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ABSTRACT

The zona pellucida (ZP) is an extracellular coat synthesized
and secreted by the oocyte during follicular development and
surrounding the plasma membrane of mammalian eggs. To date,
the mechanism of synthesis and secretion, mode of assembly,
and intracellular trafficking of the ZP glycoproteins have not
been fully elucidated. Using antibodies against mouse ZP1, ZP2,
and ZP3 in conjunction with the protein A-gold technique, we
have shown an association of immunolabeling with the Golgi
apparatus, secretory granules, and a complex structure called
vesicular aggregate, respectively, in mouse ovarian follicles. In
contrast, the neighboring granulosa cells were not reactive to
any of the three antibodies used. Immunolabeling of ZP1, ZP2,
and ZP3 was detected throughout the entire thickness of the ZP,
irrespective of the developmental stage of ovarian follicles. Dou-
ble and triple immunolocalization studies, using antibodies
tagged directly to different sizes of gold particles, revealed an
asymmetric spatial distribution of the three ZP glycoproteins in
the zona matrix at various stages of follicular development. All
three glycoproteins were specifically localized over small patch-
es of darkly stained flocculent substance dispersed throughout
the zona matrix. Very often, ZP1, ZP2, and ZP3 were found in
close association. These results confirm findings from previous
studies demonstrating that ovarian oocytes and not granulosa
cells are the only source for mouse ZP glycoproteins. In addi-
tion, results from our morphological and immunocytochemical
experiments suggest that the vesicular aggregates in the ooplasm
are likely to serve as an intermediary in the synthesis and se-
cretion of ZP glycoproteins. The stoichiometric disposition of
ZP1, ZP2, and ZP3 in the zona matrix as revealed by double
and triple immunolocalization studies provide further insight
into some of the unanswered questions pertinent to the current
model of mouse ZP structure proposed by the Wassarman group.

female reproductive tract, fertilization, follicle, oocyte develop-
ment, ovary

INTRODUCTION

polyspermy, and protects the developing embryo prior to
implantation [1, 2].

The origin of the ZP glycoproteins has been a matter of
controversy for some time. Both the oocyte and/or the sur-
rounding granulosa cells have been proposed to be the or-
igin of the ZP glycoproteins [3—9]. However, in mice (the
most well-studied system) the site of synthesis and secre-
tion of the major ZP glycoproteins (ZP1, ZP2, and ZP3)
has been associated exclusively with the growing oocyte
itself and not with the surrounding follicular cells [3, 10—
12]. In this regard, the biosynthetic pathways for mouse
ZP1, ZP2, and ZP3 have been suggested to resemble those
described for other glycoproteins secreted by eukaryotic
cells [13]; however, the exact mechanism of their synthesis
and secretion at the subcellular level and their intracellular
trafficking remain to be fully elucidated. Also, whether the
ZP is structurally homogeneous throughout its thickness
continues to be the subject of some disagreement [14, 15].
Structurally, the three sulfated glycoproteins, ZP1, ZP2, and
ZP3, assemble to form a three-dimensional matrix. A model
for ZP structure is derived from the conjunctive application
of ultrastructural observations [16, 17], which strongly sug-
gests a meshwork of well-knitted filamentous structure for
the ZP, and quantification of ZP1, ZP2, and ZP3 by gel
densitometry [17, 18]. As such, the mouse ZP is an exten-
sive three-dimensional array of long interconnected fila-
ments that consist of a structural repeat. The filaments are
constructed by alternating molecules of ZP2 and ZP3, ran-
domly cross-linked by ZP1 through intermolecular disulfide
bonds [17]. Although the current model of the arrangement
and spatial distribution of mouse ZP as proposed by Was-
sarman and Mortillo [17] is consistent with experimental
observations, formal proof that the ZP is constructed in this
way is still lacking. In the hope of shedding some light on
the structure and assembly of the mouse zona pellucida, we
employed specific antibodies against each of ZP1, ZP2, and
ZP3 to examine at the electron microscope level the sub-

The zona pellucida (ZP) is a thick extracellular coat thatcellular distribution of mouse ZP glycoproteins in the oo-

surrounds growing oocytes, ovulated eggs, and preimplareyte proper during follicular development in the ovary. We

tation embryos in mammals [1]. The ZP contains receptoralso used the double and triple immunolocalization ap-
that mediate initial interactions between the sperm and eggroach to examine the spatial topography of the three ZP
as a prelude to fertilization; it also mediates the relativeglycoproteins in the zona matrix of mouse ovarian oocytes.
species-specificity during gamete interaction, prevents

