure 1:

Figure 2;
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Preovulatory LH surge induced substantial chzinges in morphlogy of cumulus
granulosa cells.
A)  Round shaped cells in bovine cumulus oophorus isolated from

preovulatory follicle before LH stimulation. The cytoplasm is regularly

distributed around the nucleus and contain numerous mitochondria and
poorly developed Golgi and endoplasmic reticulum (Bar = 1 pmj.

B)  LH-stimulated cell in an expanded cumulus oophorus forms large
projectionanchored at zona pellucida. The opposite pole of cytoplasm is filled
with well developed ER and Golgi apparatus (Bar = 1 nm).

. oy .

cumulls cells is mediated by gap

.y

ne

Intracellular conununication between bovi
junctions containing conrnexing3.

A) A circular gap junction labelled with anti-Cx43 mouse monoclonal
antibodyand 10 pm colloidnlgold-conjugatedanti-mouse IgG (Bar = 500um).
B, C) Indirect imnmumofluorescence wiily anti-Cx43 antibody denionstrates the
redistribution of cumulus cell GJs. Where as large linear GJs interconncet
the cells in unstimulated cumulus oophorus (B), dot-lik GJs are found in fully
expanded one (C). (Bar = 10 pm)
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rouse and rat oocylectomized complexes (Vanderhyden 1993). The furction of this factor in

vromoting cumulus expansion scems to be different in rodent and pig OCCs. Even though
porcine cumulus expansion in vitre is not dependent on the oocyte, the porcine oocyte is capable
of secreting CEEF. In rodents the cumulus granulosa cells require to be continuously supplied

with CEEF while porcine cells once primed with CEEF do not need its présence during in vitro
cultre and expansion induced by cAMP-clevatirg drugs.

II. LH-induced Expansion of Cumulus Oophorus/Rearrangement of Cumulus
Cell Cyteskeleton/Secretion of Extracellular Matrix

A. Preovulatory LH peak induces multiple responses in cumulus cells

The changes in the morphology and function of GC, elicited by LH stimulation,
reprasent final step in their differentiation (Paton/Collins, 1993). Whereas alterations of cellular
metabolism occur in all layers of GC, the morphological consequences of preovulatory LH
discharge are most distinct in cuinulus and corona radiata cells, An initial event following LH
stimulation is the assembly of microfilaments in cumulus c21l cytoplasm (Figure 3). This results
in the ruffling of cytoplasmic membranes and subsequent formation of small cellular projections,
interconnecting cumulus granulosa cells (CGC) one with another, and long projections,
anchoring them at the surface of zona pellucida (Dekel et al, 1988; Sutovsky et al, 1993).

The reorganization of the microfilament network inside cumulus cell cytoplasm is
followed by the redistribution of microtubules and intermediate filaments (Allworth/Albetini,
1993; Sutovsky et al, 1993). Such a cooperation of individual cytoskeletal comiponents causes
the cumulus cells to acquire an clongated shape with the cytoplasmic projecticns oriented
towards the oocyte. Gonadotropin induced rearranzement of cytoskeleton has been also shown
in cultured granulosa cells (Ben-Z¢'ev/Amsterdam, 198%). Concoritantly with the elongation
of CGC and volumetric expansion, the GJ metwork undergoes substantial reorganization.
Although cumulus-to cumulus cell GJs d~~rease in size, their number increases concomitantly
with the progression of cumulus expansion. On the contrary, the GJs linking transzonal
processes of CC with oolemma are removed approximately at the time of GVBD and the oocyte

starts to generate cytoplasmic stores of connexin3d? (Barron et al, 1980; Sutovsky et al, 1992).!

These events coincide with tiie expulsion of the bulbous endings of transzonal projections from
cortical ooplasm, probably due to the actin assembly in CC and redistribution of microfilamerts
in oocyte cortex (Maro et al, 1984).

The cytoskeletal rearrangement in cumulus cells is accompanied by an increased secretion
and deposition of cumuius extracellular matrix (ECM), rich in hyaluronic acid (Salustri et al,
1992). The increased synthesis and secretion of cumulus ECM is reflected by the development
of RER and Golgi apparatvs. Whereas these are poorly developed in unstimulated GC, the cells
in expanded cumuls ¢-ntain large siacks of Golgi and well developed RER (Rotmensch et al,
1986; Sutovsky et al, 1994). The acquisition of final phenotype by cumulus granulosa cells is
paralleled by the conversion of steroid metabolism from estrogen to progesterone, due to the
L H-induced increase in steroidogenic activity of cholesterol side-chain cleavage enzyme P-

450scc (Funkenstein et al, 1984).

\V
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Al the ultrastructural level, the enhanced steroidogenesis and the increased turnover of
steroid precursor molecule cholesterol cause the appearance of lipid droplets inside the
cytoplasm (Rigby et al, 1986). Frequently, these are associated with intermediate filaments.
The process of cumulus expansion is accomplished at the time when the ococyte reaches
metaphase of second meiotic division. Fully expanded OCC rcaches metaphase of second
meiotic division. The fully expanded OCC occupies about two time-higher area than before LH

stimulation (Chen et al, 1990).

B. Role of F-actin in regulation of cumulus expansion
The rearrangement of CC cytoskeleton is one of most striking events induced by LH and

probably plays an essential role in determination of cumulus cell phenotype. However, the
individual cytoskeletal components contribute in different ways to cumulus expansion.

Stimulation of cultured granulosa cells with FSH causes the decrease of synthesis of
tubulin and vimentin remain at the level of unstimulated control. These cells remain attached
to the substrate and form tight multilayered aggregates. Whereas comparable patterns of protein
synthesis were found in GC stinwlated by LH (hCG), this treatment resulted in disruption of
actin containing stress fibers and formation of large number of cellular projection
(Amsterdam/Rotmensch, 1987; Ben-Ze'ev/Amsterdam, 1989), Such behavior of GC is highly
reminiscent to the redistribution of F-actin in cumulus cells at the onset of LH induced cumulus
expansion. This causes extensive ruffling of cytoplasmic membranes, followed by the formation
of the anastomosing network of cellular projections maintaining the cell-to cell contacts in an
expansion undergoing cumulus oophorus (Sutovsky et al, 1993). The disruption of
microfilament cytoskeleton by dihydro-cytochalasin Bichibits cumulus expansion (Wert/Larsen,
1989).  F-actin seems to participate in endocytotic removal of cumulus cell GJs after
preovulatory LH peak (Larsen et al, 1979). Thus, microfilament directed GJ endocytosis is
necessary for cumulus expansion. Our recent experiments revealed that cytochalasin-treatment
of LH stimulated bovine OCCs does not terminate the cumulus cell-GJs redistribution, but
prevents membrane ruffling and formation of cellular processes by CC. This inhibits their
elongation and polarization (Sutovsky et al, 1994). MF also seems to participate in the control
of GC steroidogenesis since disruption of MF by cytochalasin promotes progesterone secretion
by GC in absence of gonudotropin (Ben-Ze'ev/Amsterdam, 1989). :

Besides of cytoskeletal function, involvement in intracellular signalling has been ascribed
to actin microfilaments. Indeed, F-actin transmits the signals from ECM, when coupled with
integrins, the embrane receptors of ECM glycoporteins (Luna/Hitt, 1992). This function of
actin deserves particular interest because of spectacular temporal and spatial coincidence. This
occurs between the redistribution of F-actin and overexpression of ECM glycoproteins in LH-
stimulated bovine and murine OCCs (Sutovsky et al, 1993, and unpublished data).
Concomitantly with the secretion of ECM proteins, the receptors for laminin (integrin subunit
6) and fibronectin (integrin subunit 81) (Figure 4) are found in the cytoplasmic membranes of
bovine CGC. Moreover, the cytochalasin-treatment of LH stimulated bovine or murine OCCs
suppresses the expression of ECM glycoproteins and disarranges the distribution of integrins
(Sutovsky et al; unpublished data). Thus, the linkage of ECM with cytoskeleton may stabilize
cumulus ECM and provides very effective tool for signal transduction from cumulus cells to

ECM anrd vice versa.

W



310 Sutovsky / Motiik

Figure 3:

Figure 4:

Microfilament assembly is an initial event throughout LIT induced expansion
of bovine cumulus oophorus. The labelling of filaments o-tin with rhodamine-
conjugated phalloidin shows regular distribution of microfilaments in an

unstimulated bovine OCC (A).
B}  Foliowing 6h of culture in presence of LH, the microfilaments are

assembled into large bundles. Both bars = 25 pm,

Expression of integrin subunit Bl, occurring both laminin and fibronectin
receptor, by bovine cumulus granulosa cells before LH stimulus (A) and after
24 h of culture in LII containing medium (B). The receptor was visualized
by izdirect immunofinorescence labelling with anti-81 rat monoclonatantibody

and FITC-conjugated anti-rat IgG. Both bars = 10 pm.
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ECM potentiates the differentiation of cultured GC (Furman et al, 1985). Although LH
receptors in GC are colocalized with cellular projections particularly rich in microfilaments
(Amsterdam/Rotmensch, 1987), There is no direct association between MF and LH receptor.
However, the occupation of LH receptor activates protein-kinase C (Davis etal, 1986), engaged
in the assembly of MF (Phatak et al, 1988). Actin assembly is an initial step in transmission
of signal from LH receptor. The association of actin with nuclear skeleton and RNA
polymerase II may also suggest that actin could be involved in regulation of transcription of

specific genes (Scheer et al, 1984).

C. Other cytoskeletal elements/final differentiation of cumulus granuloosa

Microtubules and intermediate fitaments participate in elongation and polarization of
cumulus cells during the expansion (Allworth/Albertini, 1993; Sutovsky et al, 1993). In
contrast to actin, gonadotropin stimulation seems to have no effect on the synthesis of tubulin,
vimentin and cytokeratin by cultured GC (Amsterdam/Rotmensch, 1987). Similarly, the
changes in distribution of these cytoskeletal elements during cumulus expansion are less dramatic
than those occuring in F-actin. Association of microtubules with Golgi and RER, observed in
expanding bovine cumulus cell (Sutovsky et al, 1994) and in cultured human granulosa cells
(Amsterdam et al, 1989), indicates that the MTs may monitor the reorganization of cellular
organelles during GC differnetiation and cumulus expansion.

. accumulation of lipid granules and their interaction with IFs are typical features of
steroidogenic cells, possibly involving IF-directed cytoplasmic transport of steroid precursor
lipid, cholesterol (Almshbobi et al, 1993). Since the MT-stabilizing compounds (taxol) reduce
progesterone production by granulosa cells, the crucial role in the transport of lipids is ascribed
to MTs (Carnegic ct al, 1987). The lipid droplets are exclusively associated with IF (Almahbobi
et al, 1993; Sutovsky et al, 1994). This discrepancy may be explained by the fact that the
networks of IF and MT are closely associated and functionally linked (Skalli/Goldman, 1991).

D. Composition/organization of cumulus extracellular matrix

The main component of cumulus ECM, synthesized upon LH stimulus is hyaluronic acid
(HA). This hydrophillic glycosaminoglycan forms hydrated gels that generate high osmotic
pressure necessary for the spatial segregation of cumulus cells and volumetric expansion of
cumulus oophorus (Dekel et al, 1979; Eppig, 1979). The enlargement of CO is contributed by
the synthesis of other glycosaminoglycans and proteoglycans (Ball et al, 1982;
Yanagishita/Hascall, 1987). Concomitantly with HA secretion, several new proteins appear in
cumulus ECM (VIrji et al, 1990; Dandekar et al, 1992).

The ECM glycoproteins laminin, type IV collagen and fibronectin have been identified
in bovine and murine cumulus ECM, predominantly localized at the surface of CGC (Sutovsky
et al, manuscripts in preparation). These proteins contain both domains binding to integrin
membrane receptors and those displaying high affinity 1o HA and other ECM components
(Buck/Horwitz, 1987). Such an arrangement suggests that these proteins insure the anchorage
of cumulus ECM at the cytoplasmic membranes of C/3C. Moreover, the link between iniegrins
and F-actin may provide a pathway for the regulation of ECM assembly by the cytoskeleton of
cumulus cells. This fits together with the hypothesis emphasizing the role of F-actin in
mediation of LH stimulus. Accordingly, the treatment of LH stimulated bovine and murine
OCCs with microfilament disruptor cytochalasin B decreases the expression of above listed
glycoproteins and inhibits cumulus expansion (Sutovsky et al, in preparation).
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Once assembled in the extracellular spaces, cumulus ECM needs to be protected against
the eventual degradation by follicular and later oviductal environment, The retention of cumulus
ECM is probably insured by the presence of ECM stabilizing factor(s) in the follicular fluid
(Camaioni et al, 1993). One of the most serious candidates is inter-a-trypsin inhibitor (1el),
an inhibitor of endogenous proteinases (Chen ct al, 1992), isolated from mouse folliculat fluid
and from fetal bovine serum, which is an cssential component of culture media for in vitro
maturation of mammalian OCCs.

E. Cumulus ECM/fertilizatiun/oocyte development
The cumulus oophorus exerts a positive effect on the developmental potency of

mammalian oocytes (Ball et al, 1983; Pavlok/McLaren, 1972; Staigmiller/Moor, 1984), The
mechanisms of such action are unknown. Some of these effects have been ascribed to cumulus
ECM. The involvement of ECM in controlling the access of sperm to the oocyte has been
proposed (Cherr et al, 1990). The acrosome reaction is improved by the presence of cumulus
ECM (Tesarik 1985). Moreover, the fertilization of human ococytes can be blocked by
antibodies developed against a cell free preparation of human cumulus ECM (Tesarik 1989).
The sperm cytoplasmic membranc contains integrin ligands (Blobel et al, 1992). It would
appear that cumulus ECM facilitates sperm trapping by an ovulated OCC and/or sperm

penetration through the expanded cumulus.

The glycoproteins of cumulus ECM, generated throughout the period of cumulus
expansion may also influence the preimplantation stage of embryogenssis. Murine oocytes and
blastocysts selectively sequestrate fibronectin (Kapur/Johnson, 1986). The addition of soluble
fibronectin into culture medium significantly increases the cleavage rate of two-cell bovine

embryos (Larson et al, 1992).

The growth factors (GF), present in ovarian follicles of mammals, stimulate both
differentiation of granulosa cells (cumulus expansion) and oocyte maturation (Downs et al, 1988,
Singh et al, 1993). Among others, insulin-like GF (IGF), epidermal GF (EGF) abd fibroblast
GF (FGF) are synthesized and secreted by granulosa cells of different species (Geitshovel et al,
1989; Neufeld et al, 1987; Roy/Grecnwald, 1990). The GF-binding proteins bind to laminin,

type III and IV collagen and fibronectin (Jones et al, 1993). Since these ECMvglycoproteins :

are overexpressed during cumulus cxpansion and associated with CGC surface (Sutovsky etal,
in preparation), the cumulus ECM may bind GF and thus increase and/or maintain their
concentration around the preovulatory and ovulated oocyte. Besides the effect on the
progression of oocyte meiotic maturation, the expand cumulus provides an essential support for
the ovulated oocyte and may be an important source of metabolities utilized by the oocyte during

further embryonic development.
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Microfilaments, microtubules and intermediate
filaments fulfil differential roles
during gonadotropin-induced expansion
of bovine cumulus oophorus
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Summary — The relatio:iship between cytosheleton and morphology of cemulus granulosa cells in
expanding bovine oocyte-cumulus complexes (OCCs) cultured in vitro has been investigated by the
means of indirect immunofiuorescence and transmission clectron microscopy. The round-shaped
cells in unstimulated control OCCs displayed a homogeneous distribution of cytoskeletal networks
and cytoplasmic organelles. Luteinizing hormone (LH) stimulation caused the redistribution of micro-
filaments (MFs), accelerated the development of Golgi apparatus, and led to the generation of lipid
droplets in cumulus cells. These changes culiminated in the elongation and polanzation of cumulus cells
and in the extension of the cytoplasmic networks of microtubules (MTs) and intermediate filaments {IFs)
into the newly formed cytoplasmic projections. The cullure of OCCs in the presence of microfilament
disruplor cytochalasin B prevented cumulus expansion, formation of ceflular projections and cell elon-
gation and suppressed the development of the Golgi apparatus. On the contrary, cytochalasin had no
effect on the abundance and distribution of ipid droplets and on the ir.tegrity of IFs and MTs. The pre-
sent data support the hypothesis that the response of cumulus granulosa celis to LH is partially medi-
ated by F-actin.

cumulus expansion / oocyte maturation / cytnskeleton / F-actin / tubulin / vimentin

Résumé — Les microfilaments, les microtubules et les filaments intermédiaires jouent des
roles différents pendnnt I'expansion du cumulus oophorus bovin induit par les gonadotro-
pines. Les rapports entre le cytosquelette et la morphologie des cellules de la granulosa dans les
complexes ovocytes cumulus (OCCs) bovins cultivés in vitro ont €t¢ analysés a l'aide des techniques
dimmunofluorescence et de microscopie électronique a transmission. Dans les OCCs témoins non
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expansés, les cellules arrondies montrent une distribution homogéne du cytosquelelte et des organites
cellulaires. La stimulation par I'hormone lutéinisante (LH) provoque la redistribution des microlila-
ments (MFs), le développement de l'appareil de Golgi et le dépdt de gouttelettes hpidiques dans les cel-
lules du cumulus. Ces modifications aboutissent & I'élongation et & la polasisation des cellules et a I'ex-
tension des réseaux de microtubules (MTs) et de aments intermediaes (IFs) dans les nouvelles
projections cyloplasmiques. La culture dOCCs, en présence de cytochalasine 8 qui bloque la poly-
mérisation des microfilaments, empéche l'expansion du cumulus, la formation de projections cyto-
plasmiques et F'elongation cellulaire et nhibe le développement de Fappareit de Golgi. Au contraire, la
cylochalasine n'a pas d'effot sur l'accumulation ot la distribution de gouttelettes lipidiques ni sur lintégnté
des IFs et des MTs. Les résultats obtenus sont en faveur d'une transmission particlle par f'actine F de
la réponse a la LH des cellules du cumulus oophorus.

expansion du cumulus / maturation ovocytaire / cytosquelette / actine F / tubuline / vimentine

INTRODUCTION

The expansion of cumulus ocophorus seems
to be a necessary preliminary step for the
release of matured mammalian oocytes from
ovarian follicles {(Dekel et al, 1979). Untit
now, cumulus expansion has been consid-
ered as a consequence of the increased
synthesis and deposition of hyaiuronic acid-
rich extracellular matrix by the innermost
population of granulosa cells, termed cumu-
lus cells. This has been supposed to cause
the volumetric enlargement ot cumulus
oophorus, the spatial isolation of cells from
one another, and the interruption of transport
pathway between oocytes and somatic fol-
licle cells (Eppig, 1980; Larsen et al, 1986).
Consequently, meiotic resumption has been
explained by the cessation of the uptake of
granulosa cell-generated nhibitory
molecules into the oocyte, due to the down-
regulation of cumulus cell gap junctions
(Larsen et al, 1987).

