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Summary. Hamster oocyte-cumulus complexes (OCC), with 
and without sperm, were structurally analyzed by light- and 
electron microscopy using freeze substitution. This method 
has yielded a clear picture of the extracellular oocyte invest- 
ments, the cumulus cell matrix and the zona pellucida. The 
cumulus matrix has an overall homogeneous fibrillar struc- 
ture which appears to attach to cumulus cells at their filopo- 
dial extensions. The matrix also extends into the outer re- 
gions of the zona pellucida. The zona pellucida has a dis- 
tinct porous configuration throughout its entire structure. 
During gamete interaction experiments, capacitated ham- 
ster sperm with ultrastructurally intact acrosomes were 
found throughout the matrix. Sperm had dramatic effects 
on the matrix, resulting in compression and stretching. 
Sperm found on the zona pellucida had initiated or com- 
pleted the acrosome reaction. During the initial stages of 
the acrosome reaction, the matrix was in contact with the 
sperm. At later stages of the acrosome reaction, there was 
a complete loss of matrix material in regions near the sperm. 
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Immediately prior to fertilization, mammalian sperm must 
traverse two extracellular egg investments, the cumulus ma- 
trix and the zona pellucida. The former is a viscoelastic 
extracellular matrix consisting of glycosaminoglycans, pri- 
marily hyaluronic acid (Ball et al. 1982), while the latter 
is a highly structured investment containing 3 5 glycopro- 
teins (see Dunbar and Wolgemuth 1984, for review). Mech- 
anisms of sperm penetration of the cumulus and zona re- 
main incompletely understood and are, to some extent, con- 
troversial (Talbot 1985). The principal active processes are 
mechanical forces generated by the motile flagellum and 
digestion of the extracellular egg investments by sperm en- 
zymes. The latter may be intimately linked to the time 
course of the sperm acrosome reaction. 

It is not clear whether hyaluronidase in the sperm acro- 
some and/or on the sperm surface is involved in sperm 
passage through the cumulus matrix (Zao et al. 1985; Cor- 
selli and Talbot 1987; see Talbot 1985, for review). In addi- 
tion, cumulus components may stimulate sperm motility 
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(Bradley and Garbers 1983) and induce the acrosome reac- 
tion; they may also enhance the fertilizing ability of sperm 
(Bavister 1982; Tesarik 1985; Meizel and Turner 1986). 
Recent studies with the hamster (Cherr et al. 1986; Corselli 
and Talbot 1987) have suggested that capacitated sperm 
with intact acrosomes or modified acrosomes (Cummins 
and Yanagimachi 1986) are capable of traversing the entire 
cumulus matrix. It has been demonstrated that changes in 
sperm motility occur when non-acrosome reacted hamster 
sperm enter the matrix (see Katz et al. 1987, for review). 
Thus, it has been suggested that flagellar motion plays a 
necessary, if not sufficient role in sperm passage through 
oocyte investments (Katz et al. 1987). A thorough under- 
standing of the microenvironment that the sperm en- 
counters during gamete interaction requires geometric and 
physical characterization of the microstructure of the cumu- 
lus matrix and zona, in addition to elucidation of their 
molecular constituents. As in studies of extracellular matri- 
ces from other cells, the ultrastructure of the matrix has 
been observed by transmission electron microscopy (TEM) 
following staining with cationic dyes (Talbot 1984). While 
these compounds exhibit a high affinity for acid mucopoly- 
saccharides (Luft 1971) and stabilize the extracellular ma- 
trix to some degree, they do not prevent the dramatic 
shrinkage during preparation (Talbot and DiCarlantonio 
1984a). Clearly, preparative techniques that minimize 
shrinkage of the cumulus and zona would contribute signifi- 
cantly to such work. 