MATERIALS AND METHODS
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Preparation of Ovarian Tissue
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Twelve sexually mature (3—4 wk old) female CD1 mice (Charles River,
St-Constant, PQ, Canada) were killed by cervical dislocation. Their ova-
ries were excised, washed briefly with PBS (pH 7.4), and immediately
fixed for 2 h at 4C by immersion in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4). For immunocytochemical labeling at the light
and electron microscope levels, ovarian tissue samples were processed and
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embedded in paraffin and Lowicryl K4M (CANEMCO, St. Laurent, PQ, in tissue sections prepared from ovarian tissue postfixed
Canada), respectively, according to routine procedures. Some ovarian ti%?ith ferrocyanide-reduced osmium tetroxide the membra-

sue samples designated for morphological study were either postfixed wi - - _
1% osmium tetroxide (CANEMCO) in nanopure water for 2 h %€ &r ous features and structural details of various cellular or

treated with ferrocyanide-reduced osmium tetroxide [19], dehydrated in &anelles and the ZP were further enhanced (Fig. 1, a and
series of graded ethanol solutions, infiltrated, and embedded in Epon 812). The bulk of various large membrane-bound vesicles and

according to routine procedures. their associated smaller vesicles, which constitute the ve-
sicular aggregate, presented overall well-defined ultrastruc-
Antibodies tural features. Clusters of ribosomes dispersed throughout

The two sets of specific antibodies used in this study were generousl e oocyte proper dlsplayed a hlgher Intensity of staining

provided by Dr. Jurrien Dean (Laboratory of Cellular and DevelopmentatF19- 1&) and the presence of two different types of cortical
Biology, National Institutes of Diabetes and Digestive and Kidney Dis-granules based on their distinct staining properties was also

eases, National Institutes of Health, Bethesda, MD). The first set consistayell demonstrated (Fig. 1a). A well-developed Golgi com-
of monoclonal antibodies M-1.4 (rat 19G), IE-3 (rat 19G), and IE-10 (ratgex with an elaborate organization was evident especially

1gG), which are specific for mouse ZP1, ZP2, and ZP3, respectively. Th
second set of monoclonal antibodies included anti-ZP1, anti-ZP2, and antl-t the late stages of oocyte grOWth (data not Shown)' The

ZP3 antibodies that were directly bound to colloidal gold particles with amoSt conspicuous characteristic of the ooc_yte proper, how-
diameter of 10 or 15 nm, 5 or 15 nm, and 5 or 10 nm, respectively, a&VEr, was the presence of a number of vesicular aggregates,

per the instructions of the manufacturer of the colloidal gold (BBInter-mostly in the vicinity of the oolemma (Fig. 1a). A close
national, Cardiff, U.K.). The specificity of each of the three monoclonalexamination of a vesicular aggregate revealed its distinctive

antibodies has been previously demonstrated [20-22]. appearance in the form of a complex of membrane-bound
) vesicles of various sizes (Fig. 1b). Each vesicular aggregate
Immunocytochemistry complex consisted of four or more large membranous ves-

All labeling procedures were carried out at room temperature. For imiCleés embedded in a mass of smaller smooth vesicles rela-
munoelectron microscopy, thin sections of Lowicryl-embedded ovariartively uniform in size. These large membrane-bound vesi-
tissue samples were first incubated for 10 min on a drop of PBS (0.01 Mgles were filled with an amorphous substance and surround-
containing 1% BSA followed by a 1-h incubation on a drop of one of theed concentrically by a |ayer of small vesicles of uniform

monoclonal anti-ZP1, anti-ZP2, or anti-ZP3 antibodies diluted in PBS._. - .
After three washes of 5 min each in PBS, ovarian sections were incubat ze (Fig. 1b). On many occasions, the large membrane-

for 1 h with rabbit anti-rat IgG polyclonal antibody diluted in PBS. Tissue DOUNd vesicles were found in isolation throughout the oo-
sections were rinsed with PBS, transferred onto a drop of PBS containingyte proper of fully grown oocytes.