In contrast with these lindings, the rccent
studies of Allworth and Albertini (1993) and
Sutovsky et al (1993) demonstrated that the
LH-induced expansion of bovine cumulus
oophorus involved dramatic cytoskeletal
rearrangement, gradually affecting all the
cytoskeletal components of cumulus cells
including microfilaments (MFs), intermediate
fitaments (IFs) and microtubules (MTs).
Moreover, the preovulatory rearrangement
of gap junctions seems to have no eflect on

the efficiency of gap junctional communi-
cation between the cells of the expanded
cumulus oopiorus (Sutovsky et al, 1993).
The involvement of the cytoskeleton in
cumulus expansion is supported by the find-
ing that the microflament disruptor dihydro-
cytochalasin B or its analogues cytocha-
lasin B, cytochalasin D, inhibit cumulus
expansion (Wert and Larsen, 1989). These
facts may be related to the hypothesis that
the efiect of LH on granulosa cells in vitrois
partially mediated by F-actin (Ben Ze'ev and
Amsterdam, 1989).

The present work is aimed at deducing
the relationship between the reorganization
of the cytoskeleton and the process of
cumulus celi differentiation throughout the
period of cumulus expansion in vitro. The
present data provide evidence that individ-
ual cytoskeletal components play differential
roles during cumulus expansion and sup-
port the idea that F-actin is involved in the
transduction of LH-induced signals inside
cumulus cells.

MATERIALS AND METHODS

Ieolation and in vitro culture
of bovine oocyte-cumulus complexes

Bovine ovaries were collected at a local slaugh-
terhouse and used lor isolation of oocyle-cumu-
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lus complexes (OCCs) from large antral follicles
2-8 mm in diametler. Part of OCCs were cultured
for up to 24 h in modificd M199 culture medium
(Pavlok et al, 1992), supplemented with 10% fetal
calf serum (Flow Laboratories) ¢ 0.4 mg/mi LH.
The other part of OCCs was cultured in the above
culture medium with addition of 5-20 mg/ml of
cytochalasin B. The culture was carned out at
39°C in a humid atmosphere enrniched by 5%
CO,. Freshly isolated OCCs and OCCs with-
drawn from culture at intervals of 3 h were pro-
cessed for immunoflucrescence or electron
microscopy.

We will term the cells from freshly isolated
OCCs at tune 0 (10) unstimulated cu.nulus cells.
The results were the same with QOCCs cultured
without LH (data not shown)

Immunofluorescence

The OCCs were fixed for 20 min in 2.5%
paraformaldehyde dissolved in washing medium
(phosphate-buffered saline, ph 7.3), treated for
1 h with a solution of 50 mM ammonium chloride
to eliminate free aldehydic groups, tinsed and
conserved in washing medium containing 0.05%
sodium azid2 and 1 mM phenylmethylsulfonyl
fluoride. A 2-step indirect immunocytochemical
procedure including saponin permeatilization
was applied as described previously (Sutovsky
et al, 1993). To visuakze the Golgr apparatus, we
used the anti-Golgi CTRA33 mouse monoclonal
antibody recognizing a Tnton X-100 extractable
antigen of the medium compartment in the Golg
(Jasmin et a/, 1989). This antibody, kindly pro-
vided by M Bornens (CNRS, Gif-sur-Yvette,
France), was diluled to 1:5. MTs were visualized
by TU 01 mouse monocional antibody (Viklicky
et al, 1982), diluted 1:20. Thiy was kindly pro-
vided by V Viklicky (Institute of Molecular Genet-
ics, Praha, Czech Republic). This antibody recog-
nizes bovine w-tubulin (Drdber et al, 1986). An
anti-vimentin mouse monocional antibudy (Sigma,
Saint Louis, MO, diluted 1:200), given as highly
specilic for bovie cells, was used for the visu-
alization of IFs. Negative controls were obtained
by the cmission of all the first antibodies. The
microfilaments were labelled by rhodamine-con-
jugated phalloidin {Molecular Probes, Eugence,
OR). The oocyle nuclear maturation was
assesscd by staining cumulus-free oocytes with
Hoechst 33258 (5 py/ml). The OCCs were exam-

ned and photographed with a fluorescence micro-
scope (Polyvar-Reichert Jung or Orthoplan-Leitz).

Electron microscopy

The OCCs were fixed for 1 h in a mixture com-
posed of 0.6% paraformaldchyde and 2.5% glu-
taraldehyde in PBS, postiixed in 1% osmium
tetroxide, dehydrated by ethanol, perfused and
embedded in Epon 812 (Serva, Heidcelberg, Ger-
many). Epon blocke with the samples were cut
with the ultramicrotome Reichert-Jung Uitracut £,
contrasted by uranyl acetate and lead citrate and
observed with a Jeol 1200 EX electron micro-
scope.

RESULTS

Effect of LH stimulus and cytochalasin B
on the morphalogy of bovine cumulus
granulosa cells

The round-shaped cumulus cells in the
unstimulated (t0) OCCs displayed a homo-
gcneous constitution of the cytoplasm, con-
taining large mitochondria, rough endo-
plasmic reticulum (RER) and rare lipid
droplets (fig 1A, B). Numerous small
microvilli were found at the surface of these
cells (fig 1A). A 24-h culture in the presence
of LH induced the expansion of cumulus
oophorus and the extension of intercellular
spaces. The cells acquired an elongated
shape, characterized by the polarization of
cytoplasm and the formation of a large radi-
ally oriented cellular projections (fig 1C).
These projections contained mainly bun-
dles of {Fs and MTs (fig 1D), but the oppo-
site cytoplasmic pole was generally occu-
pied by large clusters of lipid droplets, a
well-developed Golgi apparatus and abun-
dant RER profiles (fig 1E, 4C). This deve!-
opment of the Golgi apparatus has also
been demonstrated by immunofluorescent
labelling with the CTR433 antibody. In con-
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trast with the diffuse or dispersed Golgi com-
plex in unstimulated cumulus cells (fig 2A) or
cells cultured in the presence of cytocha-
tasin B {tig 2C}, the cells in expanded cumubi
contained strongly labelled pernnuctear caps
of Golgi apparatus (fig 2B). The OCCs cul-
tured for 24 h in LH-centaining medium with
20 yug/mi of cytochalasin B failed to expand
and their cells retained a round shape and
were devoid of microvilli anct iarge projee-
tions (fig 1F). Randomly distributed rough
endoplasmic reticutum poorly developed
Golgi and numerous lipid droplets were reg-
ularly observe 1 in the cytoplasm of these
cumulus cells (fig 1G).

Distribution of actin microfilaments

Rhodamine-phaltoidin staining demonstrated
a regular distribution of F-actin at the cell
periphery of unstimulated cumulus cells (fig
3A, B). Following 6 h of culture, a time point
coinciding with vucyte germinal vesicle
breakdown, MF assembly occurred in the
cytoplasm (fig 3C). This caused extensive
ruffling all along the plasma membranes
and subsequent formation of large cellular
projections (fig 3F). After 24 h of culture,
the MFs were assembled in individual foci,
coinciding with cytoplasmic projections (fig
3D). The addition of 5 ug/ml cytochalasinB
to gonadotropin-supplemented medium was

sufficient to block F-actin assembly in the
QCCs cultured for 6-9 h. However, doses
as high as 20 pg/ml of cytochalasin B were
necessary to block cumulus expansion for
24 h. This treatment caused the emergence
of large actin bundles in the cytoplasm of
cumulus cells (fig 3E).

Microtubules and intermediate filaments

Immunofluorescence revealed regular net-
woiks of MTs and IFs in the cytoplasm of
unstimulated cumulus cells (figs 4A, S5A).
Faollowing culture in the presence of LH, the
organization of MTs and iFs reflected the
alterations of cellular morphology. The IFs
and MTs extended into the radial projections
of cumulus cells within the expanded cumu-
lus (figs 4B, 5B). As was the case before
stimulation, neither MTs nor IFs of corona
radiata cells could be detected in the zona
spanning projections (fig 4C). At the ultra-
structural level, the MTs were also associ-
ated with the stacks of the Golgi apparatus
{fig 4D). The clusters of lipid droplets,
appearing as a consequence of LH stimu-
lus, were reqularly embeuded in large bun-
dles of {Fs (fig 5C).

The IFs were often closely associated
with these droplets (fig 5D) and with the
nuclear envelope (fig 5E). The treatment
with cytochalasin D did not induce aggre-

Fig 1. Eifect of cytochatasin B on the expansion of cumulus oophorus and the elongation and polarization
of cumulus granulosa cells. (A} Cells in unstimulated OCCs (10) are round and possess numierous
small microvifh. Corona cells show frequent transzonal processes, bar = 5 pn. (B) The cytoplasm of cuch
cells contains numerous mitochondria, RER and Golgy, bar = 1 yum. {C) The cells in an expanded
OCC, cultured for 24 han the presence of LH, form large radially oriented cytoplasnic projections,
bar = 5 ym. (D) These projections are mainly occupied by longitudinally arranged microtubules (arrows)
and intermediate filaments (arrowheads), bar = 200 nn. (E) The perinuclear region of an elongated cumu-
lus cell is occupied by a well-developed Golgi apparatus (G) and RER (R), bar = § pm. (F) The celis in
an OCC cultured for 24 hv in LH-supplemented medium with 20 ug/mi of cytochalasin B are tightly
packed and lack the microvilli and cytoplasmic projections, bar = 5 pm. (G) Treatmenl with cytochalasin
B did not affect the accumutation of lipid droplets {arrowheads) and randomized the distribution of
RER (arrows) in the cytoplasm. The Golgi apparatus is not developed, bar = 1 ym. In micrographs A,
C and F, the zona pellucida is located at the bottom of the micrograph.
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Fig 2. Distubution of the Golgr apparatus in boy e
cumulus cells, demonstrated with CTR 433-anl-
body. (A) Diffuse tabellinig of the Golgr apparatus
inunstimulated OCC (104 (B) Well-developed Guolg
stacks are assembled i one pole of cumutus cell
after 24 hof culture {C) The addiion of cytocha-
lasin B to LH-upplermented medam provents the
development and poluation of the Golgeappa
ratos, bar 1) am fon each mictoqgriph

gates of MTs, or IFs as for MFs, and did not
affect their association with organelles.

NISCUSSION

Cumulus expansion 1s the final step in the
ditferentiation of cumulus granulosa cells
tPaton and Collins. 1992). including the
acceteration of extracelluliar matrix synthe-
s1s, cytoskeletal rearrangement, redistribu-
tion of gap junctions and volumetnc enlarge-
ment of the cumulus cophorus These
changes result i the polanzaton and clon-
gation of cumulus cells. allowmg them to
mantam mtercelular commuarcations nside
the expanded cumulus cophorus (Allworth
and Albertine, 1993; Sutovsky ot al 1993)

Hecently, we showed that the alterations
in cumulus cell morphology and cumulus
expansion are preceded by an extensive
rearrangement of MFs in ther cytoplasm,
suggesting an important. if not crucial role of
f--actinin the control of cumulus expansion
iSutovsky et al, 1993). Whereas previous
studies proposed that MFs could promote
cumulus expansion by directing the endo-
cylotic removal of cumulus cell gap junc-
tons (Wert and Larsen, 1989; Chen et al,
1990). our recent results indicate that MFs
are not directly associated with these junc-
tons (Sutovsky et al, 1993 and that cytocha-
lasin treatment prevents cumulus expan-
ston by suppressing membrane ruffing and
subsequent polanzation and clongation of
cumulus cells (this study). The above data
corroborate the studies on cultured granu-
losa cells, showing that gonadotropin-stim-
ulation disrupts F-actin cytoskeleton,
decreases the expression of actin and «-
actinin and elicits important alterations of
cellular morphology and function (Ben Ze'ev
and Amsterdam, 1989). On the contrary,
we have not observed a direct effect of LH
on IFs and MTs belore cell elongation. Sim-
tlarly. the gonadotropin stinulation of cul-
tured granulosa cells does not affect the



Fig 3. Dynamics of nucrofitaments durng LH-mduced cumulus expansion, demonstrated by rho-
danmune-phalioidin staining (A-E) and electron microscopy (F). (A) Reqular distnibution of F-acun in
unstimulated OCC (t0), bar = 20 pm_ (B) Detad of an unstimulated OCC, showing uniform distnibution
of F-ac  ~long the plasma membranes of cumulus celfls F-actn s also visible in zona-spanning pro-
Jections ot corona cells, bar = 10 nm. (C) Massive redistnibution of F-actin occurs 1n cumulus celis
withint first 6 h cullure in the presence of LH, bar = 20 pni. (D) After 24 h of culture, the MFs are assembled
in individual toa (arrow) at the foot of the cytoplasimic nrojections, bar = 20 um. (E) Cytochalasin B treat-
ment causes dispersion of MFs and formation of stress fibre-like bundies in cumulus cell cytoplasm, bar
=10 pm (F) Membrane ruffles in an OCC cullured for 6 h are loaded by large bundles of MFs (arrow-
heads), bar = 200 nm.
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Fig 4. Immunolfluorescent and ullrastructural localization of microtubules in bovine OCCs. The MTs form
perinuclear networks in both unstimulated (A) and expanded (B) complexes. In B, tne long cytoplas-
mic projections also contain MTs. (C) No posilivity to tubulin could bo seen inside zona peltucida and
periviteline space before (not shown) or after expansion. (D) At the ultrastructural level, the MTs
(arrowheads) are frequently associated with the Golgi apparatus, bar = 20 ym for micrographs A-C and
100 nm for D.

expression of tubulin, vimentin and cyto-
keratin (Ben Ze'ev and Amsterdam, 1987).
As well as cAMP-dependent protein kinase
(PK-A), the LH receptor activates the phos-
pholipase C-dependent regulatory pathway
(PK-C), which induces the assembly of F-
actin (Davis et al, 1986; Phatak et al, 1988).
Moreover, LH-receptor distribution coincides
with actin-loaded compartments of cyto-
plasmic membranes in granulosa cells
(Amsterdam and Rotmensch, 1987). Al-
together, these data strongly suggest that

F-actin mediates the response of cumulus
cells to gonadotropins, influences the acqui-
sition of final phenoty,.e by these cells, and
regulates cumuius expansion.

The generation of lipid droplets associ-
ated with IFs is a typical feature of steroido-
genic cells, such as Leydig cells (Almah-
bodi et al, 1993) and granulosa cells
(Silberzahn et al, 1985). Their accumula-
tion in granulosa cells reflects the increased
turnover of precursor lipid cholesterol during
the LH-induced conversion from estrogen
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Fig 5. The distnbution of IFs parallels that of MTs in cumulus cells of unstimulated (10) (A) and matured
OCCs (B). bar = 20 pm for A and 30 pm for B. (C) Laige clusters of ipid droplets are surrounded by
hundles of IFs in cumulus cells of an OCC cultured for 24 hin LH-containing medium, bar = 500 nm.
(D) In such cells, the IFs (arrowheads) are closely associated with lipid droplets, bar = 200 nm. (E) Sagit-
tai section of the cell nucleus in an expanded OCC. Note apparent binding of IFs to the nuclear enve-
lope (arrowheads), bar = 200 nri.
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synthesis lowards the secretion of proges-
terone (Collins ot al, 1991). Intracellular
transport of cholesterol was found to be
vimentin dependent (Sarria et al, 1992).
Experiments with microtubule stabilizing
compounds such as taxol and colchicine
(Carnegie et al, 1987) indicated that MTs
control the cytoplasmic tiansport of lipid
droplets. However, our study and others
(Almahbodi and Hall, 1990) demonstrated
that lipid droplets are exclusively associ-
ated with IFs. This discrepancy may be
explained by the fact that the cytoplasmic
networks of MTs and IFs are functionally
linked and the disruption of MTs also dam-
ages the IF network (Skalli and Goldman,
1991). As well as IFs, the MFs also seem to
participate in the regulation of granulosa
cell steroidogenesis. Indeed, it was shown
that cytochalasin treatment does not affect
the generation of lipid droplets in LH-stimu-
lated granulosa cells, but induces the secre-
tion of progesterone by unstimulated ones
{Ben Ze'ev and Amsterdam, 1987).