In the present study, we have employed freeze substitu- 
tion to prepare oocyte-cumulus complexes for light- and 
electron microscopy. This technique has enabled us to view 
the fine structure of the cumulus matrix and zona for the 
first time without some of the artifacts that have typically 
hampered more conventional approaches. More impor- 
tantly, preparation of samples in this manner has enabled 
ultrastructural assessment of the impact of the sperm on 
the cumulus matrix and zona, as well as the effects of these 
matrices on sperm functions, e.g., the acrosome reaction 
and movement characteristics. 

Materials and methods 

Hamsters 

Golden hamsters (Mesocricetus auratus; 8 weeks old) were 
obtained from Charles Rivers Labs (Wilmington, Massa- 
chusetts) and Simonson Labs (Gilroy, California). All were 
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held in a 14:10 l igh t :da rk  cycle. Fo r  some animals, the 
light cycle was reversed such that  the dark  cycle began at 
7 a.m. 

Chemicals 

All chemicals used in the prepara t ion  of  media  or injections 
were purchased from Sigma Chemical Company  (St. Louis, 
Missouri).  Supplies for electron microscopy were obtained 
from Ted Pella (Tustin, California).  

Media 

Dulbecco 's  phosphate-buffered saline (PBS) was used to 
wash all gametes. The concentrat ions of  salts were 144 m M  
NaCI, 3.15 m M  KC1, 8 . 2 4 m M  NazHPO4,  1.48 m M  
KH2PO4, 0.93 m M  CaCI2 2 H 2 0  and 0.40 m M  MgC12 
6 H20 .  PBS was stored at 4 ~ C. All gamete incubations 
were carried out  in a modif ied Tyrode ' s  buffer in which 
the salt concentrat ions  were 123 m M  NaCI,  3.1 m M  KCI, 
0.3 m M  NaH2PO4 H20 ,  24.9 m M  NaHCO3,  2 m M  CaC12. 
2 H20 ,  0.4 m M  MgCI2- 6 H20. Media  for sperm capacita-  
t ion and ferti l ization (FM)  also contained 0.5 m M  taurine, 
0.5 m M  glucose, 0.25 m M  pyruvate,  12.5 m M  Na-lactate  
and 12.5 mg bovine serum albumin (BSA). The pH of  this 
solution was adjusted to 7.3 with CO2. 

Oocyte collection 

Mature  female hamsters  were st imulated to superovulate 
by an intraper i toneal  injection of  25 IU of  pregnant  mare  
serum gonado t rop in  (PMSG),  followed by injection of  
25 IU o f  human chorionic gonadot rop in  (HCG)  at least 
60 h later. They were sacrificed 12.5 h after the H C G  injec- 
tion. In some experiments,  female hamsters  were tested for 
their stage of  the estrous cycle so that unst imulated ovaries 
could be used. The products  of  natural ly st imulated ovula- 
t ion tended to exhibit less variabili ty.  

Female  hamsters  were moni tored  for receptivity to 
males;  if receptive, they were removed and sacrificed 4-5 h 
after the onset of  the dark  cycle. Excised ovaries were rinsed 
in PBS (pH 7.2) and dissected to remove peripheral  tissue. 

Mature  follicles were then ruptured,  the external granu- 
losa wall removed and the oocyte-cumulus complex was 
gently teased from the follicle (Talbot  1983). Isolated oo- 
cyte-cumulus complexes were thrice rinsed and placed in 
FM.  OCC's  were kept  at  37~  and after isolation were 
mainta ined in an a tmosphere  of  5% CO2, 95% air. After  
30 min, OCC's  were either fixed or  incubated with sperm. 

Sperm collection 

Caudal  epididymal  sperm were obtained and capaci ta ted 
according to Meizel and Turner  (1983), as modified by 
Cherr  et al. (1986). Only sperm suspensions with > 7 0 %  
motil i ty,  of  which 70% of  the cells exhibited hyperact ivated 
moti l i ty after 3.5-4.0 h of  incubation,  were used in the ga- 
mete interact ion studies. 