1% BSA, and incubated for 30 min with protein A-gold complex. Colloi-

dal gold particles 15 nm in diameter were used. Thin sections of Lowicryl-

_embeddgd_:_)Vﬁri(_as disi?r;atgfhfgg/doub:g or _tripIeFi’ng;moic())cal_izaltiobn Isnédhnmunolabeling for ZP1, ZP2, and ZP3 in the ZP

ies were initially incubated wi 6 ovalbumin in or 10 min, labele
for 1 h with either a single antibody-gold conjugate solution or a combi—and the Oocyte Proper

nation of two or three different antibody-gold conjugates mixed in equal . . . . .
volumes for 1 h prior to use. After being labeled, tissue sections were When thin sections of Lowicryl-embedded ovarian tissue
washed with PBS and distilled water. All labeled sections were counterwere labeled with anti-ZP1 antibody followed by secondary

stained with uranyl acetate and lead citrate before being examined onantibody-protein A-gold complex, the ZP of ovarian oo-

Hitachi 7000 electron microscope operated at 75 kV. cytes was uniformly labeled irrespective of the stage of
) follicular development. In early unilaminar primary folli-
Immunocytochemical Controls cles, labeling of the ZP was concentrated in pockets be-

To establish the specificity of the immunolabeling, the following im- tween the oocyte surface and cytoplasmic processes of the
munocytochemical controls were used: 1) substitution of the primary osurrounding follicular cells (Fig. 2a). An increase in the
secondary antibody with the corresponding buffer, 2) substitution of thqntensity of labeling by gold particles was noted in parallel
antibody-gold conjugates with the protein A-gold complex alone, or 3)With the increase in diameter of growing oocytes (Fig. 2b).

substitution of the primary antibody with a monoclonal antibody directed : . . :
against hamster oviductin, a glycoprotein expressed exclusively in the ovi\—Nhen the oocyte proper of ovarian tissue sections was in-

duct and not in other tissues [23]. cubated with the anti-ZP1 antibody, immunolabeling of
moderate intensity was revealed over the Golgi complex
RESULTS (Fig. 2c), secretory granules, and the vesicular aggregate.
Similar results were achieved when ovarian sections were
Ultrastructural Morphology of the Secretory Apparatus labeled with antibody against ZP2 or ZP3 followed by sec-
in the Oocyte Proper and the ZP of Fully Grown ondary antibody-protein A-gold complex (results not
Ovarian Qocytes shown). In tissue sections incubated with either anti-ZP2

Electron microscopic examination of multilayered ovar-(N0t shown) or anti-ZP3 antibody (Fig. 3, a and b), labeling
ian follicles showed the presence of a complex secretorly 90ld particles was associated with the linear arrays of
machinery in the oocyte proper distinctive to fully grown filaments, which run tangentially in the outer region of the
oocytes. Round and oval-shaped mitochondria were abufona matrix. Overall, distribution of gold particles over the
dant and were closely associated with isolated cisternae &P resulting from incubations of ovarian tissue sections
smooth endoplasmic reticulum (Fig. 1). The abundance ofith anti-ZP3, anti-ZP2, and anti-ZP1 antibodies indicated
ribosomes in small clusters and the accumulation of stack§at ZP3 consistently had the highest intensity of labeling.
of annulate lamellae throughout the oocyte proper weréranulosa cells surrounding the oocyte were not reactive
prominent features (Fig. 1a). Well-preserved and favorablyo anti-ZP1, anti-ZP2, or anti-ZP3 antibody (Figs. 2b and
cut sections of the oocyte revealed some of the structur@a). Control sections incubated with protein A-gold com-
details of the filamentous network that makes up the ZP. Iplex alone or labeled with a monoclonal antibody directed
particular, the outer ZP showed linear arrays of filamentouggainst hamster oviductin showed a negative reaction over
materials that ran parallel to the surface of the oolemmahe different subcellular structures and ZP, demonstrating
(Fig. 1a). Unlike when osmium tetroxide was used alonethe specificity of the labelings (Fig. 3c).
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FIG. 1. Electron micrograph of Epon-em-
bedded thin section of mouse ovarian '
multilaminar secondary follicle postfixed

with ferrocyanide-reduced osmium tetrox- e
ide showing the presence of a vesicular [
aggregate (VA) below the oolemma (O), @
clusters of ribosomes (arrows), and cortical e