It is of general acceptance that MTs are
involved in the polarization of Golgi appa-
ratus and the control of cytoplasmic trans-
port of Golgi vesicles (Vale, 1987). Since
the close localization of Golgi with MTs has
been described in bovine cumulus cells (this
study) and in cultured human granulosa
cells (Amsterdam et al, 1989), it seems likely
that MTs determine the arrangement of cyto-
plasmic organelles and direct their reorga-
nization in LH-stimulated granulosa cells.

We report here that gonadotropin stimu-
lation promoles the development of Golgi
and RER in cumulus cells. The functional
significance of this event should be consid-
ered with regard to other events cccurring at
the time of cumulus expansion. In recent
studies we showed that cumulus expansion
in cattle is accompanied by the increased
secretion of extracellular matrix glycopro-
teins faminin, type IV collagen and
fibronectin, and by the anchorage of exira-
cellular matrix at cytoplasmic membranes

of cumulus cells (éjtovsky et al, manuscript
in preparation) The enzymatic machinery
involved in the posttranslational modifica-
tion and trafficking of glycoproteins has been
localized in the RER and Golgi (Hirschberg
and Snider, 1987; Hong and Tang, 1993).
Thus, the polarization and increased size
of the components of RER and Golgi appa-
ratus in cumulus cells may be a prerequi-
site for the acceleration of glycoprotein
secretion.

Taken together with the data discussed
above, the present results suggest that indi-
vidual cytoskeletal components fulfil spa-
tially and temporally diversified functions
throughout the gonadotropin-induced cumu-
lus expansion in cattle. Although IFs and
MTs participate in the determination of cell
shape and in cytoplasmic movements of
several organelles, F-actin seem to fulfil a
crucial role in transduction of LH signals
and in the control of the final differentiation
of cumulus granulosa cells.
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ABSTRACT Fully grown rabbit oocytes, 1so0-
lated from preovulatory follicles, exhibit highly condensed
bivalents within an intact germinal vesicle while a very low
level of histone H1 kinase activity could be detected in
their extracts. Chromatin condensation started in growing
oocytes isolated from antral follicles presenting a diameter
of 0.5 mm. This event was accompanied by a transient rise
in histone H1 kinase activity which culminated in large
antral follicles measunng 0.75 to 1 mm in diameter.

However, the extent of histone H1 kinase activity ab-
served in these growing occytes remained far less impor-
tant than that recorded in extracts prepared from in vitio
cultured metaphase | and metaphase !l cocvtes. Moreover,
this activity was insufficient to induce germnal vesicle
breakdown which will only occur with an increasing effi-
ciency, following in vitro culture of medium, large, and fully
grown antral follicles. ¢ 1994 Wiley-Liss, Inc

Key Words: Meiosis, Cell Cycle, Phosphorylation,
p34cdc2

INTRODUCTION

During their growth phase, mammalian vocytes are
blocked in the diplotene/dictyate stage of the first mei-
otic prophase and present decondensed chromosomes,
distributed in the oocyte nucleus (Thibault et al., 1987;
Szollosi et al., 1991). An intensive synthesis of riboso-
mal RNA (rRNA) and heterogenous RNA (hnRNA)
characterizes this stage (Crozet et al., 1981, 1986:;
Sutovsky ct al., 1993). Concomitantly with achieve-
ment of their full size, the oocyte nucleoli become com-
pact (Chouinard, 1971) and rRNA synthesis stops
(Crozet et al., 1981, 1986; Sutovsky et al., 1993). How-
ever, chromosomes remain decondensed and are not
visible at the light microscope level. The hnRNA syn-
thesis continues in fully grown (FG) oocytes up to their
resumption of meiosis (Rodman and Bachvarova, 1976).

Chromatin condensation occurs in FG oocytes in re-
sponse to the preovulatory surge of gonadotropin hor-
mones (Thibault et al., 1987; Eppig, 1991) and the sub-
sequent activation of M-phase promoting factor (MPF)
in oocyte cytoplasm (Nurse et al., 1990; Pines and
Hunter, 1990). In the active form, this factor possesses
histone H1 kinase activity, which is generally used as
biochemical assay for revealing MPI activity (Arion et

© 1994 WILEY-LISS, INC.

al.,, 1988; Dunphy et al., 1988; Labbé ¢t al., 1988a,b).
The conden:ation of chromatin into chromosomes dur-
ing M-phase is accompanied by a specific phosphoryla-
tion of histones H1 and H3, suggesting that condensa-
tion is, at least partially, induced by these histone
posttranslational modifications (Gurley et al., 1978;
Ilohmann et al., 1976; Matsumoto et al., 1980; Newport
and Spann, 1987).

In contrast to all mammalian species so far studied,
G rabbit ococytes possess an intact germinal vesicle
(V) filled with highly condensed bivalents (Motlik et
al., 1989) and the process of chromatin condensation
occurs during the growth phase of oocyte development
(Sutovsky ctal., 1993).

In this study, the process of chromatin condensation
was followed in rabbit oocytes isolated from carly an-
tral follicles and their meiotic competence was tested
concomitantly. Changes of histone 11 kinase activity
in growing, I'G, and maturing oocytes were compared.

MATERIALS AND METHODS
Isolation of Oocytes

Oocytes of various size categories were obtained from
adult hormonally stimulated rabbit females. At 17th,
18th, and 19th day of pscudopregnancy, induced by 150
1U hCG (Praedyn, Spofa Czechoslovakia), the females
were injected twice daily with 5.7 1U of FSH (Folicotro-
pin, Spofa Czechoslovakia). One day later, the rabbits
were killed and ovaries removed aseptically. Fully
grown oocytes were isolated after rupturing follicles
measuring 1.5-2 mm in diameter in Krebs-Ringer bi-
carbonate buffer supplemented with 10% fetal calf se-
rum (FCS). After cutting off the cortical part of the
ovaries, autral follicles were isolated and separated ac-
cording to their diameter into the following categories:
small antral follicles (S), 0.25 mm in diameter; middle
antral follicles (M), 0.5 mm in diameter; large antral
follicles (L), 0.75-1 mm in diameter; and preovulatory
follicles (P), 1.6-2 mm in diameter. Qocyte cumulus
complexes (OCC) were collected from each follicular
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Fig. 1. ‘the process of chromatin condensation during the growth
phase of rabit socvtes Photomicrographs of GVs of rabbit oocsves
oluted from antral totheles, mounted on shdes, fined, staned with
arcein, and photographed under the phase contrast Filled arrow-
heads, nucleols; open arrow heads, condensed chromatin a: S category

category under the dissecting microscope. Immediately
after isolation, control vocytes were denuded of cumu-
lus cells and the diameter of ooeytes without zona pellu-
cida was measured using an ocular micrometer.
Oocytes were then mounted on slides, fixed in acetic
acid-alcohol 11:3 viv) for 24 hr, and stained with 1%
orcein. The morphology of GV was evaluated under
phase-contrast microscopy.

Condensed chromosomes in GVs of fully grown
ooeytes were detected using Hoechst staining. Oueytes
were incubated for 510 min in culture medium con-
taining 5 pl of stock solution (10 mg of Hocechst No.
33342:mE DMSO1 in 1 mil, mounted on stides, and eval-
uated.

b M eategory. Clumps of condensed chromatin began to form around
nucleolus and v nucleoplasm. e: L category. The vacuolated nucleolus
and chromatin i advanced stages of condensation. d: P catepory
Highly condensed chramosomes around the compaet nucleolus and in
nucleoplasm.

Cultivation and Evaluation of Qocytes

For determination of meiotic competence, the grow-
ing oocytes, isolated from cach follicular category and
fully grown (FG) oocytes, were cultured for 6 or 20 hrin
vitro. The culture medium (280 mOsmol, pH 7.4) con-
tained 86.5 mtl isotonic TC 199 medium (USOL Praha,
Czechoslovakia), 3.5 ml 7% NaHCO, + 0.002% phenol
red, 10 ml 5.5% (wiv) glucose solution, 9 mg sodium
pyruvate, 3 mg penicillin (Spofa, Czechoslovakia), 5 mg
Streptomycin sulfate, and 1 1U FSH/ml (Folicotropin,
Spofa).

Oocytes were cultured in 500 il of medium on watch
glass under paraffin oil, at 38°C in an atmosphere con-
taining 6% C0O),.
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Fig. 2. Highly condensed chromatin in the intact GV of FG vocyte,
immediately after isolation from preovulatory follicle. Hoechst stain-
ing. Arrowhead, germinal vesicle.

At the end of culture, cumulus cells were removed by
hyaluronidase tSevac, Czechoslovakia) treatment (247
TRU/mb for 10 min and by repeated pipetting with a
narrow bore micropipette. Denuded vocytes were fixed
and examined as previously described.

Histone H1 Kinase Assay

To measure histone H1 kinase activity in growing
oveytes, we used oocytes trom M (ooeyte diameter 100-
120 pm} and I, (oocyte diameter 120-135 ) catego-
ries. ['G oocytes cultured for 0, 1, and 6 hr were used as
a control. The oocytes were freed of cumulus cells,
washed several times in PBS, and transferred into the
homogenization buffer (Meijer and Pondaven, 1988).
After one round of freezing and thawing, the oocytes
were mechanically homogenized and centrifuged for 10
min at 10,000g, at 4°C. Supernatants were used as
“crude extracts™ for further procedures. Twenty FG
ooeytes were used for each extract, while the number of
growing M and L oocytes was caleulated to reach the
same volume of cytoplasm. 11 kinase activity was
tested using a modification of the procedure described
previously by Meijer and Pondaven (1988). The reac-
tion mixture contained 5 ul sample, 0.2 mg/ml histone
11 (Bochringer), 1 pM PKl-synthetic peptide (Sigma
Chemieal Co., St. Louis, MO), and 2 pCi of v-TP-ATP
(3,000 Ci/rmM, Amersham, PB 10168) in 30 pl of kinase
bufler (66 mM Na-glycerolphosphate, pll 7.4, 15 mM
p-nitrophenylphosphate, 5 mM EGTA, 15 mM MgCly,
and 1 mM dithiothreitol). The final concentration of
ATP in the reaction mixture was adjusted with non-
radioactive ATP to 0.1 mM. The mixtures were incu-
bated for 15 min at 30°C and the reaction «topped by
addition of 1/2 vol of 3x concentrated electrophoresis
sample buffer. Then, samples were boiled for 5 min,
loaded on 10% SDS polyacrylamide gels (Laemmli,
1970). Dried gels were subjected to autoradiography.

RESULTS
Morphology of Growing Rabbit Oocytes

Diameter of the oocytes released from S follicles was
about 95 pm (95 * 16.2 pm), which represents 68% of

the I'G ooeyte diameter. The germinal vesicle (GV) of
oocytes possessed 2-3 vacuolated nucleoli. No signs of
chromatin condensation were visible using phase con-
trast, after orcein staining (Fig. 1a).

M follicles contained oocytes which measured 120 pm
(122 + 10.8 pm) in diameter (87% of the FG oocyte
diameter). In their GV, vacuolated nucleoli were visible
as well as several clumps of condensed chromatin, ap-
pearing in the nucleoplasm and around the nucleoli
(Fig. 1b).

L follicles contained oocytes of nearly full size
(135 * 5.1 pm). GV of these oocytes possessed con-
densed chromatin. Individual bivalents were visible
around the nucleolus and in the nucleoplasm. In con-
trast to other speeies, bivalents and vacuolated nucleoli
were thus simultancously present in the GV of rabbit
vocytes at this stage (Iig. le).

I°G rabbit oocytes (140 = 13.4 pm in diameter) pos-
sessed highly condensed bivalents in the GV, some of
them being attached to the compact nucleolus (Fig,
1d, 2).

Meiotic Competence

Oocytes isolated from 8 follicles were not meiotically
competent. Bven after 20 hr of in vitro culture they
remained in the GV stage (Table 1). After 20 hr of
culture, 325 of the oocytes from M follicles had under-
went GVBD, although 11% of them did not overpass
late diakinesis (LDD); 7.8% of these oocytes reached the
MII stage. In the remaining 70%, the progress in chro-
matin condensation occurred within an intact GV. A
substantial riss in meiotic competence was observed in
oocytes recovered from L follictes: 73% and 94% of these
oocytes underwent GVBD, after 6 and 20 hr of culture,
respectively. After 20 hr of culture, 259 of these oocytes
extruded their first polar body. The capability of FG
oocytes for GVBD was about 915 and 64% formed the
first polar body.

Histone H1 Kinase Activity

In FG oocytes, 11 kinase activity raised from a very
low level found in preovulatory (P) oocytes (0 hr of
culture), through substantially increased levels in
oocytes undergoing GVBD (4 hr) up to maximum levels
recorded in metaphase I (6 hr) or metaphase 11 (20 hr)
(Iig. 3, lanes 3-6). Interestingly, compared with P
oocytes (0 hr), an increased 111 kinase activity was ub-
served in growing M oocytes. This transient rise in
phosphorylating activity reached maximum in L
oocytes. However, its extent was clearly lower than
that observed in metaphase oocytes (Fig. 3, lanes 1-2).
Such an increased H1 kinase activity as observed in
growing oocytes was highly reproducible and occurred
concomitantly with the appearance chromosome con-
densation.
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TABLE 1. Mciotic Competence of Qoceytes, Isolated From
Follicles of Different Diameters

Time of

Nuclear stages”

Type of culture Number of —

follicle* thr) vocytes GV LD M1 Ml “GVBD
P 79 6 32 27 12 92%
L 6 19 5 10 2 2 73%
M g 43 29 14 32%
S 44 44 0%
P 79 N 14 5 51 B7%
L 20 32 2 19 2 8 94%
M 64 50 7 2 B 21%
s 54 HY| 3 6%

4P, preovulatory follicles (1.5-2 mm in diameter); L, large antral follicles (0.75-1 mm in
diameter); M, medium antral follicles (0.5 mm in diameter); and 8, small antral follicles (0.25

mm in diameter).

"GV, germinal vesicle; LD, late diakinesis; M 1, metaphase 1; and M 11, metaphase 1.

1 2

3 4 5 6

'

M 1

Fig. 3. The activation of histone H1 kinase activity during growth
and maturation of rabbit cocytes. Arrowhead, stripe of histone H1.
Lane 1: M category oocytes, in comparison with I category (lane 3), the
increase of the activity of HI kinase is evident. Lane 2: L eategory
vocytes. The transient rise of histone H1 activity reached the maxi-
mum. Lane 3: P category vocytes immediately after isolation. Lane 4:
ARer 4 hr of culture. Lane &: After 6 hr of culture. Metaphase I stage.
Lane 6: After 20 hr of culture. Metaphase 1 stage,

DISCUSSION
Meiotic Competence

It has been demonstrated for several rodent species
that meiotic competence appeared coincidentally with
antrum formation (Erickson and Sorensen, 1974; So-
rensen and Wassarman, 1976). At this time, ococyles
concomitantly attain their definitive size (Chouinard,
1971; Schultz and Wassarman, 1977). A different situa-
tion prevails in pigs and cows where the follicular an-
trum is already fully differentiated in follicles measur-
ing about 0.5 mm in diameter, while the oocyte
diameter is still only three quarters of its final size.
These oocytes have a very limited ability to initiate
nuclear maturation in vitro (Motlik et al., 1984; Crozet
et al,, 1986). In the rabbit, as in pig and cattle oocytes,

the rate of oocyte meiotic competence increases with
the diameter of antral follicle. The follicular antrum is
fully developed in follicles of 0.15-0.2 mm in diameter
according to Smith et al. (1978). Nicosia et al. (1975)
describe well defined antrum in follicles >0.45 mm,
and cocytes of 92 pm in diameter are considered as fully
grown. Similarly, Bonhoff and Adams (1985) reported
maximal diameter of 86.6 = 12 um in rabbit oocytes
isolated from follicles measuring 0.63 » 0.22 mm in
diameter. In contrast, we report in the present study
that early antral follicles (0.25 mm in diameter) al-
ready contained growing oocytes of about 95 pm in
diameter. Fully grown oocytes (140 pm) were only
found in antral follicles of I mm and more in diameter.

In agreement with the previous results (Smith et al.,
1978), we found that cocytes from S follicle category did
not resume meiosis in eulture. The evidence for meiosis
resumption, that we obsuerved in three oocyles, were
probably caused by a beginning of follicle atresia (12p-
pig, 19°1; Byskov, 1978).

In comparison with the 47-74% values, reported by
Smith et al. (1978), we found that only 32% of oocytes
from the M follicular category resumed meiosis in the
present study. This discrepancy may be partly depen-
dent on the presence of nutritional factors and hor-
mones in the culture medium (Smith et al., 1973; Bon-
hoff and Adams, 1985). Morcover, the ability to
complete the MI to MII transition coincides with the
achievement of oocyte full size and the process of nucle-
olar compaction (Motlik et al., 1984). In our results, M
category oocytes achieved 87% of their definite size and
presented vacuolated, synthetically active nucleoli in
the GV. After 20 hr of culture, nucleolar morphology
has not changed, while chromatin condensation has al-
ready occurred within their GV. The increase in histone
H1 kinase activity, accompanying chromatin condensa-
tion, did not affect the integrity of the nuclear mem-
brane in 70% of M oocytes. In addition to phosphoryla-
tion, the nuclear envelope breakdown requires a
stochiometrically binding factor (Newport and Spann,
1987), which, probably, is not present in sufficient
quantity in the M category oocytes which may also
require other regulatory factors. The small number of

oM
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oocytes (7.8%) reaching M1l was probably due to some
heterogeneity of vocyte population isolated from this
follicle category. Bonhoff and Adams (1985) observed
that 29.6% of rabbit ooeytes underwent GVBD in intact
follicles in the ovary and the 2.8% of vocytes attained
the MII stage. This heterogeneity might by partly ex-
cluded, using animals hormonally stimulated after
pseudopregnaney.