Sperm-egg interaction 

OCC's  (10) pipet ted into 500 lal fresh F M  were overlaid 
with paraff in oil (37 ~ C) that  had been previously equili- 
bra ted  in CO2 and buffer. Sperm suspensions were generally 

diluted pr ior  to combining with OCC's ,  such that  a final 
ratio of  20-100 sperm/OCC was achieved. Under  these con- 
ditions, 6 -10spe rm were found within an OCC after 
20 min. Fol lowing introduct ion of  sperm, samples were 
coincubated at 37 ~ C under 5% COz and 95% air for either 
10 or 20 min prior  to fixation. 

Processing for electron microscopy 

OCC's  were prepared for electron microscopy by modifying 
a previously reported technique for freeze substi tution 
(Mura ta  et al. 1985; see Gilkey and Staehelin 1986, for re- 
view). OCC's  with and without  sperm were prefixed at the 
appropr ia te  times by adding 100 ~1 of  2.5% glutaraldehyde-  
buffered in 0.1 M cacodylate (pH 7.3). After  5-10 min, the 
OCC's  were transferred to fresh 0.1 M cacodylate-buffered 
2.5% glutaraldehyde to which 0.25% acrolein had been 
added.  OCC's  were fixed for 1 h, and then thoroughly  
washed in 0.1 M cacodylate overnight. Samples were post-  
fixed in 0.1% tannic acid for 2 h. Thereafter samples were 
washed for at least 4 h in 0.1 M cacodylate.  Washed  OCC's  
were placed in a 10% D M S O  - 0 . 1  M cacodylate solution 
for at least 30 rain. 

OCC's  were then placed in 3-mm gold freeze-fracture 
caps; excess liquid was removed with filter paper.  Gaseous  
freon-22 was injected into a small well and bathed in liquid 
nitrogen (LN2) until it liquified and eventually solidified. 
A hexagonal wrench was then inserted into the frozen freon 
to liquefy it. The cap containing the OCC was then im- 
mersed for 30 sec and immediately placed in LNz. This 
process was continued until all OCC were in LN2. The 
caps containing OCC were then transferred to 100% metha-  
nol that  had been cooled to - 7 0 ~  with a dry ice bath. 
They were then placed in a Revco freezer ( - 8 0  ~ C). After  
72 h the 100% methanol  was replaced with 0.1% OsO4 
in 100% methanol,  and placed in a freezer at - 2 0  ~ C for 
4-8 h. After  removal of  the H20 ,  the sample usually floated 
free from the gold caps. Samples were brought  up to room 
temperature (1 h), washed twice in 100% methanol ,  and 
then placed overnight in a 50:50 mixture of  Spurrs '  epoxy 
resin and 100% methanol.  The samples were infil trated with 
resin for 4 h and then embedded overnight. 

Samples were sectioned with glass and d iamond knives. 
The 0.5-1am thick sections were stained according to del 
Cerro et al. (1980), a procedure that  enhanced the appear-  
ance of  the extracellular matrix. F o r  TEM, sections of  the 
OCC were cut on a d iamond knife and stained with uranyl 
acetate and lead citrate. Observations and photography  
were performed on a Philips 410 TEM. 

Samples used for scanning electron microscopy (SEM) 
were prepared as previously described and then critical- 
point  dried before sputter coating with gold. Micrographs  
were taken on a Philips 501 SEM. 

Results 

Cumulus and zona material 

After  puncturing a mature  follicle, the OCC was immediate-  
ly expelled. The mature  OCC usually continued to expand 
until it had increased in diameter by approximate ly  10%. 
Whether  this expansion was due to continued hydrat ion,  
dilution of  follicular fluid or rebounding from elastic com- 
pression is not yet clear. However,  it should be noted that  
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Fig. l. Nomarski phase-contrast view of an oocyte-cumulus complex (OCC). Bar = 100 lam 

Fig. 2. Low magnification of a thick section through an entire oocyte-cumulus complex. Bar = 100 ~tm 

Fig. 3. A higher magnification of a thick section revealing cumulus cells embedded in the extracellular matrix. Bar = 1 ~tm 

all OCC's  observed expanded after follicular expulsion. The 
effective diameter  of  a complex was typically between 
0.75-0.85 ram. None  of  the samples prepared for T E M  ex- 
hibited any overall reduction in diameter  greater  than 5%. 
In general, s tructural  features of  the ovulated and follicular 
cumulus matr ix  were similar. Therefore, all the micrographs  
presented here are o f  foll icular material .  