granules (asterisks) of differential staining "Ki‘z"{;hﬂ“%:‘“ @, : : SR e R e
properties (@). In the outer layer of the ZP e sk g ; : Pl S =5 3
(framed box), the filaments run in a hori- g 3@ TR N s T 5 @
zontal plane parallel to the surface of the : it R e R R '
oocyte. A higher magnification electron : ' :
photomicrograph (b) reveals the structural
details of a VA made up of several large
membranous vesicles (arrows), each of
which is surrounded by a layer of small
vesicles. m, Mitichondria; AL, annulate la-
mellae; FC, follicular cell; SER, smooth en-
doplasmic reticulum. a, X30000; b,

X 46 000.
Topographical Distribution of ZP1, ZP2, and ZP3 (Fig. 4b), similar to the labeling observed with the different
in the Zona Matrix unconjugated rat IgG anibodies.

When thin sections of Lowicryl-embedded ovaries were The main objective of using different anti-ZP antibodies

incubated with each of the three anti-ZP antibodies conjuc®niugated directly to different sizes of gold particles was

gated directly to gold particles, several patterns of immul© €xamine the spatial relationship and topographical dis-

nolabeling were observed. In immunolabeling experiment@0Sition of ZP1, ZP2, and ZP3 in the zona matrix. Immu-
carried out with all anti-ZP antibody-gold conjugates, col-N°gold labeling experiments using a combination of two
loidal gold particles were asymmetrically distributed in the@ntibodies (ZP1 and ZP2 or ZP1 and ZP3) demonstrated an
zona matrix of ovarian follicles in various developmentalinteresting pattern of colloidal gold distribution. At low
stages with a higher concentration of gold labeling ob-magnification, a homogeneous distribution of the 10-nm
served in the inner region of the ZP. This asymmetric disand 5-nm gold particles, representing ZP1 and ZP3, re-
tribution was most prominent when anti-ZP1 antibody-goldspectively, was seen over the entire ZP (Fig. 5a). For the
conjugate (15 nm in diameter) was used (Fig. 4a). Withirmost part, there seemed to be an aggregation of immuno-
the zona matrix, gold particles were associated with linearlyabeling by gold particles representing both anti-ZP1 and
arranged filaments (Fig. 4a). In the oocyte proper, the veanti-ZP3 antibodies (10 nm and 5 nm, respectively; Fig. 5,
sicular aggregate was also strongly labeled by gold particles and b). The immunolabeling for ZP1 appeared to be more
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[, ’#' o e & !'_-w"; e 25 T 4§ b 3 T T FIG. 2. Lowicryl thin sections of ovarian
g’ Rt : g W o TS o e . % oocytes at various stages of follicular de-

b g 2 b Q o = A b i o velopment incubated with anti-ZP1 anti-
e : ; body/rabbit anti-rat IgG/protein A-gold
complex. Pockets of newly synthesized ZP

located between the follicular cells and
oocyte (O) of a unilaminar primary follicle
show relatively moderate labeling by gold
particles (a). Immunolabeling of high in-
tensity is visible throughout the entire
thickness of the ZP of a multilaminar folli-
cle (b). Follicular cells (FC) are devoid of
any labeling (b), whereas the Golgi appa-
ratus (Gol) in the oocyte proper of a multi-
laminar follicle displays a heavy reaction
to anti-ZP1 antibody (c). a, X25000; b,
X41500; ¢, X60000.

»