In L, ooeyte category the transient rise of histone 1
kinase aetivity reached maximum. The percentage of
GVBD after 20 hr of culture was comparable with I'G
oocytes, but only 25% L oucytes achieved Ml stage. It is
possible, that the late synthesis of hnRNA occurring in
L ooeyte category is necessary for extruding of the first
polar body (Rodman and Bachvarova, 1976; Motlik ct
al., 1984).

Chromatin Condensation and Histone H1
Kinase Activity

The resumption of meiosis in oocytes is accompanied
by several morphological changes such as nuelear
membrane breakdown, condensation of chromosomes,
lamina depolymerization, and rearrangement of micro-
tubule arrays (Masui, 1985; Moor, 1988, Guerrier et al.,
1990). However, the activity leading to nuclear mem-
brane breakdown can be experimentally separated
tfrom that inducing chromatin condensation (Newport
and Spann, 1937; Kubelka et al., 1988; Vigers and
Lohka, 1992).

Rabbit oocytes seem to be a very good model for
studying chromatin condensation. Indeed, in contrast
to other species, their fully grown ooeytes already pos-
sess highly condensed chromosomes in an intact germi-
nal vesicle before the preovulatory LI surge has oc-
curred (Motlik et al., 1989; Sutovsky et al., 1993). We
correlated this chromatin condensing activity, found in
growing rabbit oocytes, with MPI® activity. The histone
11 kinase activity assay, generally supposed to be a
biochemical proof of the presence of MPI, was recently
used to follow its progress of maturation in the oocytes
of several mammalian species, such as mouse (Rime
and Ozon, 1990), pig (Naito and Toyodz, 1991), and
cattle (IKalous et al., 1993). In this study, we have
shown that histone H1 kinase activity increased in
growing rabbit oocytes. This increase did not reach the
level characteristic for metaphase oocytes and was only
transient, falling down to low levels in FG germinal
vesicle arrested oocytes.

Our results clearly reveal that chromatin condensa-
tion in growing rabbit oocytes is accompanied by a tran-
sient increase in histone H1 kinase activity, the level of’
which remaining, however, insufficient for inducing
germinal vesiele breakdown and microtubule rear-
rangements. These events, which are initiated later
during oocyte maturation, are accompanied by a higher
rise in 111 kinase activity, which reaches its maximum
in metaphase.
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Composition of the human zona pellucida and modifications
following fertilization
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The composition of individual human zonae pellucidae and modifications to this extracellufar coat both before
and after fertilization were analysed using a rapid, sensitive, non-radioactive blotinylation- or lectin-based
detection system; these assays use commerdially available reagents and can be performed on fragments of
individual zonae pellucidae. The zona peliucida from unfertilized eggs Is composed of three glycoprotein
species designated as huZ®1, huZP2 and huZP3. Under nonveducing conditions, the molecular weights of
these protelns are ~150 kDa, ~100 kDa, and ~55-65 kDa respectively. Following fertillzation, huZP1 was not
detected under either non-reducing or reducing conditlons. In contrast, after fertilization huZP2 was detected
under non-reducing conditions, but not under reducing conditions. The ablility to dotect pre- and post-
fertilization changes In a singlo human zone pellucida Is discussed In refation to Its value in assessing

deficlencles in clinical and laboratory protocols used for in-vitro fertilizatlon.
Key words: fertilization/humanin-vitro fertilization/zona pellucida .

Introduction - .-

All mammalian cggs are surrounded by the zona pellucida, an
~ extraccllular coat that is synthesized by the cocyte (reviewed

in Wassarman, 1988). The zona pellucida is the site of the

initial interaction of the spermatozoon with the oocyte. These

interactions includé the species-specific binding of spermatozoa
. and thé induction. of the acrosome reaction; both of these
: s are :prefequisites for successful in-vivo fertilization.
is..of :the -zon3 - pellucida composition from several
specics indicates’that it is composed of three or four

i cat with results of cDNA cloning

-the zona pelluci 3/ (Epifano and Dean, 1994).

" The Bt charaClerized

. ; 2004 pellucida is that of the mouse
" oocyte: with respect. toboth its glycoprotein composition
~and the’ biological function “of its individual componeats
:. (Wassarman, . 1988, 990). The mouse .zona pellucida is
‘ composed of threc: sulphated - glycoproteins called ZP1, ZP2
. and ZP3, preseat in molar rutios of about 1:10:10. ZP1 is a
homodimer (M, = 200000) connected by intermolecular
‘disulphide bonds. ZP2 (M,:= 120 000) forms a heterodimer
- with ZP3 (3, = 83 000). This beterodimer forms long filaments
;with a repcating structure. ZP1 provides the structural fntegrity
-of the zona pellucida by cross-linking these ZP2/ZP3 hetero-
-dimers within the filameants.’
. Although all mouse zona pellucida proteins have a structural
function, only ZP2 and ZP3 have beca shown to possess
biological functions. Acrosome-intact spermatozoa bind to ZP3
via an O-linked carbohydrate moiety (Florman and Wassarman,

© Oxford University Press

1985). Following sperm binding, ZP3 induces the acrosome
reaction of those bound spermatozoa (Bleil and Wassarman,
1983). The acrosome-reacted spermatozoon, which can no
longer interact with ZP3, is then postulated to bind to ZP2
(Bleil es al, 1988) and this interaction is thought to be required
for maintairiug the association of the spermatozoon with the
zona pellucida as it progresses through the zona pellucida.
Cortical granule exocytosis following fertilization is the likely
cause for modifications of the zona pellucida that constitute a
block to polyspermy. ZP3 is converted to a form called ZP3,,
which no longer binds acrosome-intact spermatozoa and no
longer induces the acrosome reaction (Bleil and Wassarman,
1983). The modification responsible for the loss of both of
these biological activitics is thought to be due to the release
of ‘® CG-derived glycosidass (Miller er al, 1993), since
O-linked carbobydrates are Implicated in ZP3 interaction
with spermatozoa and there is no apparent change in the
electropboretic mobility of ZP3, (Bleil and Wassarman, 1980;

"1983). ZP2 is converted 10 a form called ZP2, that no

longer interacts with acrosome-reacted spermatozoa (Bleil and
Wassarman, 1986). ZP2; ariscs by 4 proteolytic cleavage that
is mediated by a OG-derived protease (Moller and Wassarman,
1989) and is detected by a shift in elcstrophoretic mobility
(from M, = 120 000 to M, = 90 000) under reducing conditions
(Blell es'al, 1981). These zona pellucida modifications con-
stitute the zona pellucida block to polyspermy. It should be
noted that there is an apparcat conservation of bath the protein
composition and biological function of the individual zona
pellucida components in the zona pellucida of other species
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such as the hamster and nig (Moller es al, 1990; Bagavant
et al, 1993; Yurewicz ef al, 1993).

In contrast to these aforemeationed specics, we know of
only two reports regarding the composition of the human zona
pellucida prior to and following festilization (Shabanowitz and
O’Rand, 1988; Shabanowitz, 1990). In these reports, although
two components of M, = 90 000-110 000 and A, = 57 D00
73 000 were detected and on the basis of their molecular weight
could correspond to the mouse ZP2 and ZP3 respectively, a
-zona pellucida component corresponding to the mouse ZP1
dimer of M, = 200 000 was not detected. The identity of these
buman zona pellucida componcats in oae of these reports was
based on detection following radio-iodination of solubilized
zona pellucida (Shabanowitz and O’Rand, 1988). We have
observed, however, that the mouse ZP1 dimer is frequently
not detected following radio-iodination (Kurasawa et al., 1989).
Since there are three geaes for the human zona pellucida
(Epifano and Dean, 1994; Harris ef al, 1994) that comrespond
to the mouse ZP1-3, it seems likely that the inability to detect
a human ZP1 dimer is due to the method used for detection
rather thau a basic difference in the composition of the mouse
and human zona pellucida.

We report here, using a biotinylation- and lectin-based assay
for zona pellucida proteins, one-dimensional sodium dodecyl
sulphatc polyacrylamide gel clectrophoresis (SDS-PAGE)
under both reducing and non-reducing conditions, and two-
dimensional reduction gel electrophoresis, that the human zona

. pellucida from unfertilized ococytes is composed of three
protein species that we call huZP1-3. Under non-reducing
conditions the molecular weights of huZP1-3 are ~150 kDa,
~100 kDa, and ~55-65 kDa respectively. Following fertiliza-
tion, huZP1 is not detected under cither non-redicing or
reducing conditions. In contrast following fertilization, huZP2
is. detected under non-reducing “conditions, but not under
reducing conditioas.

Mataerials and methods

Collection of human unfertilized and fertllized oocytss

All oocyles were obtained from women (aged 25-34 years) who were
patients in the in-vitro fertilization (TVF) programme sdministered
by the Departmeat.of Obstetrics and ‘Gynecology at the Stk
University of Campinas, Brazil. All coupks involved in the IVP
programme had signed an’informed consent document, authorizing
. the use of non-transferred unfertilized and fertilized oocytes for the
¢ isolation and chancierization of the zona pellucida. '
" Folilcular *development was induced using the long-acting

gonadotrophin-releasing hormone (GaRH) analogue treatment (Caspi

‘et al, 1989). Bricfly, s.c. administration of the GnRH analogze
lcuprolide acctate was initiated on day 21 of the cycle at a dosc of 1
mg per day until bleeding occurred. From this day, the dose was
reduced to 0.5 mg per day and coupled with the i.m. administration
of 300 IU of human menopausal gonadotrophin (HMG) per day for
2~4 days, dcpending on the patieat’s respoase in previous cycles.
Therealter, the dose of HMG was reduced to 150 {U per day uatil
the mean follicular diameter was 20 mm. Oocyte maturation was
inCuced by the i.n. administration of 10 000 IU of human chorionic
gonadotrophin (HCG) and oocyte retrieval was performed ~36 h later
under general anacesthesia, ’
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The retricved oocyes were individually and mechanically denuded
of cumulus oells, washed in Ham’s F10 medium containing 25 mM
calcium lactate snd 25 mM NaHCO,, and then cultured in Ham’s
F10 containing 30% fotal umbilical cord serum, 75 mg/l of both
penicillin (125 625 1U/T) and streptomycin for 4 h at 37°C in a
humidified atmosphere containing 5% CO; prior to insemination in
this medium. Cord serum was filter sterilized and heat treated for 1 h
at56°C.

TVF was conducted using 100 000 capacitated spermatozoa prepared
1s previously described (Berger-ef al, 1985). Sperm capacitation was
camried out in Ham’s £10 medium containing 30% fetal umbilical
cord sequm, 75 mg/l of both peaicillin (125 625 1U/) and streptomycin.
The first observation for signs of fertilization was made 12 h
following co-incubation of the spermatozoa and oocytes. Subsequent
cbscrvations were made every 12 h. 1o most cases the zona pellucida
was isolaied 48-72 h after oocyte retricval, the interval depending
on how long the embryos were cultured prior to sclection and transfer.
Oocytes possessing the second polar body or displaying the presence
of two pronuckei were considered to be fertilized. {n other instances,
the ~ona pellucida was obtained from fertilized oocytes that developed
but arrested at the 2-4-cell stage.

A maximum of five morphologically normal embryos were trans-
ferred per cycle. Of those embryos not transferred and that normally
would have been destroyed, only those with clear signs of fentilization,
e.g. pronucleus formation, or those that cleaved to the 2-cell stage
were considered fertilized and used for zona pellucida isolation and
analysis. Following insemination, if tho oocytes did not possess a
second polar body or pronucieus, they were deemed unfertilized and
were not transferred. These unfertilized oocytes were used for zona
pellucida isolation and analysis.

Zona peflucida lsoistion, blotinylation and solubllization
Intact, single zona pellucida wero isolated and washed as previously
described (Kurasawa et al, 1989). Each zona pellucida was placed
in an individual micyocentrifuge tube containing phosphatc-buffered
saline (PBS) and then shipped to University of Peansylvania, USA,
for zona pellucida analysis. Single zonae pellucidae were biotinylated
using the watcr soluble sulphosuccinimidyl-6(biotinamido) hexanoate
(INHS-LC-Biotin, Pieree, IL, USA) as previously described for mouse
zonae pellocidae (Moos ef al, 1994). Both biotinylated and non-
Jabelled zonae pellucidac, which were used in the lectin-based assay
(sec below), were solubilinsd by boiling in SDS sample buffer and
makerial from-an individual zona pellucida was loaded per lane and
analysod by SDS-PAGE (Lacmmli, 1970). In some expctiments, single
zonac pellucidae were solubllized under non-reducing conditions, half
of the resulting volume was transferred to another tube and further
boiled in the presence of 5% 2-mercaptocthanol.

Detection of zona pellucida proteins following electro-
phores’s

SDS-PAGE was performed in 9% slab gels according to the method
of Lacmmli (1970). In two-dimensional SDS-PAGE, the first dimen-
sion was run in the absence of reducing ageats. Following electro-
phoresis, stripe of the gel conta‘ning glycoproteins from an individual
zona pellucida were cut from the slab, boiled in SDS sample buffer
with S% 2-mercaptocthanol, and then subjected to SDS-PAGE in the
socond dimension. Following electrophoresis in the second dimension,
proteins were clectrophoretically transfemred onto an lmmobilon P
membranz (Millipore Corp; Bedford, MA, USA) and the biotinylated
proteins detected as previously described (Moos ef al, 1994). When
non-labelicd zonae pellucidac were analysed, membranes with the
clectro-transferred zona pellucida glycoproteins were incubated with
1 pg/ml of the N-acctylgluco;aminc':peciﬁgblo(inylncd wheat germ

&
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agglutinin (WGA; Bochringer Maanbeim, IN, USA) in 20 mM Tris-
HCl, pH 7.5, containing 150 mM NaCl, 0.05% Tweea 20, 1 mM
MgCl; 1 mM MnCly, and 1 mM CaCl; for 1 b, and the bound lecting
were then detected using Vectastain ABC kit (Vector Laboratorics,
CA, USA) according to the manufacturer’s iastructions. The bound
avidin—peroxidase was detected using an Amersham ECL (Amersham,
Arlington Heights, IL, USA) detection kit.

~ Results
One-dimenslonal gel electrophoretic analysis of
human zona pellucida
- Blotinylation of a single intact human zona pellucida from an
-unfertilized oocyte, followed by solubilization and analysis of
onc half of the sample each under non-reducing and reducing
conditions is shown in Figure 1A. Under noo-reducing @ i-
/ tioas, the huZP2 had an appareat M, = 100 000, whereas
was resolved as multiple species of M, = 62 000-65 000
(ZP3a) and M, = 55 000-60 000 (huZP3b) (lane 1); 8 minor
band of M, = 110 000 was also observed. Under reducing
conditions, two major protein species of M, = 110 000 and
60 000-75 000 were observed (lane 2). These will be referred
10 as huZP2 and huZP3 respectively, based on the nomenclature
and the size of the huZP2 and huZP3 components of the
mouse zona pellucida. It should be noted that in several
instances, huZP3a and huZP3b could be distinguished under
reducing comditions. These results using biotinylation are
similar to those reported by Shabanowitz and O'Rand (1988)
using radio-iodination in that both huZP? and huZP3 were
" detected and had similar molecular weights, and that huZPl
was not detected. The inability to detect huZP1 by biotinylation
. 'was not surprising, since this method does not detect mouse
<-ZP1 (Moos et.al,’1994). .
*.""Since the human zona pellucida binds a varicty of lectins,
. including wheat germ agglutinin (WGA; Maymon et al, 1994),
_.we tlected 10 use WGA as a probe 1o detect comprinents of
the human zona pellucida following clectrophoresis. As shown
in Figure 1B following gel clectrophoresis under non-reducing
~conditions, ovulated, unfertilized oocytes possessed huZPl,
 buZP2, and huZP3a/3b of M, = 150 000, 110 000, 62 000~
65 000/55 000-60 000 respectively (lanc 1). Under reducing
. conditions, only huZP2 and huZP3a/3b were detected (lane 3),
" and huZP33/3b showed the same retardation in clectrophoretic
mobility observed following biotinylation and clectrophoresis
‘under reducing conditinns (Figure 1A, lanc 2). Following
festilization, huZP2 and huZP3a/3b were detected under non-
“reducing conditions (lane 2), wheregs under reducing condi-
“tions, only huZP3a and huZP3b were observed (lane 4).

.+ :Two-dimensional reduction gel electrophoretic
i *analysls of human zona pellucids
é&finoc the detection [as well as the clectrophoretic mobi!ityf
of the human zon pellucida componeats depended upon the
~ state of disulphide reduction, we analysed the zona pellucida
from both unfertilized and fertilized oocytes by two-
dimensional reduction gel electrophoresis (Figure 2). Four
components were detected in the zona pellucida from uafertil-
ized oocytes, and their clecurophoretic mobilities were con-
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Fligure 1. Chemiluminescent detection of buman zona pellucida
proteins following one-dimensional gel electrophoresis.