Fol l icular  complexes were nearly spherical, with the oo- 
cyte usually centrally posi t ioned (Fig. 1). The cumulus ma-  
trix was translucent,  with numerous cells dis tr ibuted 
throughout .  The local density of  cumulus cells appeared  
to decrease with distance from the oocyte. The innermost  
layers of  cells are referred to as the corona  radiata.  This 
layer could be dist inguished in follicular complexes, but  
was less conspicuous in oviducal  complexes. Ano the r  mor-  
phological  feature unique to follicular complexes was the 
presence o f  large aggregates of  cumulus cells, sometimes 
up to ten cells within a cluster (Figs. 2, 3). Al though clusters 
were seen in the ovulated cumulus masses, the cells within 

a cluster usually numbered less than three. A section 
through the cumulus matr ix  revealed a uniform fibrous net- 
work among cells (Fig. 3). The matr ix  appeared  cont inuous 
with no obvious cavities or  " c h a n n e l s "  (Fig. 3). The exter- 
nal surface of  the complex also appeared  to be continuous.  

The underlying matr ix  had an extensive network of  fi- 
bri l lar  material  that  was, for the most  part ,  uniformly dis- 
t r ibuted (Fig. 4). The matr ix  mater ia l  was closely apposed  
to the cumulus cells (Fig. 5). The fibrillar elements appeared  
to have a t tachment  sites on the cells, such sites being asso- 
ciated with cell f i lopodia (Fig. 6). Cumulus  cells were usual- 
ly spherical, with large, centrally posi t ioned nuclei. Abun-  
dant  mi tochondr ia  and arrays of  smooth endoplasmic retic- 
ulum were also present (Fig. 5). The cumulus matr ix  ap-  
peared to run parallel  to the cell membrane,  while individ- 
ual fibrillar elements branched down to the f i lopodial  exten- 
sions (Fig. 6). There were no regions within the lattice-like 
microstructure with preferred or ientat ion o f  fibrils, i.e., 
there was no obvious sign of  " c o r d s "  in the material .  The 
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Fig. 4. Inner cumulus matrix as viewed with SEM showing a highly branched filamentous substructure. Cumulus cells (C) can also 
be observed. Bar=2.8 lam 

Fig. 5. A cumulus cell embedded in the extracellular matrix. Bar = 1.3 gm 

Fig. 6. Filopodial extensions (arrows) are typically sites where the extracellular matrix appears to attach to cumulus cells. Bar ~ 0.36 gm 

interst i t ial  or  " p o r e "  d iamete r  be tween  the fibri l lar  ele- 
ments  var ied,  bu t  was usual ly  be tween  0.5-0.8 lam. Individ-  
ual fibrils were  app r ox ima te ly  50-100 nm in diameter .  They 
appea red  to have  a cyl indrical  to r ibbon- l ike  conf igura t ion  
which was twisted or  coiled,  g iving it an a l te rna t ing  thick- 

thin appearance  (Figs. 5, 6). The  junc t ions  at which the 
fibrils connec t  were always s t ructured as " Y  j o i n t s " .  There  
was some th ickening o f  mater ia l  at these junc t ions ,  but  
they did no t  appear ,  morpholog ica l ly ,  to be specialized. 
A l t h o u g h  the visually darker  f ibri l lar  e lements  were the 
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Fig. 7. Extracel lular  matr ix ,  zona  pel lucida (Z) and  oocyte.  The  mat r ix  pene t ra tes  the  outer  c ryp ts  o f  the  zona.  Also  no te  the  p o ro u s  
na tu r e  o f  the  zona  and  the presence o f  cortical  g ranu les  (CG) at  per iphery  o f  oocyte.  Bar = 1.6 ~tm 