intense than that for ZP3. Many of the 10-nm gold particleswith a relatively high concentration of gold particles de-
(representing ZP1) wer€10 nm apart (Fig. 5b). The close tected in the inner layer of the zona matrix. However, a
association between two sizes of gold particles was not exclose examination of the pattern of labeling over the zona
ident, however, when the anti-ZP1 antibody-gold conjugatenatrix at high magnifications showed the distribution of
was used in combination with the anti-ZP2 antibody-goldgold particles of various sizes more often in clusters or in
conjugate. Thin sections of Lowicryl-embedded ovariedinear arrays of one particular gold size (Figs. 6b and 7).
were labeled with a combination of all three antibody-goldimmunogold labeling (15-nm particle size) for ZP1 ap-
conjugate solutions directed, respectively, against ZPIpeared to yield the highest labeling intensity and was spe-
ZP2, and ZP3, and examined with an electron microscopeifically confined to small darkly stained patches of fila-
At low magnification (Fig. 6a), there was no apparent direcimentous meshwork with a distance of less than 10 nm sep-
association between the different sizes of colloidal goldarating many of the 15-nm gold particles (Figs. 6b and 7).
particles that represent the three different ZP glycoproteind.abeling for ZP2 (5-nm patrticle size), when present, was
Labeling by the three antibodies occupied the entire ZRyften seen in close association with immunogold particles
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FIG. 3. Electron micrographs of a multi-
laminar secondary follicle labeled with
anti-ZP3/rabbit anti-rat IgG/protein A-gold
(@ and b) or with a monoclonal antibody
directed against hamster oviductin (c). a)
The ZP shows labeling by gold particles of
filaments located in the outer region of the
zona matrix (arrowheads). Follicular cells
(FC) are devoid of any labeling by anti-
ZP3 antibody. X21000. b) Higher magnifi-
cation of the framed box (a) showing the
gold particles (arrowheads) directly super-
imposed on the linear arrays of filaments.
X58000. ¢) In high magnification view of
a control section, the horizontal arrays of
filaments in the ZP are devoid of gold par-
ticles. X60000.

(10 nm) specific for ZP3 (Fig. 7). On many occasions, 5-DISCUSSION

nm (ZP2) and 10-nm (ZP3) gold particles were observed

at the periphery of patches of darkly stained material dec- With the hope of elucidating the subcellular distribution
orated with 15-nm gold particles (ZP1; Fig. 7). The networkof the major ZP glycoproteins and their spatial relationships
of lightly stained thinner filaments interconnecting the dark-in the zona matrix of mouse ovarian oocytes, ultrastructur-
ly stained patches was not reactive to any of the three a&l, cytochemical, and immunogold colocalization expeti-
tibodies. Overall, when a combination of two or three an-ments were carried out utilizing antibodies specific for ZP1,
tibody-gold solutions was used, the distribution and patter@P2, and ZP3. General morphological features of mouse
of labeling in the zona matrix were similar to those ob-ovarian oocytes during the early and late stages of follicular
served in thin sections labeled with a single antibody-goldievelopment have been previously reviewed [24]. Besides
conjugate solution. Control ovarian sections incubated witlthe usual organelles found in the oocyte proper, the exis-
the protein A-gold complex alone instead of the differenttence of a complex structure, the vesicular aggregate, has
antibody-gold conjugates showed an absence of gold pabeen documented in mouse and human ovarian oocytes
ticles in the oocyte proper and ZP, demonstrating the spe¢25—28]. Ultrastructural features of this vesicular aggregate,
ificity of these labelings. however, have not been well characterized, and information
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FIG. 4. Lowicryl section showing a mul-
tilaminar secondary follicle immunolabe-
led with anti-ZP1 antibody directly conju-
gated to 15-nm gold particle. a) Immuno-
labeling (arrowheads) for ZP1 is confined
to linear arrays of filaments, with the dis-
position of gold particles at more or less
regular intervals along the filaments.
X51000. b) In the oocyte proper, a vesic-
ular aggregate (VA) complex is strongly la-
beled by gold particles (arrowheads).
X30000. O, Oocyte; PVS, perivitelline
space.

about the role of this complex structure in the ovarian ooglycoproteins. The enhanced staining property of the vesic-
cyte is also lacking. Recently, we reported the localizatiorular aggregate, as revealed by the use of ferrocyanide-re-
of various lectin-binding sites in the vesicular aggregatesiuced osmium, reflects the presence of carbohydrate moi-
in the mouse ovarian oocytes during folliculogenesis [29]eties associated with newly synthesized macromolecules
In the present study, the localization of ZP1, ZP2, and ZP®resumably coming from the Golgi complex. These results
over the Golgi complex, secretory granules, and the vesidurther support previous findings that the mouse ZP gly-
ular aggregate and its isolated membrane-bound structuresproteins are synthesized and secreted by ovarian oocytes
is suggestive of active involvement of these subcellular orf30—32] and not by granulosa cells, which were devoid of
ganelles in processing the three glycoproteins before thegny labeling in the present study.