(A) Biotinylation method in which a sisgle human zona pellucida
from an unfestilized eg3g was biotinylated and solubilized. The
samplo was then divided.(n_half aud subjoctod to electrophoresis
under nonTeducing (laze 1) or reducing (Iane 2) conditions.

(B) Wheat germ agglutinin"(WGA)-based assay in which a single
humaag zona pellucida from unfertilized cggs (lane 1 and 3) and
fertilzed cggs (lancs 2 and 4) was subjected to electrophoresis
under non-reducing conditions (lanes 1 and 2) or reducing
conditions (lanes 3 and 4). [n these experiments ~15-20 zonae
pellucidac were analysed. Represcatative examples are shown.

Flgure 2. Chemiluminescent detection of human zona peliucida
following two-dimensional reduction gel electrophoresis using
WGA. (A) A single human zoas pellucida isolated from an
unfertilized egg. (B) A singlo human zona pellucida isolated from a
fertilized egg. The numbers (1, 2, 3a, and 3b) refer to huZP],
huZP?, haZP3a, and huZP3b respectively. In these experiments at
least two zoase pellucidse were analysed for each group. For
technical rexsons the electrophoretic mobilities of the zona
peilucida proteins in the second dimension arc slightly retarded
with respect to those of the molecular weight standards, since the
zoma pellucida glycoprotelns ere applied to the second dimension
within the polyacrylaaide gel, whereas the standards are in
solution. The assignment of the zona pellucida glycoproteins is
based on their position following clectrophoresis in the first
dimensicn (noa-reducing). )
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sistent with the presence of a huZP1 dimer that contains
intermolecular  disulphide bonds, huZP2, and huZP3a/3b
(Figure 2A). In coatrast, only two spoecies that corresponded
to huZP3a and huZP3b were detected in the 2ona pellucida
from fertilized oocytes (Flgum 2B)."

Discussion

The detection of a species in the human zona pellucida with

the electrophoretic propertics that correspond to mouse ZP1

using a lectin-based assay is consistent with presence of a

gene in the human that is homologous to mouse ZPI. In

addition, the presence of huZP2 and buZP3, whose electro-
phoretic properties are similar to those of mouse ZP2 and ZF3,
suggests that the protein composition of the human zona
pellucida is similar to that of the mouse, and this is =lso
consistent with the presence of two genes in the human that
are homologous to mouse ZP2 and ZP3 (Epifano and Dean,

1994). Following fertilization, huZP1 is not detected. This
- contrasts with the mouse, in"which mouse ZP1 is preseat and
is apparently unaltered following fertilization (Bleil et al,
1981). Since our assay for humaa zona pellucida detection is
lectin-based, and comical granuls-derived glycosidases are
likely to be released following fertilization (Miller ef al,
1993), buZP1 may be present but its carbohydrate moiety(ies)
modifies such that it is no .longer recognized by WGA.
Altematively, cortical granule-derived proteases may degrade
huZP1 to forms that are not detectable.

Based on the electrophoretic mobility under reducing condi-
nons, the species that we call huZP2, appears to correspord to
the ' protein that Shabanowitz :and "O'Rand call ZP1
(Shabanowitz "and ORand, 1988) Followmg fertilization,
huZF2 is apparently proteolysed. such ‘that it is not detected
under reducing coaditions (Figures ‘1B, lane 4, and 2B). A
similar loss of human P2 [ollowmg ferulxuuon was also
rcponcd by: bnabanownz and O’Rand. (1988) ‘In the mouse,
Icrulxz;mon multx ina pmteolyhcc}cavagc cf ZP2 in which the

“in fertilized oocytcs only uuderf'n n-mducmg -conditions
. (Figure 1B, lune 3). 'ﬂms, fcruhuuon of both the mouse
. and .human oocyica tcsults dn; the \pmteolysxs of .he huZp2
éoumcrpans thatnre hcld mgcthcr by mtramolocular disulphlde
bonds, but in thc humnn lhupmtoolysns may be more extensive.
Thxs might account for our Anability to detect these fragmeats
5 thcrcould ‘have: i off. from ‘the gel and/or because the
y « contain sufﬁuent amounts of carbohydrates
¥ to,bc\dctoaedby WGA. It Is possible that glycosidases released
« following fertiliz; uon bydrolyze sugars recognized by WGA
'7 nd ‘thus huZPZ'is not detected

Both the bmunylzﬂom and lectin-based assays detect two
forms of huZP3, ie. huZP3a and huZP3b, and fertilization
apparently does oot result in ¢ither a shift in clectrophoretic

mobility i the amount of either protein. This situation is
similar to tat in the mouse in which there is no apparent
104 )
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change in ejther the amount or electrophoretic mobility of ZP3'

following fertilization (Bleil ef al, 1981). Shabanowitz and

" O’Rand (1988) also reported that following fertilization there

are peither changes in the cloctophoretic mobility nor the
amount of species that they term ZP2 and ZP3. Thus, we
would suggest .that the protcins that we call huZP32 and
huZP3b probably correspond to those that Shabanowitz and
ORand(l988)tcrmZP2andZ’3mpoawcly

VA sequence analysis indicales that there is a substantial
degree of conservation of the proteins that comprise the zona
pellucida in mouse, hamsier, and hunian. Nevertheless, there
do appear to be significant differvaces in the glycosylation of
these polypeptides, since the lectin-based assay that we use
for human zopa pellucida using WGA docs not-detect zona
pellucida proteins n either the mouse or the monkey (J.Moos,
G.5.Kopf and R.M.Schultz, unpubiished nbservations). Assum-
ing ‘that the conservation in DNA sequeace of the different
zona pellucida proteins in different species reflects conservation
of biological function of that protein, a varability in glycosyl-
ation of ZF3 probably reflects the basis for the specics-specific
interaction of spermatozoa with the zona pellucida.

The results presented here may also have clinical relevance.
The lectin-based assay is rapid and sensitive; it requires only
a partion of an intact humaa zona pellucida{J.Moos, G.S.Kopf
and RM.Schultz, unpublished observations). Again, if the
biolcgical functions of the zona pellucida proteins of mouse
and human arc conserved, the proteolysis of huZP2 that follows
fertilization may be indicative of zona pellucida modifications
that could lead to & zona pellucida block to polyspermy. Thus,
this assay for huZP2 conversion could provide a sensitive and
rapid retrospective analysis for the molecular basis for failed
fertilization in IVF programmes. A high incidence of human
zonac pellucidae containing proteolysed ZP2 may indicatc
ovulation pretocols or culture conditions that lead to a preco-
cious loss of cortical -granules. It should be noted that in the
mouse, oocyte maturation is accompanied. by the limited
release of cortical granules (Ducibella ef al, 1990a) that, in
the absence of the follicular milien (in vivo) or media containing
serum, follicular fluid, or fetuin (in vitro) (Duabclla et al,
1990a; Schroeder er al, 1990; Kalab. ef al, 1993), leads to
modifications of the zona pellucida. tlut constitute the zona
pellucida block to polyspermy (Dudbcl!x et aL, 1990a). Such
cveats could lead to metaphase Nl-arrested oocytct of reduced
fertilizabilhy. If a similar sltuation cxisrs in tho human, the
knowledge gleaned from snalysing the. humm zona pellucida
followlng unsuccessful IVE could Indicite dcﬁacncxcs in the
culture conditions” used for the maturation of oocytes that
have not reached metaphass I (Ducibella et al, 1990b).
Alternatively, such analyses may polnt to deficiencies in the
ovulation induction protocols that give rise to aged metaphase
I-arrested  oocytes ‘that have undergone | cortical granule
exocytosis and the fertilizaticn-induced. modifications of the

zona pellucida.
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Potential Role of Mitogen-Activated Protein Kinase in Pronuclear Envelope Assembly
and Disassembly Following Fertilization of Mouse Eggs’

Jiri Moos,” Pablo E. Visconti,* Grace D. Moore," Richard M. Schultz,* and Gregory S. Kopf**

Department of Biology® and Division of Reproductive Biology'
Departinent of Obstetrics and Gynecology, University of Pennsylvania, Philadelphia, Pennsylvania

ABSTRACT

Changes in the activities of the p34*®?/cyclin B complex and mitogen-activated protein {MAP) kinase were analyzed after insemination
of mouse eggs in vitro. Whareas histone H1 kinase activity (p34“®Y/cyclin 8) fe!l to negligible levels by 90 min postinsemination, a decrease
to negligible levels of myelin basic protein kinase activity (i.e., MAP kinase) was not observed until about 7 h postinsemination. The
decrease in MAP kinase activity appeared to be linked to the prior decline in p34“*¥/cyclin 8 kinase activity, since inhibiting the fertilization-
induced destruction of cyclin B by treating eggs with the microtubule inhibitor nocodazole prevented the decrease in each of these protein
kinases; an intact spindle is required for cyclin destruction. Moreover, experimental elevation of MAP kinase activity by okadaic acid
treatment under conditions that maintain negligible levels of p34***/cyclin B kinase activity suggested that MAP kinase could be involved
in pronuclear envelope dynamics. Specifically, preventing the fertilization-induced decrease in MAP kinase activity was correlated with
inhibiting pronucleus formation, and elevating MAP kinase activity subsequent to pronucleus formation resulted in precocious pronuclear

envelope breakdown prior to entry into M phase.

INTRODUCTION

The interaction and fusion of the plasma membranes of

the mammualian sperm and metaphase H-arrested egg ulti-
mately gives rise 1o a series of cellular responses in the egg
that is required for the exit from metphase 1 and the ini-
tiation of embryonic development. These responses oceur
in a temporal fashion and include a transient rise in intra-
cellular calcium concentration (1] which leads o cortical
granule exocytosis and subsequent zona pellucida (ZP)
modifications, r‘csumpli()n of meiosis tand the cell eyele),
recruitment of maternal mMRNAs (2], pronucleus (PN) for-
mation and initiation of DNA synthesis, and cleavoge. The
process by which the second meiotic cell eycle is completed
and the mitotic cell eycle s initiated after fenilization is
puorly understood at the molecular level.

In contrast 1o somatic cells, which immediately enter in-
terphase afier mitosis, oocytes of many species, including the
mouse, arrest at metaphase 1F after resumption of meiosis.
This arrest s due to at least two factors—M-phase promoting
factor (MPF) and cytostatic factor (CSF) [3). MPF is a complex
of eyclin B1/B2 and the p34°** protein kinase and displays
a cyclic activity that peaks at metaphase [4]. The MPF-asso-
ciated protein kinase activity is also refeered to as histone H1
kinuse, since this enzyme displays a pronounced activity to-
wards this substrate [5]. CSF is postulated 1o maintain ele-
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vated levels of MPF activity (6] and hence may be responsible
for metaphase 11 arrest [7); this point, however, is controver-
sial [8]. Although the exact composition of CSF is unknown,
c-mos is likely to be a component {7, 91

The fertilization-induced rise in intacellutar calcium
leads to the destruction of the cyclin component of MPF
[10, 11]. Cyclin destruction results in a Joss of the histone
H1 Kinase activity of MPF that, in turn, leads to an exit from
M phase. Although fertilization is also accompanied by a
loss of CSF activity [12], the loss of MPF activity as assessed
by cydlin destruction precedes the loss of CSF activity as
assessed by c-mos destruction [13).

Mitogen-activated protein kinase (MAP kinase) repre-
sents an additional protein kinase that appears to be in-
volved in signaling pathways regulating the cell eycle (for
review see [14). MAP kinases represent a family of protein
kinases of A, 40 000 to Af, 46 000 that are activated after the
phosphorylation of nearby threonine and tyrosine residues
by MAP kinase [14, 15]. Inactivation of MAP kinase is essen-
tially complete after the dephosphorylation of either of
these residues.

MAP kinase is inactivated after cthanol activation of
mouse eggs, and this inactivation follows the decrease in
p34“*“*/cyclin B kinase activity [16]. It should be noted that
the decrease in MAP kinase correlates temporally with the
formation of a PN. In this report, we explore the possibility
that the decrease in p34°““Y/cyclin B kinase activity follow-
ing fertilization is requisite for the decrease in MAP kinase
activity and that activated MAP kinase is incompatible with
the presence of a nuclear envelope. We demonstrate that
nocodazole treatment, which inhibits the ferilization-in-
duced decrease in p34“*/cyclin B kinase activity by pre-
venting cyclin destruction (171, prevents the decrease in

Z
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MAP kinase activity that normally occurs after fertilization.
We also show that treatment of fertilized eggs containing a
PN with okadaic acid (OA) under conditions that maintain
low levels of p34““*/cyclin B kinase activity results in both
the activation of MAP kinase activity and precocious pro-
nuclear envelope breakdown.

MATERIALS AND METHODS

Collection of Mouse Eges and One-Cell Embryos

Ovulated metaphase H-arrested eggs were isolated from
superovulated 6-wk-old CF-1 (Harlan Sprague Dawley, In-
dianapolis, IN) female mice. For all experiments, the iso-
liated and washed metaphase H-arrested eggs from the dif-
ferent animals were pooled before use in the appropriate
assays. Eggs were obtained by injection of 5 U ¢CG (Cal-
biochem, La Jolla, CA), followed by an injection of 5 U hCG
(Sigma Chemical Co., St. Louis, MO) 48 h later. The intact
cumulus-oocyte complexes were recovered 13-10 h after
hCG injection. Cumulus cells were dispersed in 0.05% hy-
aluronidase-supplemented bicarbonate-free minimal essen-
tial medium (Earle's salts; Sigma) containing 100 pg/mi py-
ruvite and 3 mg/imt polyviny!pyrrolidone and butfered with
25 mM HEPES (Sigma), pH 7.2, Eggs were washed in the
same medium without hyaluronidase and transterred into
Whitten's medium [18] containing 15 mg/ml BSA for in vitro
fertilization (IVE) as previously described (191 Epgs in Whit-
ten’s medium were mixed with epididymal and capacitated
spermitozoa in the same medium to a final concentration
of 2500 spermatozoa/pl for IVE In some experiments, the
7P was removed by treament with acidic Tyrode's solution
[20] prior to IVE Treatment of eggs and embryos with no-
codazole was carried out as reported [17).

[istone {11 Kinase Assay

Three eggs were transferred in 1.5 pl of the appropriate
culture medium into 3.5 pl of a solution containing 10 pg/
m! leupeptin, 10 pg/ml aprotinin, 10 mM p-nitrophenyl
phosphate, 20 mM B-glycerophosphate, 0.1 mM sodium or-
thovanadate, and 5 mM EGTA. The eggs were immediately
frozen on dry ice and stored at = 80°C until the assay was
performed. Concentrated (double-strength) histone I ki-
nase buffer (24 mM pnitrophenyl phosphate, 90 mM f-gly-
cerophosphate, 2.8 mM MgCl,, 24 mM EGTA, 0.2 mM EDTA,
-1.6 mM sodium orthovanadate, 4 mM NaF, 1.6 mM dithioth-
reitol, 60 pg/ml leupeptin, 60 pg/ml aprotinin, 2 mg/ml of
polyvinyl alcohol, 2 mg/ml histone {11I-§, Sigma Chemical
Company, St. Louis, MOJ, 2.2 uM protein kinase A inhibitor
peptide {Sigmal, 0.6 mM ATP, 40 mM 3-(n-morpho-
lino)propanesulfonic acid) [MOPS], pH 7.2) was aliquoted
and frozen at —80°C. Immediately before the assay, [*p-
YIATP (3000 Ci/mmol; Amersham Corp. Arlington Heights,
1L) was added to the double-strength histone [T kinase buf-

fer to a Anal concentration of 500 puCi/ml. Five microliters
of this solution was then mixed with 5 pl of the egg extract.
The samiples were incubated for 30 min at 30°C, the reaction
was stopped by the addition of SDS-sample buffer {21, and
the samples were boiled for 3 min. After SDS-PAGE (10%
gel), the gel was stained with Coomassic R-250 dye, de-
stained, and dried. After autoradiography, the histone bands
were cut from the gel, and the radioactivity was quantified
by liquid scintillation counting. The assay was linear for up
to 1 h, and the extract from only 3 eggs was required (Fig.
1, A and B). In some experiments, a peptide substrate based
onthe p34*““/cyclin B complex phosphorylation site in his-
tone HI (PKTPKKAKK [the threonine phosphorylation site
is underlined]; catalog #12127, Upstate Biotechnology, Inc.,
Lake Placid, NY) was used instead of histone H1. The
method for quantifying the amount of phosphorylation of
thas peptide was essentially the same as that described be-
low for myclin basic protein (MBP) kinase activity.