Fig. 8. Higher  magni f i ca t ion  o f  zona  pellucida.  Bar = 2.7 pm 

Fig. 9. Long i tud ina l  sect ion t h r o u g h  the f lagel lum (FL) within  the  c u m u l u s  matr ix .  Bar = 3 ~m 

Fig. 10. F ine-s t ruc tura l  view o f  the  f lage l lum-mat r ix  interact ion.  No te  the  tear  and  c o m p a c t i o n  o f  the  ma t r ix  on ei ther side o f  the  
f lagellum. Bar = 1.1 ~tm 
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Fig. l 1. Section through head region of a sperm within the matrix. The matrix appears to be slightly compressed and in close apposition 
to the concave surface of the sperm head. Note the nucleus (N) and intact acrosome (A). Bar=0.7/am 

Fig. 12. Higher magnification showing the matrix (M) intimately in contact with sperm surface. The acrosome (A) of this sperm also 
appears morphologically intact. Nucleus (N), equatorial segment (E). Bar-0.3  pm 

most prominent ,  higher magnificat ion reveals an int rapore  
substructure (Fig. 6) in which the elements are also fibrillar 
but  are much thinner. These in t rapore  elements never ran 
cont inuously from one major  fibrillar element to another.  
Such an appearance  could be real, or  simply reflect disrup-  
tion of  the smaller fi laments because of  their fragile nature. 
Overall,  the appearance  of  the fibrillar network changed 
little from the outer  margin of  the cumulus to the zona 
pellucida, a l though slight morphological  differences were 
evident within the corona  radia ta  layer. 

Cumulus  cells were seldom found in close association 
with the zona pellucida. The matr ix  material  extended into 
large crevices on the margin of  the zona (Fig. 7). These 
pores ranged in size from 80 nm to 160 nm diameter.  This 
outer  edge had a pronounced  " j a g g e d "  appearance.  Over- 
all, the zona had a marked  uniform porous  nature  (Figs. 7, 
8). The microvilli  from the oocyte extended through the 
perivitelline space and often contacted the zona (Fig. 8). 
There was no obvious appearance  of  part iculate  material  
within the perivitelline space. Cortical  granules could be 
observed at the periphery of  the oocyte, and the oocyte 
cytoplasm appeared  similar to that  seen with other tech- 
niques of  fixation. 

Sperm within the cumulus matrix  

The lateral  mot ions  of  the flagellum appeared  to compress 
the local matr ix microstructure  in front of  its advancing 

surface; behind that  surface the microstructure was charac- 
teristically stretched, or even torn in some instances (Figs. 9, 
10). Such tearing of  the microstructure in the interior of  
the matr ix was usually observed in such regions " b e h i n d "  
the bending flagellum. In general, the microstructure ap- 
peared to rebound to its original configurat ion after sperm 
passage, i t  is interesting that  in the longitudinally sectioned 
flagellum, there were periodically spaced regions in and out  
of  the plane of  section (Figs. 9, 10). This implies a three- 
dimensional  component  to flagellar bending, with a differ- 
ent periodicity (7-10 gm) from that  in the principal  plane 
of  bending. 

Only slight compression of  the cumulus matr ix adjacent  
to the sperm head was observed (Fig. 11). The lack of  ap-  
parent  distort ion of  microstructure adjacent  to the sperm 
head was probably  because the velocity vector of  the head 
was not  generally in the plane of  section. The matr ix micro- 
structure did not  show any sign of  degradat ion adjacent  
to the sperm head. Indeed, the matrix was int imately asso- 
ciated with the plasma membrane  (Figs. 11, 12). In seven 
cases in which sperm heads were sectioned, the matrix mi- 
crostructure was always in close contact  with the head sur- 
face, often with fibrils aligned along the plasma membrane.  
All of  these sperm, which were distr ibuted throughout  the 
cumulus, had morphological ly  intact acrosomes. No  sperm 
were observed in the corona radiata  layer. There was no 
evidence of  acrosomal swelling, decondensat ion of  acroso- 
mal matrix,  or vesiculation. 