MBP Kinase Assay

Eges and embryos were aliquoted and processed, and the
reaction was run as described for the histone HI kinase assay.
Concentrated (double-strength) MBP kinase buffer contained
40 mM B-glycerophosphate, 2 mM dithiothreitol, 0.2 mM so-
diumonthovanadate, 4 mM EGTA, 10 mM MgCl,, 10 pg/ml leu-
pepting 10 pg/ml aprotinin, 0.6 mM ATP, and 1 mM myelin ba-
sic protein-derived  peptide substrate (APREIGGRR [the
threonine phosphorylation site is underlined, and the itali-
cized sequence corresponds to amino acids 95-98 of MBP;
the rest of the sequence does not correspond to that of MBP);
catalog #12125, Upstate Biotechnology, nc.), and 40 mM HE-
PES, pH 7.4. The samples were incubated for 30 min at 30°C,
and the reaction was then stopped by addition of 15 ul of 20%
trichloroacetic acid (TCA). BSA (5 pl of a 10-mg/ml solution)
was added, protein was precipitated for 10 min onice, and the
sample then centrifuged at 10000 X g for 6 min. Aliquots of
the supernatant (15 D) were spotted onto 2 X 2-cm squares
of phosphocellulose P81 paper (Whatman, Clifton, NJ) and
immediately immersed in about 500 ml of 0.75 mM phos-
phoric acid forat least 5 min. The P81 paper squares were then
washed 5 times (5 min per wash) with 0.75 mM phosphoric
acid and then immediately subjected to liquid scintillation
counting. The assay was lincar for up to 1 h, and the extract
from only 3 cggs was required (Fig. 1C).

Electrophoresis and Immunoblotting

SDS-PAGE was performed on 10% slab gels according to
the method of Laemmli [21). Proteins were electrophoreti-
cally transferred 1o Immobilon P (Millipore Corp., Bedford,
MA) and immunostained as previously described (22] by use
of the Amersham ECL Western blotting detection system ac-
cording the manufacturer's instructions. Monoclonal and
polyclonal antibodies against p+i2 and p44 MAP kinase (po-
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FIG. 1. Relationship between product formation and time with respect to histone
H1 kinase and MBP kinase activities. Assays for histone H1 kinase and MBP kinase
were performed as described under Materials and Methods. A) Autoradiogram of
radiolabeled histone H1 phosphorylated by extracts of metaphase ll-arrested eggs
for times indicated. Assay was run in triplicate as shown. B) Graphic representation
of data shown in A. C) Time cuurse of phusphorylation of MBP peptide in which
assay was performed in duplicate.

lyclonal, catalog #06182; monoclonal, catalog #05157), cy-
clin Bl (monoclonal, catalog #05158), and cdc2 (polyclonal,
catalog #06194) were purchased from Upstate Biotechno-
logy, Inc. Fonty eggs or embiyos were loaded per lane. The
ZP2 1o ZP2; conversion was monitored as previously de-
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FIG. 2. Time courses of histone H1 and MBP kinase activities during first celf cycle.
After insemination in vitro, histone H1 kinase (solid circles) and MBP kinase {open
circles) activities were assayed at times indicated. Data are expressed relative to
respective mean for histone H1 kinase activity or MBP kinas« activity present in
metaphase ll-arrested eggs; this value was set at 100%. Time course was performed
3 times. For each time point in each experiment, at least two replicates were as-
sayed. Arrow indicates time of cell division. Average “EM of mean value for all
experiments was approximately 10%.

scribed (23] with use of a rabbit polyclonal antiserum made
against purified mouse ZP2; this antiserum recognizes both
ZP2 and ZP2;.

RESULTS

Temporal Changes in Histone H1 and MBP Kinase
Activities Following Fertilization

Fentilization of ZP-intact eggs resulted in a decrease in
both histone H1 and MBP kinase activities (Fig. 2), although
the decrease in histone H1 kinase preceded the decrease in
MBP kinase. Whereas histone H1 kinase was vintually un-
detectable by 3 h after insemination, 50% of the MBP kinase
activity was still present and could be detected for up to 7
h after insemination. This decrease in MBP kinase activity
correlated with both the change in electrophoretic mobility
of MAP kinase to the inactive, dephosphorylated form (Fig.
3) and the appearance of a PN, which formed 5-7 h after
insemination. Each of these activities showed a transient
increase starting around 17 h after insemination (Fig. 2), and
this corresponded with entry into M phase, which normally
occurs between 18-20 h after insemination. It was observed
that relative to the amount of activity for each enzyme in
metaphase Il-arrested eggs, the increase in MBP kinase ac-

0
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FIG. 3. Immunoblots of MAP kinase at different times after insemination. Meta-
phase Il-arrested eggs were fertilized in vitro, eggs/embryos were withdrawn at
various times after insemination, and extracts were prepared and analyzed by im-
munoblotting with anti-MAP kinase antibody with 30 eggs/embryos used per lane.
Lane 1, MAP kinase in Mil-arrested eggs; lanes 2-8, blots at 5, 7, 9, 11, 17,19, and
21 hpostinsemination, respectively. At 21 h,the embryos had cleaved to 2-cell stage
{lane 8). Transition of phosphorylated, slower migrating form of MAP kinase to-
wards its dephosphorylated, faster migrating form was observed to occur by 7 h
postinsemination {lane 3). Experiment was conducted twice, with similar results.

tivity (20-302%) was always significantly less than the in-
crease in histone H1 kinase activity (50-100%). Results of
immunodepletion experiments using antibodics to p34¢?
and cyclin B1 indicated that the increase in MBP kinase
activity was due o the ability of p3i*“#/eyclin B kinase 1o
phosphorylate the peptide substrate used to measure MBP
Kinase activity (data not shown). Consistent with the con-
clusion that MAP kinase activity did not increase during this
time was the observation that MAP kinase remained de-
phosphorylated during this time (Fig. 3, lanes 6-8).

Effects of Nocodazole on the Fertilization-duced
Changes in p3-4"* Cyclin B8 and MAP Kinase Activitios
and Modification of the 21

An intact spindle appears to be required for eyclin B de-
struction, since nocoduazole-induced disruption of the spin-
dle inhibits cyclin B degradation in metaphase H-arrested
epgs 17111 the decrease in p3-t™eyclin B kinase activity
is requisite for the decrease in MAP kinase activity, nocod-
azole treatment of metaphase H-arrested eggs should inhibit
the fertilization-induced decreases in both p34#/cyclin B
kinase and MAP kinase activities.

As anticipated, culture of metaphase I-arrested epgs in
nocadazole resulted in an increase in histone H1 kinase
activity (since cyclin B synthesis continues but degradation
is inhibited), and insemination of eggs in the presence of
nocodazole resulted in an inhibition of the fenilization-in-
duced decrease in histone H1 kinase activity (Fig. 4A), as
well as PN formation (data not shown). In contrast, addition
of nocodazole -i h after insemination, a time at which his-
tone H1 kinase activity had already decreased (Fig. 2), nei-
ther elevated histone H1 kinase activity (Fig. 4A) nor inhib-
ited PN formation (data not shown). It should be noted that
laser-scanning confocal microscopy of metaphase H-ar-
rested eggs cultured in the absence of nocodazole and
stained with anti-tubulin antibodies revealed the presence
of anintact spindle, whereas unfertilized eggs treated with
nocodazole did not have a spindle (data not shown). It
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FIG. 4. Effect of nocodazole on histone H1 kinase activity, cyclin BY accumulation,
MAP kinase phosphorylation, and ZP2 to ZP2, conversion. A} Histone H1 kinase
activity in ovulated eggs {E) or in in vitro-fertilized eggs (FE) was analyzed after 10
h of incubation in absence or presence of 10 uM nocodazole (N). In some experi-
ments, unfertilized eggs (E 10 h) or inseminated eggs were incubated for 4 h in
presence (FE 4h N + 6h} or absence (FE 4h + 6h N) of nocodazole, transferred to
fresh medium with (FE 4h + 6h N} or without (FE 4h N + 6h) nocodazole, and then
incubated for additional 6 h. Some eggs (E 10 h + N) or inseminated eggs {FE 10h
+ Ni were continuously incubated in the presence of nocodazole for 10 h. Experi-
ment was performed twice, and for each sample in each experiment, assay was
performed in quadruplicate. Data are expressed as mean + SEM. B) Effect of no-
codazole treatment on fertilization-induced ZP2 to ZP2, conversion, Shown are im-
munoblots probed with polyclonal antiserum to ZP2 for presence of ZP2 (upper
band) or its proteolyzed form 2P2, {lower band). Lanes 1-7 correspond to bars in A
labeled E, E 10h, etc., respectively. Experiment was performed three times, with
similar results; representativo example shown. C} Immunoblots probed for either
cyclin B1 or MAP kinase. Cyclin B1: lanes 1-3, conditions used for first three bars
inA ie, E E 10h, and E 10h + N, respectively; lane 4, extracts prepared from
inseminated eggs continuously cultured in the presence of nocodazole for 10 h (FE
10h N); lane 5, fertilized eggs collected 10 h after insemination (FE 10h). pd2 MAP;
lane 1, MAP kinase in eggs fertilized in presence of nocodazole; lanes 2 and 3,
conditions used in A for FE 4h + 6h N and FE 4h N + 6h. Only embryos used in
lane 2 showed developed pronuclei. Experiment was performed three times, with
similar results; representative example shown. Apparent lack of correlation be-
tween dropin hisione H1 kinase activity in eggs incubated for 10 h (A} and dramatic
decrease in immunoreactive cyclin B1 {C) appears because A represents average
of several experiments, whereas only results of one experiment are shown in C.
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FIG. 5. Immunoblot of MAP kinase from inseminated eggs treated with OA, Lane
1, extracts prepared from metaphase ll-arrested eggs; lane 2, extracts prepared
from fertilized eggs 8 h postinsemination; lane 3, extracts prepared from eggs to
which OA was added § h postinsemination and then cultured for additional 7 h;
lane 4, extracts prepared from eggs to which OA was added 8 h postinsemination
and then cultured for additional 4 h. AtS h postinsemination, eggs had emitted 2nd
polar body but did not contain visible PN. At 8 h postinsemination 80% of eggs
contained visible PN. Experiment was performed twice, with similar results.

should also be noted that the effect of nocoduzole (Fig. 4,
panel A, FE 4h N + 6 h) was reversible, since removal of
nocodazole by extensive washing resulted in resumption of
normal development as assessed by a decrease in histone
H1 kinase activity, dephosphorylation of MAP kinase, and
PN formation {data not shown).

The effect of nocodazole 1o block the reduction in his-

FIG. 6. Photomicrographs of (A} fertilized eggs cultured for 12 h or (B} fertilized
eggs cultured for 8 h, at which time OA was added and eggs were cultured addi-
tiona! 4 h. When OA was added at B h postinsemination, all eggs had PN.
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FIG. 7. Effect of OA on histone H1 kinase activity, MBP kinase activity, and phos-
phorylation state of MAP kinase. A) Fertilized eggs were assayed for either MBP
kinase activity (solid bars} or histone H1 kinase activity {open bars) at times after
insemination indicated. In one sample, OA was added 8 h afier insemination and
eggs were cultured additional 4 h {12 + OA). In each experiment cycloheximide
was added (final concentration of 10 g/mi) 5 h postinsemination. Experiment was
performed three times, and for each experiment assay was performed in duplicate.
Data are expressed as mean = SEM. B) Immunoblot of extracts probed for MAP
kinase. Lane 1, extracts prepared from fertilized eggs 5 h postinsemination; lane 2,
extracts prepared from fertilized eggs cultured 8 h postinsemination; lane 3, extracts
prepared from fertilized eggs cultured 12 h postinsemination; lane 4, extracts pre-
pared from fertilized eggs cultured for 8 h, at which time OA was added and eggs
were cultured additional 4 h. In each case, cycloheximide was added 5 h postin-
semination. Lane 5, fertilized eggs cultured for 12 h postinsemination in absence
of cycloheximide. Eggs used for lanes 2, 3, and 5 developed pronuclei. Experiment
was conducted three times, with similar results; representative experiment shown.

tone H1 kinase activity in fertilized eggs was apparently due
to inhibition of cyclin B destruction (Fig. 4C, lanes 4 and 5).
It should be noted that consistent with the changes in his-
tone H1 kinase in metaphase Il-arrested eggs cultured in
either the absence or presence of nocodazole were parallel
changes in the amount of cyclin B1 (Fig. 4C, lanes 1-3);
this is similar to that observed by Kubiak et al. [17].

It is possible that the nocodazole-treated and insemi-
nated eggs that did not display the decrease in histone H1
kinase activity were, in fact, not fertilized. To exclude this
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possibility, we examined the effect of nocodazole treatment
of inseminated cggs on the conversion of the ZP glycopro-
tein ZP2 to its postfenilization form ZP2;. This modification
is due to proteolysis and can be detected as an electropho-
retic mobility shift under reducing conditions {24]. Nocod-
azole treatment of inseminated eggs did not inhibit the
sperm-induced ZP2 to ZP2; conversion (Fig. 4B), which
oceurs as a consequence of cortical granule exocytosis that
normally accompanies fentilization. This demonstrates that
nocodazole most likely did not inhibit fenilization.

Nocodazole also blocked the fenilization-induced de-
phosphorylation of MAP kinase (Fig. C). Continuous cul
ture of inseminated eggs for 10 h in nocodazole prevented
the ¢lectrophoretic shift in MAP kinase that indicates MAP
kinase inactivation (Fig. 4C, lane 1). Culure of inseminated
eggs for - hin the absence of nocodazole, a time during
which histone H1 kinase activity had decreased but MAP
kinase remained phosphorylated (see Fig. 3), followed by
incubation in nocodazole for 6 h resulied in the electro-
phoretic shift in MAP kinase (Fig. +C, lane 2) and PN for-
mation (data not shown), In contrast, culture of inseminated
cggs for -4 hin the presence of nocodazole prior to transfer
to nocodazole-free medium for 6 b inhibited both the shift
in clectrophoretic mobility of MAP kinase (Fig. 4C, tane 3)
and PN formation (data not shown).

Effect of O o MAP Kinase Activity and Pronuclear
Envelope Assembly and Breakdoun

Treatment of fertilized eggs that contain pronuclet with
the protein phosphatase inhibitor OA results in precocious
pronuclear envelope breakdown, ie., pronuclear envelope
breakdown prior to M phase [23]. It scemed unlikely that
reactivation of histone H1 kinase, which is low at this time
(Fig. 2), by OA was responsible for OA-induced pronuclear
envelope breakdown, since OA inhibits protein synthesis [25)
and this would prevent the accumulation of cyclin B that is
required for activation of cde2. Thus, it seems likely that an-
other protein kinase was implicated in OA-induced pronu-
clear envelope breakdown, We examined whether MAP ki-
nase was a candidite since a decrease in MAP kinase activity
correlates with nuclear envelope formation (Fig. 3), and we
reasoncd that high levels of MAP kinase activity were per-
haps incompatible with the presence of a nuclear envelope.

As demonstrated above, fenilized eggs containing a PN
have a MAP kinase that exhibits an increased electropho-
retic mobility relative to unfenilized eggs (Fig. 5, lanes 1
and 2). Addition of OA 5 h after insemination, a time when
4 PN was naot present, followed by culre for an additional
3 h, at which time pronuclei were present in control insem-
inated cggs, inhibited MAP kinase dephosphorylation (Fig.
5, fane 3) and PN formition (data not shown). Addition of
OA 8 h after insemination, when a PN is present and MAP
Kinase is dephosphorylated, followed by culture for an ad-

ditional 4 h resulted in the rephosphorylation of MAP kinase
(Fig. 5, lane +) and pronuclear envelope breakdown (Fig.
6). Consistent with this latter result was the observation that
OA treatment of eggs containing a PN resulted in an in-
crease in MBP kinase activity, rephosphorylation of MAP
kinase, and pronuclear envelope breakdown, and that this
increase occurred in the absence of a reactivation of histone
H1 kinase activity (Fig. 7A). To ensure that reactivation of
p}i"""‘ could not occur during OA treatment, the fenilized
eggs were also cultured in the presence of cycloheximide,
which would prevent the accumulation of cyclin B and the
subsequent activation of p34<%,

The fertilization-induced dephosphorylation of MAP ki-
nase occurred in the presence (Fig. 78, lanes 1-3) or the
absence of eycloheximide (Fig. 78, lane 5); cycloheximide
does not inhibit PN formation [26]. Moreover, in the pres-
ence of cycloheximide, OA induced a decrease in the elec-
trophoretic mobility of MAP kinase (Fig. 7B, lane 4), and
this was consistent with the increase in MBP kinase activity.
Taken together, results of these experiments suggest a role
for MAP kinase in pronuclear envelope assembly and dis-
assembly.

DISCUSSION

We report that inhibition of the fertilization-induced de-
crease in p34°*%/eyclin B kinase activity is correlated with
inhibition of the decline in MAP kinase activity. We also
observe that maintaining an elevated level of MAP kinase
activity is incompatible with the presence of a nuclear en-
velope; i.e., maintaining an clevated level of MAP kinase
activity inhibits PN formation, and activating MAP kinase
subsequent to PN formation results in precocious pronu-
clear envelope breakdown. This suggests that MAP kinase
nuty play a role in nuclear envelope dynamics.

In an attempt to dissociate the decrease in MAP kinase
activity from that of p34“*“/cyclin B kinase activity, we
treated both metaphase H-arrested eggs and inseminated
eggs with nocodazole. Treatment of metaphase H-arrested
eggs with nocodazole resulted in an increase in histone H1
kinase activity, and this increase in activity appeared to be
due to an accumulation of cyclin B1 protein. This obser-
vation is consistent with the continuous synthesis of cyclin
B and the requirement for an intact spindle for cyclin B
degradation [17]. As anticipated, insemination of nocoda-
zole-treated eggs prevented the decrease in p34“<“Y/eyclin
B3 activity but also the decrease in MAP kinase activity as
assessed by its inability to be dephosphorylated. This in-
ability to dissociate the decrease in MAP kinase from that
of p34“*“eyclin kinase suggests that the decrease in MAP
Kinase activity is contingent upon the decrease in p34°*Y/
cyclin kinase; the mechanism by which changes in these
two enzyme activities are linked is unclear. It should be
noted, however, that some events of egg activation (cell
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cycle resumption, contical granule exocytosis, mobilization
of maternal mRNA) can be uncoupled from one another.
For example, we show here that although nocodazole treat-
ment of inseminated eggs blocks cell cycle resumption, cor-
tical granule exocytosis still occurs, as determined by the
ZP2 conversion. The dissociation of these two events of egg
activation is consistent with our previous reports [26-28].