Fig. 13. A sperm undergoing an acrosome reaction on the zona (Z). The vesiculated shroud  (S) has lifted off  as the sperm moves 
th rough  it; the perfor i tor ium is now the leading edge. Note  the compress ion o f  the zona under  the equatorial  segment  (E). Cumulus  
matrix (M) is still present  a l though it has lost some o f  its structural integrity. Ba r=0 .25  gm 

Fig. 14. Section through the head o f  an acrosome-reac ted  sperm on the zona. Remnan t s  o f  the shroud (S) are still present  but the 
matrix (M) has been morphological ly  altered or is completely absent  in close proximity to the head. B a r =  1.75 lam 
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Sperm on the zona pellucida 

Four  spermatozoa  were sectioned while in contact  with the 
outer  surface of  the zona, but  not  penetrat ing it. All  had 
init iated or  completed the acrosome reaction. Here, the ad- 
jacent  cumulus microstructure had undergone dramat ic  
morphologica l  changes (Fig. 13). In other  localized regions, 
the fibril lar network was present but  changed:  there were 
no longer any interconnections between individual fibrils, 
and the length of  these fibrils was diminished (Fig. 13). 
The appearance  was, thus, one of  a fragmented network. 
When the acrosomal  shroud, i.e., remnants  of  the plasma 
and outer -acrosomal  membranes  was present, the frag- 
mented fibrils were in contact  with it. Zonae  adjacent  to 
sperm exhibited a degree o f  local compression,  but  no ob- 
vious sign o f  digestion (Fig. 13). In some instances the ma- 
trix was absent in a localized region a round  the sperm 
(Fig. 14). Here, no matr ix extended into the jagged external 
pores of  the zona (Fig. 14). 

Discussion 

It has been repor ted that  a major  macromolecular  compo-  
nent of  the cumulus matr ix is hyaluronic acid (Ball et al. 
1982), and that  it may in fact be structured in the form 
of  a glycosaminoglycan ( G A G )  involving chondroi t in  sul- 
fate and  core proteins,  as has been described in studies 
of  other  extracellular  matrices (Hascall  1980). The G A G  
nature of  the cumulus matr ix would thus lend integrity to 
its microstructure,  the chondroi t in  sulfate-protein 
monomers  serving as links between the hyaluronic acid 
structure (Fal tz  et al. 1979). Hyaluronic  acid is known to 
exist in at least four  different configurations.  One of  these 
has a reduced axial periodicity,  which creates a secondary 
structure that  is relatively stiff compared  to other G A G ' s  
(see Arno t t  and Mi t ra  1984 for review). Much of  our knowl- 
edge of  G A G ' s ,  and extracellular  matrices in general has 
been derived from other  systems. Thus, there remains a 
need for better  unders tanding of  the molecular  composi t ion 
and configurat ion of  the cumulus matrix.  

Historically,  visualization of  the extracellular matr ix has 
been difficult due to the hydrated nature of  G A G ' s .  Fo r  
example,  SEM or TEM with cationic dyes have been em- 
ployed to discern the structure of  the extracellular matr ix 
of  the cumulus (Phillips and Dekel 1982; Talbot  1984; Tal- 
bot  and DiCar lan ton io  1984b). These studies have been 
insightful, but  they involve some degree of  art ifact  due to 
the large amount  of  shrinkage in the cumulus material  (Tal- 
bot  and DiCar lan ton io  1984a). Our  modif ied technique of  
freeze subst i tut ion has resulted in remarkably  good preser- 
vat ion of  both  the oocyte and cumulus cells as well as the 
cumulus matrix.  It is not  surprising, therefore, that  our 
" v i e w "  of  the cumulus matrix,  and indeed of  the zona pel- 
lucida, differs somewhat  from those previously described. 
We have found that  the cumulus-matr ix  microstructure in 
the golden hamster  consists of  a network of  fibrillar units 
with a considerable amount  of  interconnection. Fo r  the 
most  part ,  the matr ix  appeared  as a homogenous,  fibrillar 
network th roughout  the OCC, al though subtle differences 
in the corona  radia ta  associated matr ix were observed. The 
intersti t ial  pores are less than the diameter  of  the sperm 
head. We saw no evidence of  any channels or '~ of  
least resis tance" in the microstructure pr ior  to its interac- 
tion with sperm. 