The most intriguing result in the present repon is the
abservation that inhibiting the fentilization-induced  de-
crease in MAP kinase activity by OA treatment is correlated
with inhibiting PN formation, and that inducing an increase
in MAP kinase activity by OA treatment following PN for-
mation results in precocious pronucleir envelope break-
down, ic., pronuclear envelope breakdown prior to M
phase. It must be stressed that these changes in MAP kinase
activity and nuclear envelope behavior occur ata time when
p3*/eyclin kinase activity is low and experimentally
maintained at a low level by inclusion of cycloheximide,
which would prevent cyclin accumulation. Thus, elevated
levels of MAP kinase activity appear to be incompatible with
the existence of a nuclear envelope; i.e., high levels prevent
the formation of a nuclear envelepe, and induction of MAP
kinase activity results in pronuclear envelope breakdown.
Consistent with this conclusion is the observation that, al-
though progression from metaphase 1o metaphase 11 dur-
ing oocyte maturation in Xenopus [29] and mouse {30] is
accompanicd by a transient decrease in histone HI Kinase
activity, MAP kinase activity remains constant and clevated,
and no nuclear envelope formation and breakdown accurs
during the metaphase II transition. Similarly, treatment of
mouse oocytes with OA results in an increase in MAP kinase
activity and germinal vesicle breakdown in the apparent
absence of an increase in histone HI kinase activity prior
to germinal vesicle breakdown (31, 32]

The experimental unmasking of this potential function of
MAP kinase to initiate pronuclear envelope breakdown may
reflect the fact that MAP kinase and p34**“/cyclin B kinase
sharz commion substrates that are ultimately linked to nuclear
envelope assembly/disassembly; e.g., both can phosphoryl-
ate nuclear lamins [33]. Nuclear envelope dynamics in the
mouse appear o be under the regulation of p34“*¥/cyclin B
kinase. For example, during oocyte maturation, the increase
in p34**“/cyclin B kinase occurs prior to germinal vesicle
breakdown, and the increase in MAP kinase occurs subse-
quently (16, 30]. Moreover, there is an increase in p34“kl/
cyclin B kinase activity only during M phase of the first cell
cycle. Nevertheless, it should be noted that an increase in
MAP kinasc activity precedes germinal vesicle breakdown
during Spisula oocyte maturation induced by fertilization and
that this increase oceurs while p34°“? s still phosphorylated
on tyrosine and is presumably inactive [34]. Thus, in this spe-
cies, MAP kinase may be the primary regulator of nuclear
envelope assembly/disassembly.
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F-Actin Is Involved in Control of Bovine
Cumulus Expansion
PETER .‘S‘U'l'()\’b‘K\"."2 JACQUES E. I"Ll;lCll()N,2 AxD ANTONIN PAVLOK!

Hnstitute of Animal Physiology and Geneties, LIBECHOV , Czech Republic; *INRA, Laboratoire de Bivlogie
Cellulaire ot Moléculaire, douy-FEn-Josas, France

ABSTRACT Previously, we showed that the go-
nadotropinanduced expansion of bovine cumulus oopho-
rus occurs concomitantly with the rearrangement of micro-
fitaments (MFs) mside cumulus cell cytoplasm (Sutovsky
et al, 1993: Biol Reprod 49.1277-1287; Sutovsky et al.
1994: Reprod Nutr Dev 34:415-425) and that cumulus
expanston In cattle 15 accompanted by the increased ex-
pression of extracellular matrix (ECM) glycoproteins lami-
nin and type IV collagen as well as of their actin-inked
membrane receptors, ntegrin subumts «-6 and -1
(Sutovsky and Motlik: 1994). The present study was under-
taken to deternune the spatial and temporal relationship
hetween cytoskeletal rearrangement and ECM synthess
dunng cumulus expansion Using election microscopy and
confocal {LSCM) and conventional fluorescence nucros:
copy, we compared the expression of the above integrnins
and ECM proteins and the rearrangement of cytoskeleton
n the gonadotropinstimulated hovine oocyte cumulus
complexes {OCCs) with those exposed to gonadotropin
stimulation and to ECM synthesis mhibitor 6-diazo-5-0xo-L-
norleucin (DON), or MF-disorganizing drug cytochalasin B
{CB). In control QCCs, the 24-hr culture in the presence of
follicle stimulating hormane/luteimizing hormane (FSH/LH)
caused the expansion of cumuli oophon and an extensive
rearrangement of MEs in the cytoplasm of cumulus cells.
Concomitantly, we observed an mcreased deposition of
laminin and type IV collagen in the interceliular spaces
among cumulus cells The redistribution of microtubules
(MTs), intermediate filaments (IFs), and integnin chains «-6
and 3-1 also occurred at this time. The addition of 20
pe/mlof CB prevented cumulus expansion and accumuta-
tion of lamimin and type IV collagen in the OCCs. Moreover,
cytochalasin treatment blocked the redistnbution of MTs
and {Fs, and caused the disorganization of MFs and disper-
sion of integrins in cumutus cells. In contrast, the distribu-
tion of integrins and cytoskeletal elements was not af-
fected when we blocked cumulus expansion and ECM
protein accumulation by DON. These data suggest that
F-actin acts upstrearm of ECM synthesis in the cascade of
events leading to the expansion of bovine cumulus
ooopharus < 1995 Wiley Liss, Ine
Key Words: Cumulus expansion, Actin, Cytoskeleton,
Extracellular matrix, integnin

INTRODUCTION
Gonadotropin-induced cumulus expansion, a process
necessary for the release of matured mammalian oocyte
into the oviduet, is believed to arise from the increased
deposition of cumulus extracellular matrix (ECM) en-
riched by hyaluronic acid tHA; Dekel et al., 1979; Ep-
pig, 1979; Salustri et al., 1992). Although cumulus ex-
pansion in mice requires an ooeyte-secreted expansion
enabling factor (Buccione et al,, 1990; Salustri et al.,
19901, thix is not necessary for cumulus expansion in
pig und cattle (Prochdzka et al., 1991; Motlik ot al,,
unpublished data). The assembly of cumulus ECM de-
pends upon stabilizing factorts) present in follicular
fluid and also found in fetal bovine serum, an essential
component of media used for in vitro culture of mam-
malian oocyte cumulus complexes (OCCs; Camaioni
et al., 1993; Chen et al., 1992, In line with these data, it
was shown that cumulus expansion can be blocked by
G-diazo-5-oxo0-L-norleucin «(DON), a compound prevent-
ing the synthesis of proteoglyvean and glycoprotein pre-
cursor N-acetyl-glucosamine (Chen et al., 1990). Inter-
estingly, the same inhibitory effect can be achieved
using the actin depolymerizing drug eytochalasin B(C;
B; Sutovsky et al., 1990, or its analogs dihydroeytocha-
lasin B (Wert and Larsen, 1989) and cytochalasin D
(C1: De Smedt and Szollos, 1991). CB treatment also
enhances the process of granulosa cetl differentiation
in vitro (Ben-Ze'ev and Amsterdam, 1987).

Our recent studies reveal that cumulus expansion in
cattle parallels the redistribution of individual cy-
toskeletal components in cumulus cells, starting by
massive assembly  of  actin - microfilaments  (MF;
Sutovsky et al., 1993, 19941, Furthermore, the secre-
tion of KCM glycoproteins (laminin, type IV collagen,
and fibronectin) occurs during cumulus expansion in
cattle and mice and is accompanied by the expression of
their membrane receptors, integrins o«-6 and f-1
(Sutovsky and Motlik, 1994). Since these integrins are
linked with the microfilament cytoskeleton (Luna and
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Hytt, 1992), it is possible that this link mediates the
anchorage of HA-rich cumulus ECM to the plasma
membrane of cumulus cells. Morcover, the above obser-
vations raise the question whether the interaction be-
tween cumulus ECM and the cytoskeleton of cumulus
cells could be a pathway regulating cumulus expansion
in response to gonadotropins.

In the present study, we compare the effect of DON
and CB on the accumulation of ECM glycoproteins, re-
arrangement of eytoskeletal elements, and redistribu-
tion of integrins during in vitru expansion of bovine
OCCs. Our results show that CB canses the internaliza-
tion of itegrin subunits -6 and $-1, inhibition of cy-
toskeletal rearrangement in cumulus cell eytoplasm,
and block of the accumulation of laminin and type {V
collagen in cumulus BCM. Similar to CB, the inhibition

of ECM synthesis by DON enhanees the expression of

laminin and type IV collagen by cumulus cells. How-
ever, this treatment does not affeet eytoskeleton and
integrin rearrangement. Thus, it scems likely that
F-actin regulates camulus expansion upstream of the
seeretion of cumulus BOM and this regrulatory pathway
may involve the contral of KCM assembly by integrin
membrane receptors.

MATERIALS AND METHODS
Collection and Culture of Bovine OCCs

Bovine ovaries were collected at the slanghterhouse
and immediately transported to the laboratory. The
ovaries were briefly washed with 707 ethyl alcohol
followed by double washing with phosphate-butfered
saline tPBS). The large tollicles and corpora lutea were
removed and the ovaries were cut open at the margo
mesoovaricus. Bach ovary was then put into 90 nun
Petri dhishes and sliced by surgical knives mounted in
parallel. The sedimented OCCs with tissue fragments
and some follicular fluid were redistributed into a 90
mm Petri dish. The compact OCCs with at least five
fayers of cumulus cells were eollected from the bottom
of the dishes and cultured for 24 hr in M199 culture
medium, supplemented with 104 fetal calf serum (FCS;
Flow Laboratories, McLean, VA, 1 jgiml of estradiol,
and 10 pgml of follicle stimulating hormone-luteiniz-
ing hormone (FSH-LH;  Stimufol,  Rhone-Merieux,
Lyon. Francer The culture was maintained at 39°C in
humid atmosphere of 5% €O in air. In order to black

FOM svathesis and cumulus expuansion, one group of

OCCs was cultured for 24 hr in the above medium tur-
ther referred to as complete medium) supplemented
with 20 gl of DON (Sigmia, St Louis, MO). Alterna-
tively, the OCCs were cultured for 24 hrin the presence
of 20 pp/ml of CB(Serva tHeidetberg, Germany) causing
the block of cumulus expansion. In a control experi-
ment, the same inhibitory effect of cumulus expansion

and ECM svathesis was achieved using 10 pg/ml of

eytochalasin D (data not showm. To evaluate the re-
versibility of CB treatment, a group of control OCCs
was withdrawn from CB containing culture medium
after 24 hr of culture, washed, and cultured for up to 24

hr in complete medium. Following the culture, the
OCCs from individual control and experimental groups
were examined with a stercomicroscope in order to de-
termine the degree of cumulus expansion according to
the subjective scoring method described by Vanderhy-

den et al. (1990). Thus, only the OCCs with all layers of

cumulus cells expanded were referred to as expanded
complexes. At least 20 representative OCCs from every
culture group were processed for immunofluorescence
or electron microscopy. In parallel, uncultured 0-hr
controls were fixed. The present results summarize the
data from five experiments including 0-hr and 24-hy
control and the treatments with DON and CB at the
concentrations defined above.

Immunofluorescence

The OCCs were processed using a protocol deseribed
previously (Sutovsky et al., 1993, Briefly, they were
fixed for 20 min in 2.5% paraformaldebyde in PBS (pH
7.31, incubated for 1 hr in 50 mM ammonium chloride to
remove remaining free aldehydic groups, washed, and
conserved in 0.1 M PBS with 0.05% sodium azide and 1
mM PMSE (Serva Heidelberg). The following antibod-
ies were used to trace the distribution of integrins,
£CM proteins, and eytoskeleton: anti-a-6 (VLA-6 inte-
grin subunit) rat monoclenal antibody (Sonnenberg

ot al.. 1988 diluted 17200 from Central Laboratory of

Blood Transfusion of the Netherlands Red Cross, Am-
sterdam; anti-B-1 (VEA-1 integrin subunit) mouse
manoclonal antibody (Yllane and Virtanen, 1989; di-
luted 1/2) from University of Helsinki, Finland; anti-
laminin (Demarchez et al., 1987; Duband and Thiery,
1987: dituted 1/150), and anti-type 1V collagen (Duband
and Thiery, 1987; diluted 1/100) rabbit polyclonal anti-
bodies (Institut Pasteur, Lyon, France). Microtubules
(MTs were labelled by the anti-e-tubulin TUOL
(Viklicky et al., 1982; diluted 1440} mouse monoclonal
from Institute of Molecular Geneties, Prague, Czech
Republic; intermediate filaments (%) were labelled by
anti-vimentin (Virtanen et al., 1988; diluted 1/2) mouse
monoclonal antibody from University of Helsinki, Fin-
land: MFs were labelled by rhodamine-conjugeted
phalloidin tMolecular Probes, Kugene, OR). Secondary
antibadies were FITC-conjugated anti-mouse IgG and
anti-1abbit {gG (hoth from USOL Praha; diluted 1/740)
and FITC-conjugated anti-rat lgG (Biosys, Compiegne,
France; diluted 14100, Al antibodies used in this study
were previously shown to display specific reactions
with the antigens in bovine cumuli cophori (Sutovsky
elal., 1993, 1994; Sutovsky and Motlik, 1994). Nonspe-
¢ifie reactions were prevented by incubation in 0.1 M
PBS, containing 27 of bovine serum albumin (BSA;
Sigma), 0.05¢% sodium azide, and 0.05% saponin
(Sigma). Then the OCCs were incubated for 1 hr with
primary antibody diluted in the same solution as used
for preincubation, thoroughly washed in 0.1 M PBS
with 0.2 BSA, 0.05% sodium azide, and 0.05% sapo-
nin, treated with scecondary antibody, washed, and
mounted on slides in a mixture of Mowiol V 4-88
(Hoechst, Frankfurt, Germany) and n-propyl-gailate



(Sigmal. An average number of 20 OCCs was processed
with each antibody and at each time point in individual
culture and control groups. The OCCs were examined
and photographed with Polyvar (Reichert Jung) and
Leitz Axiophot (Leica) fTuorescence microscopes (KCM
and cytoskeletal proteins) or Zeiss confocal microscope
tintegrin chains «-6 and $3-11 In both cases, the images
were recorded on [ford 400 Delta black and white film.
The negatives were scanned by a Nikon Coolscan image
scanner, recorded by a Macintosh Quadra S40AV com-
puter, and the figure plates were created using Adobe
Photoshopd software (Adobe Systems ne., Mountain
View, CA).

Electron Microscopy

The OCCs were fixed for 1T hrat £°C ina mix ol 2.5%
glutaraldehyde and 0.6 paraformaldehyde in cacody-
late buffer i(pH 7.4, washed, postfised for 1 hoin 1%
osmium tetroxide, washed in distilled water, postfixed
for 30 min in 19 tannic acid, dehydrated in ascending
cthanol series, and embedded in Epon 8142 The ul-
trathin sections were obtained using a Rewchert Jung
Ultracut I microtome, placed on the formvar-coated
copper grids, contrasted with uranyl acetate and lead
citrate, and observed with a deol 1200 1N electron mi-
croscope.

RESULTS
Both CB and DON Treatments Suppress
Accumulation of Laminin and Type IV Collagen
in the OCCs

Dot-like patterns of immunofluorescence labelling of

liminin and tyvpe IV coltagen demonstrated the low
amounts of these proteins in the unstimulated OCCs
(Fig. TA AL A 24-hr calture in the presence of gonado-
tropins caused full expansion of cumuli oophori in 100
of cultured OCCs and significantly increased the secre-
tion of laminin and type IV collagen, visible as large
deposits at the surfaces of cumulus cells iFig. 1B,B".
Both 24-hr cultures in gonadotropin-supplemented me-
dium with addition of 20 pgrml of DON (Fig. 1C,C or
20 pg/ml of CB (IFig. 1D,D") prevented cumulus expan-
ston and decreased the assembly of laminin and type IV
collagen in the extracellular spaces. The labelling pat-
terns of laminin and type IV collagen in CB or DON-
treated OCC resembled these observed in unstimulated
controls (Fig, TA A"

CB Treatment Randomizes the Distribution of
I-Actin and Prevents the Redistribution of MTs
and IFs

MFEs were regularly dispersed throughout the corti-
cal eytoplasin of cumulus cells in the unstimulated
OCCs (Fig. 2. A 24-hr culture in gonadotropin-sup-
plemented medium induced the assembly of F-actin
and formation of fong MEF bundles (Fig, 2B, Most prom-
inently, the bundling of inctin MEs occurred in the cyto-

plasmic projections of cumulus cells, The assembly of

actin MIPs, reminiseent to the one observed in fully

BOVINE CUMULUS EXPANSION 523

expanded OCCs, and the formation of cvtoplasmic pro-
jections were observed in the OCCs cultured in DON-
supplemented medium (Fig. 20, In the OCCs cultured
for 24 hr in the presence of CB, the MEFs were aggre-
gated in liwge clumps or bundles, randomly distributed
throughout the eytoplasm of cumulus cells, and no pro-

jeetions were seen (Fig. 2D, Following the removal of

OCCs from CB-supplemented culture medium and fur-
ther culture in the presence of gonadotropins alone, the
ME cytoskeleton of cumulus cells was restored to a pat-
tern similar to unstimulated OCCs. However, neither
cumulus expansion nor clongation of cumulus cells oc
curred, even if the culture was prolonged up to 24 hr
after eytochalasin removal (not shown),

The MTs and IFs formed regular eytoplasmic net-
works in the round-shaped cells of the unstimulated
OCCs (Fig. 247, A", Following cumulus expansion, the
evtoskeletal networks protruded into newly formed ey-
toplasmic projections (Fig. 2B'.B"). Similar to gonado-
tropin-stimulated OCCs (24 hr), the cells in the OCCs
treated with DON possessed large projections loaded
with MTx and IFs (Fig. 2C7,C". Despite the high con-
centration of gonadotropins in culture medium, the
cells in CB-treated OCCs remained round and did not
form the projections and membrane ruffles. The distri-
bution of MTs and 1 (Iig. 2D, D") remained similar to
that of controls (0 h).

CB Treatment Causes the Internalization of
Integrin Subunits a-6 and 3-1

Using laser scanning confocal microscopy (LSCM),
the immunofluorescence labelling of inteprin subunits
-6 und B-1 was localized to the surface of cumulus cells
in both unstimulated (Fig. 3A,A" and expanded (24 h)
OCCs (Ing. 3B,B). A slight increase in labelling inten-
sity was recorded in the expanded ones. The treatment
with DON had no effect on integrin distribution
(Fig. 3C,C and resulted in labelling patterns similar
to those observed in fully expanded cumuli. On the
contrary, the arrangement of both integrin subunits
was dramatically disturbed by evtochalasin treatment,
causing their internalization and spreading through-
out the eytoplasm of cumulus eells (Fig. 3D,D".

CB but not DON ‘T'reatment Prevents the
Elongation and Polarization of Cumulus Cells

Unstimulated bovine OCCs contained tightly packed
round cells with numerous small microvilli (Fig. 4A).
Twenty-four hours of culture in the presence of go-
nadotropins resulted in a complete expansion of cumuli
oophori including the innermost layers of cumulus
cells. This was characterized by the extension of extra-
cellular spaces, clongation of cumulus cells, and polar-
ized distribution of their cytoplasmic organclles. Large
eytoplasmic projections oriented towards the oocyte
were the most prominent feature of these eells
(Fig. 4B). Inhibition of ECM synthesis by DON pre-
vented the extension of intercellular spaces among cu-
mulus cells, but had no effect on their polarization and
elongation: after 24 hr of culture in DON-supplemented
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Fig, L Ineveased expresaon of Tanenm and type [V collagen in
hovine cumulus cells by ponadotropn stimulation s repressed i the
presence of DON or CB The OCC were processed Tor immunotiunres.
cence with ants Lo (A -Dor aotitvpe IV collagen (D anty-
bonly either uneultured (A Y or atter 29 hre of culture mgonadotro-

'c9];l\;:geﬁ v

pin-supplemented ceonpletey mediom (BB and after 24 hr of culture
Yor CBWD,DY. -

in complete medunn supplemented by DON (€
apes were taken by conventional fluorescence microscope. Bar
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Fig. 2. Distobution of MEFs cA-D, actint, MTs(A-D" tububing, and
s e A“D vimenting i the cells of bovine OCCs cultured for 0 by
(ACAY) for 24 hirin complete mediam with gonadotropms only (B-B"),
for 24 hr i complete medinm supplemented by DON (C-C7), or for 24
hran complete medinm dotted by CB D17 DON-treated cells dis-

play similar evtoskeletal arrangement and shape to the cells i ex-
panded OCCs whereas CH treatment resulted in the bloek of eytoskel-
etal reorganization and cell elongation. Images were recorded by
conventionil fluorescence microscope and digitalized. Both bars
10pm

\7
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Fig. 3. CUB causes the internalization of integrim chans o-6 (A-Ih
and 3= 16V Do the cells of gonadotropisstunulated bovine OCCs
The mtegrins are predominantly locidized to the plasma membrane of
cumubus cells i both unstimulated @0 b A and expanded (24 b
BB complexes. Although simlar integrin distnibution ocears an

DON-treated complexes (C,C), both integrin chains are seattered
throughout the evtoplasm of cumulus cells in the OCCs cultured in the
presence of CHD,DY. Images show one focus plane section of camulus
oophorus as recorded by contocal microseope. Bars 25 m, except
¢ pn.

\)
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Fig. 4. Electean mieropraphs showsng the degrec of camulins expan-
= and the morphology of cumulus cells i the OCCs processed for
electron micioacopy after different culture intervals and treatments
Whereis the round-shaped cells man anstimulated OCC (AY display
numerows nucrovilh arrows, the farge, foot-hike projections tarrow)
areseenalter cumuldus expansin (8) This kind of cvtoplasmie projee-

medium with gonadotropins, the cells remained tightly
packed but displayed a morphology similar to that
found in fully expanded control complexes (Fig. 1), In
the presence of 20 pgml of CB, the cumulus eells also
remained tightly packed and retained their round
shape (Fig D1 Neither large evtoplasmic projections
nor surface microvilli were found in these cumulus cells
(Fig. 4Dy,

DISCUSSION

The present study is aimed to determine the spatial
and temporal relationship hetween eytoskeletal rear-
rangement and ECM assembly in gonadotropin-stimu-
lated bovine cumulus oophorus cells.

The timing of the events giving rise to cuniulus ex-
pansion revealed that this process is initiated by the
rearrangement of MIs in the eumulus cell evtoplasm,
preceding the acceleration of KCM synthesis, redistri-
bution of MTs and 1Fs, and the modification of the pgap
Junctional pathway between cumulus cells and nocyte
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tron Larows was also found in DON-treated cumuli, where the cells
remained ghtly packed (C) CB treatment inlubited both the exten-
ston of intercellular spaces and the formation of evtoplasmic projec-
tions Moreover. the round-shaped cells in these OCCs are completely
devond of mnerovilh () Allbars - 5

(Sutovsky et al., 1993, 1994). To distinguish these par-
ticular processes, we blocked cumulus expansion by
preventing actin polymerization (CB or CD), or by sup-
pressing the synthesis of cumulus ECM (DON). In
agreement with our expeetation, the addition of DON
into gonadotropin-supplemented culture medium sup-
pressed the inereased expression of laminin and type IV
collagen, presumably by blocking the synthesis of
N-ucetyl-glucosamine (Chen et al., 1990). However,
this treatment had no effect on the process of cumulus
cell morphological differentiation. Thus, regardless of
the block of cumulus expansion, the cells in the DON-
treated OCCs acquired the clongated shape and dis-
played typical features of cells in fully expanded camuli
oophori (Albertini and Rider, 1994; Allworth and Al-
bertini, 1993; Suluvsky et al., 1993, 1994). Disruption
of MIY by eytochalasins, previously shown to block ey-
toskeletal rearrangement during cumulus cell differen-
tiation in bovine (Sutovsky et al., 1990, rat (Wert and
Larsen, 1989; Chen et al., 1990), and sheep (De Smedt
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and Szollosi, 1991, also prevented the accumulation of

laminin and type IV collagen at the surface of cumulus
cells and caused the internalization of integrin sub-
units «-6 and -1, Since the link between MEFs and
integrins is now well established treviewed in Luna and
Hytt, 1992; Juliano and Haskill, 1993), we can specu-
late that the MP-directed assembly of integrins at the
plasma membrane of cumulus cells is a prerequisite for
the binding of the components of cumulus FCM to
plasma membrane. Whereas Chen et al. 11992y proved
that the retention of ECM in cumulus oophorus de-
pends upon the intrinsic factor crosslinking its compo-
nents, the necessity of an additional mechanisia in-
volved in control of cumulus ECM assembly has been
supgested by Camaioni et al. 11993). Perhaps, one way
tor cumulus ECM stabilization may involve the M-
controlled integrin turnover and or topology at the
plasma membrane of camulus cells. In line with this
theory, Schwartz and Ingber ¢199:0 proposed that me-
chanical forces Gue, evtoskeletom may regulate the
change of integrin clustering or conformation and thus
activate intracellular signalling pathways,

The present data indicate that cumulus expanston
shares common features with the process of cell adhe-
ston 1o the ECM. Cell adhesion is achieved by the as-
sembly of MEs and integrins at foeal adhesion sites, and
is directed by specitic tyrosine kinase pp125"*% (Burr-
idge et al, 19920 Lipfert ot al, 19920 Similarly,
cumulus expansion is preceded by the assembly of MIos
and paralleled by the redistribution of integrins and
changes in cell shape as documented by Alberting and
Rider 1950, AMllworth and  Albertini (1993, and
Sutovsky et al. (1993, 199-0. Thus, it would not be sur-
prising to detect some specifie components of focal ad-
hesion in mammalian camuli oophori undergoing ox-
pansion.

The cellular differentiation tas studied in vitrod
seems to be regulated by the adhesion on ECM, How-
ever, the interaction between cytoskeleton and ECM is
reciprocal and cumulus expansion provides an excel-

lent opportunity to follow the reverse sequence of
events: the assembly of MEFs, similar to the formation of

stress fibers at the focal adheston site, oceurs before and
probably is required for ECM synthesis and or assem-
bly during cumulus expansion. According to this view,
cumulus ECM seems to be assembled as a consequence
of eytoskeletal reorganization and could play roles
other than the one required for cumulus cell diffe.enti-
ation and ovulation. The establishment of an integrin
link between cumulus cell eytoplasm and ECM may in
turn favor the acquisition of the finad morphology by
cumulus cells.

Taken together, the present study provides the sup-
port for the existence of two distinet steps necessary for
cumulus expansion: actin-driven cytoskeletal rear-
rangement and assembly of cumulus ECM. Whereas
our and others” previous studies (reviewed in Sutovsky
and Motlik, 1990 suggest the cooperation of the cy-
toskeleton and ECM during camulus expansion, we re-
port here that these two steps can be separated and that

cytoskeletal rearrangement is probably placed up-
stream of FCM synthesis in the cascade of events lead-
ing to cumulus expansion. The redistribution of cy-
toskeleton is not atfected by the presence of ECM
synthesis inhibitor DON, but no ECM assembly occurs
when the MIFs are disrupted by CB. Thus, the present
data provide further evidence for the role of the MF
cytoskeleton in mediation of the response induced by
gonadotropins in granulosa cells (Amsterdam and Rot-
mensch, 1987).

ACKNOWLEDGMENTS

We gratefully acknowledge the technical assistance
of Mrs. Jifinka Zelenkovi and Mr. Viclav Pech, the
assistance of Dr. Petr Dvorik with contocal microscopy,
and the provision of light microscopic facility by Dr.
Leopold Veselsky. Special thanks are addressed to pro-
tessor Gerald Schatten and Dr. Jan Motlik for stimulat-
iy discussion and reading the manuscript. This re-
search was supported in part by grant 12.061E, Office
of the Science Advisor, U.S. Agency for International
Development, Washington, D.C. (P.S0; grant 7-503,
Czech Ministry of Economies, Prague, Czech Republic
tALP O and by grants from the NIH (P8, Gerald Schat-
ten), USDA iGerald Schatten), and the Centre Interna-
tional des Etudiants et Staygriaires, Paris. France (P.S)

REFERENCES

Alberting DE, Rider Vop990: Patterns of intercellular connectivity in
the mammalan cumubus-ooeyte complex. Microse Res Teeh 27:125-
193

Allworth AE Albertini DF (19930 Meotic maturation in cultured
bovine cocvtes 1s accompanied by remodelling of the cumulus celd
evtoskeleton. Dev Biol TH8 101112,

Amsterdam AL Rotmenseh S (19871 Structure-function relationship
during granwlesa cell differentiation. Endoer Rev 82109337,

Ben-Ze'ev AL Amsterdam A (987 In vitro regulation of granulosa
celt differentiation. J Biol Chem 262:5266-53706.

Bucene I Vanderhyden BC, Caron P, Eppig ) 01990 FSH-in-
duced expansion of the mouze cumulus sophorus in vitro is depen-
dent upon a specilie fuctores) secreted by the voevte, Dev Biol 138,
RSN

Burridge K. Turner CE, Romer LH 01992 Tyrosine phosphorylation
of paxthn and ppl2a' ™ accompanies cell adhesion to extracellular
matrix: A role in eytoskeletal azsembly J Cell Biol 119 854-903

Camaon A, Haseall VO, Yanagishita M, Salustri A (1993 Etfect of

exogenous hyaluronie acid and serum on matrix organization and
stabithty an the mouse cumulus cell-ooevte complex. J Biol Chem
RULBUIE RESUIEE

Chen L, Wert SE Hendrie M, Russel P, Cannon M, Larsen Wi
outh: Hyaluromie acid synthesis and gap junchion endocytasis are
necessary for normal expansion of the comulus mass. Mol Reprod
Dev 26 236 247,

Chen Lo Mao ST, Larsen W) 019920 [dentification of a factor in fetal
bovine <erum that stabihzes the comulus extracellular matrix. J
Biol Chem 2671238012386

Dekel NoThllensjo ¥, Kratcer PF 01979, Matyfation effects of gona-
dotropins on the cumulus-ooeyte complex of the rat. Biol Reprod
200191197

Demarchez M, Hartmann D, Herbage D, Ville G, Prumeras MO1987):
Wound-healing of human skin transplanted onto the nude mouse. 2.
Animmunohistological and ultrastruetural study of the epidermal
basement membrane zone reconstraction and connective hissue re-
organization. Dev Biol 120 110-129

e Smedt V, Szollosi D 19911 Cytochalasin D induces meiotic re-
sumptionn follicular sheep oneytes. Mol Reprod Dev 29:163-171.



Duband JL., Thiery JP (19871 Distribution of Lanumm and collagen
during avian neural crest development. Development 101461 47K

Eppig 1 01979 FSH stimulates hyaluronic acid synthesis by oocyte-
cumulus celt complex from mouse preovalitory fotheles Nature
REJEELHERT,EN

Juhano RL, Haskill S 01993 Signal transduction trom extracelbular
matrix J Cell Brob 1200577 555

Laptert L, Hannovieh BoSchadler ML Cobh B8, Parsons JT, Brogpe 1S
(1992 Integrm-dependent phosphorvlation and activation of the

Ao platelets d Celi Biol 119 905

protew tyrosine Kihise ppl.
912

Luna B, Hitt AL (19920 Cytoskeleton-plasma metubrane wtera
tions Science 2H8:955 964

Prochazka R, Nagvova EL Rinkevicova 7, Nagan T, Kok uehs K, Mathk
Joan b Lack of effect of oceytectomy an expansion of the poreine
cumulbus o Reprod Fertil 93,564 576

Salustre AL Yanageshita M, Haseall VO 19903 Mouse ooevtes regulate
hy aluronie acid svathesis and muatication by FSH-stimulated cn
mutus cells Dev Biol 135 26 32

Salustre AL Yanagishita M Undertuldl CBL Laurent TC, Hascadl VO
o9 Locahzation and synthests of hyaduronie acid i the comutus
cellz and mural granulo= cells of the preovalatory follicle: Dev Hhol
151 541551

Schwarts MA, Ingher DI D95 Intecrating wathantegrins, Mol Brol
Cell 589 393

Sonnenberg A, Modderman PW, Hogervorst Fol98R10 Laminimn recep
tor on platelets s theintegrin VEA-G Nature 336: 487489

Sutovsky 1% Motlik J Q98940 Cumulus expansion in mammals An

BOVINE CUMULUS EXPANSION 029
mterplay between cumulus pranulosa coll evtoskeleton, extracella-
Lar miatris and sucvte secretion ARTA W 6 24

Sutovsky P, Flechon JE, Flechon 15, Mathik B, Peviot No Chesne P,
Hevman Y e19931 Dyvnamie changes of gap junctions and evtoskele-
tun during in vitro culture of cattle ooevte cumulus compleses. Biol
Reprod 4912771257

Sutovsky P, Flechon JE, Pavlok A (19941 Microlilaments, imierotu-
bules anhintermediate fiaents tulfal differential roles i gonado-
tropin induced expansion of bovine cusnlus oophorus Reprod Nutre
Des 34 415 42

Vanderhvden BU, Caron P Bucawne R Eppie JJ 019900 Develap
mental pattern of the seeretion of cumulus-expinsion vnablng T
tor by mouse ooevtes and the role ol ooevtes i promoting granulosa
cell differentustion Dev Biol 140 307 417

Vikhieky V. Draber P, Hasek J, Bartek J 01952 Production and char-

rzation of monsclonal antitubulin antibody. Cell Biol Int Rep
6720 T

Vietanen I Narvanen O, Lehto VP 0198580 Diflerential immunoreac-
vty and Ca dependent degradation of vanentin i human fibro-
blast and Mibrosarconia cells Intd Cancer 42,256 260

Wert SE, Larsen W 19850 Mewtie resumption and gap junction
modulation m the cultured rat camualus-ooeyte complexes Gamete
Rex 220143 162

Ylane 0, Virtanen T 989 The My 140 000 Nibronectin receptor
complex i normal and virus-transformed human fibroblasts and i
fibrosarcoma cells: Identical locahization and function Intd Cancer
A3 1126- 1136



http:s'vutliesi.ls