Because this perception of  the cumulus matr ix indicates 
that penetrat ing sperm are in very int imate associat ion with 
its microstructure,  strong biomechanical  and molecular  in- 
teractions can be expected to occur. Indeed, our micro- 
graphs illustrate local deformat ion of  the matrix micro- 
structure adjacent  to the moving flagellum and sperm head. 
Such deformat ion is suggestive of  increased local resistance 
to flagellar movement,  in that individual fibrils appeared 
bent and/or  stretched and local pores were compressed and/  
or stretched. These findings are entirely consistent with ob- 
servations of  hamster  sperm motil i ty within the cumulus 
(Cummins and Yanagimachi  1982; Suarez e ta l .  1984; 
Drobnis  et al. 1986; Katz  et al. 1986, 1987; Corselli and 
Talbot  1986). In these studies the flagella of  such spermato-  
zoa were seen to bend with conspicuously less curvature 
than when in the low viscosity fluid surrounding the cumu- 
lus, with the implicat ion that  the flagellum must  push con- 
siderably harder  per unit velocity (viscosity) and/or  per  unit 
displacement (elasticity). It is interesting that  our micro- 
graphs revealed a periodic three-dimensional  component  
to flagellar bending, with wavelength considerably shorter  
than that  of  the principal bends. To our knowledge, this 
form of  three-dimensionali ty has not  previously been re- 
ported for mammal ian  spermatozoa.  Whether  it is a unique 
consequence of  the sperm-cumulus interaction, or a more 
ubiquitous proper ty  of  mammal ian  sperm flagellar bending, 
is not  yet known. 

The quanti tat ive and quali tative nature of  the local cu- 
mulus resistance to sperm is not  yet understood.  However,  
the present observations,  combined with more detailed mea- 
surements of  sperm movement  characteristics during cumu- 
lus penetrat ion (E. Drobnis,  pers. comm.) offer some new 
insights. During penetrat ion,  the sperm head deforms and 
may even tear the local microstructure adjacent  to it. Our  
micrographs of  sperm heads within the cumulus revealed 
bending and stretching of  the adjacent  microstructure but  
little obvious tearing. This does not  imply that  no such 
tearing exists; to visualize the maximum degree of  matr ix 
distortion,  the plane of  the thin-microscopic section must 
contain the instantaneous axis of  sperm head translation.  
Indeed, our micrographs of  flagella in the cumulus did re- 
veal adjacent  regions devoid of  microstructure.  These two- 
dimensional cavities could reflect a three-dimensional  tubu- 
lar " w a k e "  sheared by the advancing sperm head, the fla- 
gellum following the head along the path of  least resistance. 
"Snake l ike"  motions of  sperm in the cumulus have been 
observed, the flagellum following in the exact path  of  the 
head while effectively propagat ing  waves of  large ampl i tude  
but  very low frequency (Suarez et al. 1983, 1984; E. Drob-  
nis, pers. comm.). Such trajectories would, thus, effect a 
local clearing/al terat ion of  matr ix material  along a narrow, 
serpentine path. Preliminary mathematical  analysis of  the 
hydrodynamics  of  sperm movement  in viscoelastic materials  
indicates that  such serpentine movement  reflects a strong 
elastic component  in the cumulus resistance to sperm (Katz,  
unpublished). 

It is possible that sperm enzymes, e.g., hyaluronidase,  
could also contr ibute to a reduction in local cumulus resis- 
tance to sperm motion.  Mammal ian  spermatozoa contain 
this enzyme both on the surface of  the p lasma membrane  
and within the acrosome (Zao et al. 1985). While the major-  
ity of  surface hyaluronidase is released prior  to capaci ta t ion 
(Zao et al. 1985), it is possible that  some may be available 
to contr ibute to cumulus penetrat ion pr ior  to the occur- 



563 

rence of the acrosome reaction. We often saw fibrils of 
the microstructure aligned parallel to and virtually in con- 
tact with the sperm plasma membrane.  Thus, if sperm sur- 
face hyaluronidase were acting upon the cumulus matrix 
in our preparations, it must  have done so in an extremely 
localized and/or  limited fashion. 

Previous light-microscopic studies have documented 
that capacitated, non-acrosome-reacted hamster sperm can 
routinely traverse the entire cumulus matrix and bind to 
the zona, at which point they then complete the acrosome 
reaction (Suarez et al. 1984; Bavister 1985; Corselli and 
Talbot  1986; Cherr et al, 1986; Katz et al. 1986). In our 
experiments, spermatozoa in the cumulus matrix were 
acrosome-intact;  only sperm associated with the zona ini- 
tiated the acrosome reaction. Moreover, we saw no ultra- 
structural evidence of early phases of the acrosome reaction 
in spermatozoa distributed throughout  the cumulus matrix, 
as has been suggested by Cummins  and Yanagimachi 
(1986). 

We observed a very different picture of the cumulus 
microstructure adjacent to those spermatozoa in contact 
with the zona surface. Locally, the fibrils here were often 
shorter with fewer interconnections; or the microstructure 
was absent altogether, giving rise to cavities adjacent to 
the sperm. In principle, two factors could have contributed 
to this appearance: enzymatic activity and/or  sustained me- 
chanical action of the sperm flagellum. We cannot  as yet 
be certain of the relative importance of these two factors 
here, since sustained oscillatory shearing (as by the flagel- 
lum) can degrade many biopolymers and perhaps the cumu- 
lus matrix. Indeed, we do not  yet appreciate the functional 
significance of these cleared or altered regions. They could 
contribute in some way to proper sperm orientation and/or  
thrust against the zona; or they could simply be an epiphe- 
nomenon  indicative, perhaps, of the occurrence of the acro- 
some reaction. Talbot  (1984) demonstrated that cumulus 
matrix components  were present in the pores of the hamster 
zona pellucida and suggested that hyaluronidase, released 
during the acrosome reaction, might facilitate sperm pene- 
tration of the zona. Our results are relevant to this hypothe- 
sis. There was no matrix material in the peripheral zona 
pores close to bound acrosome-reacted sperm, a conse- 
quence, perhaps, of hyaluronidase activity. 

Earlier investigators of the permeability of the zona pel- 
lucida speculated that it was impermeable to molecules with 
molecular weight greater than 16000 (Austin and Lovelock 
1958). However, this was later refuted by Enders (1971), 
who demonstrated that ferritin particles (11 nm) and even 
much larger thorotrast  molecules could easily diffuse across 
the rat zona pellucida. Gwatkin  (1966) found that virus 
particles (28 nm) could infect mouse oocytes with intact 
zonae. Thus, it was proposed that the zona pellucida is 
highly porous, and thereby allows the exchange of soluble 
and possibly insoluble molecules. This view of the zona 
was not  presented in previous fine structural studies, which 
depicted its inner region as relatively compact. In contrast, 
our work has revealed a highly porous structure throughout  
the zona, a view that is consistent with the earlier studies 
of molecular transport across the zona. 

The fixation technique used in this study has given us 
new insight into the basic structure of extracellular matrices, 
and has also provided a "sperm's-eye view" of the oocyte 
investments. Such observations, coupled with real-time 
analyses of sperm penetration of the cumulus and zona 

pellucida, should contribute to a more thorough under- 
standing of sperm-egg investment interactions. 
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