are secreted to form the ZP. In particular, the present finding The question of whether the ZP is structurally homo-
of the localization of ZP1, ZP2, and ZP3 to the vesiculargeneous throughout its width remains the subject of some
aggregate and the close proximity of this structure to thelisagreement [14, 15]. Several studies indicated that the ZP
oocyte surface further support a role for the vesicular ageonsists of randomly arranged fibrillogranular material that
gregate as an intermediary in the secretory pathway of ZBives it an amorphous, spongelike appearance in the scan-
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FIG. 5. An ovarian thin section labeled
with a combination of anti-ZP1 antibody
and anti-ZP3 antibody conjugated directly
to 10-nm and 5-nm gold particles, respec-
tively. a) At low magnification, a homoge-
neous distribution of the 10-nm and 5-nm
gold particles is seen over the entire ZP.
X51000. b) At high magnification, howev-
er, a close association between the 10-nm
(representing ZP1) and 5-nm (representing
ZP3) gold particles is common (arrow-
heads). The distance between many of the
10-nm gold particles (representing ZP1) is
<10 nm. X70000. FC, Follicular cell; O,
oocyte.

ning electron micrographs [33—35] and transmission elecwith gold particles of different sizes demonstrated an asym-
tron micrographs [26, 36]. In a previous study in the ham-metrical distribution of the different ZP glycoproteins in the
ster using the backscatterd electron imaging fracture labedona matrix, with a higher concentration of gold labeling
technique and lectin cytochemistry, the uniformity of thein the inner region. Also, there was a noticeable difference
ZP was also demonstrated [37]. Results obtained in the préa the intensity of immunolabeling between the unconju-
sent study using unconjugated and colloidal gold-conjugatgated rat IgG and the colloidal gold-conjugated antibodies
ed antibodies directed against ZP1, ZP2, or ZP3 revealedfar each of the ZP glycoproteins. Although we cannot ex-
different pattern of distribution of gold particles over the plain the reason for the difference in the distribution and
ZP. When unconjugated rat anti-mouse ZP monoclonal arthe intensity of the labeling, one possible explanation in-
tibodies were applied to ovarian sections at the electronolves the steric interference factor presumably associated
microscope level, immunoreactivity to each of the ZP gly-with each of the gold-conjugated antibodies during binding
coproteins remained uniform throughout the entire width otto their respective glycoproteins. Immunocytochemical re-
the ZP irrespective of the developmental stage of the ovasults presented in this study revealed some unique structural
ian follicles. However, the use of specific antibodies tagge@spects of the ZP regardless of which antibody set was
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FIG. 6. Lowicryl section showing an
ovarian oocyte labeled with a combination
of anti-ZP1, anti-ZP2, and anti-ZP3 anti-
bodies tagged directly to 15-nm, 10-nm,
and 5-nm gold particles, respectively. a) At
low magnification, labeling by the three
antibodies occupies the entire ZP, with a
relatively higher concentration of gold la-
beling detected in the inner layer of the
ZP (arrows). Follicular cells (FC) are not
" labeled. X21000. b) A high magnification
o view of the area in the framed box reveals
LA R gl the distribution of gold labeling by the

e i various antibody-gold conjugates in the

A : outer layer of the ZP. Labeling by gold
S e A e e A% particles is often seen as clusters of 10-nm

T S gold particles (arrow), 15-nm gold parti-

cles (double arrows), or 5-nm gold parti-
cles (arrowheads). Association between
two particle sizes such as 15 and 5 nm
(circle a) or 15 and 10 nm (circle b) is of-
ten seen. X90000.

;
o
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i
=
]

-
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used. Favorably cut Lowicryl-embedded ovarian tissue seavere oriented radially. We did not detect any difference
tions demonstrated an association of immunolabeling, mostetween the inner and outer ZP in the pattern of labeling
prominently by anti-ZP3 antibody, with horizontal arraysby either the unconjugated rat IgG or the gold-conjugated
of filamentous material located in the outer layer of the ZPantibodies. Whether the current model depicting the struc-
Previously, the use of polarized light microscopy and dig-ture of mammalian ZP [17] can be applied to both the outer
ital image processing has shown that the hamster ZP is @and inner layers remains to be determined.

multilaminar structure [38]. With this nondestructive meth-  The current model of the ZP structure proposed by Was-
od, the ZP filaments were shown to be oriented tangentiallgarman and Mortillo [17] stipulates that the ZP matrix in
in the outer layer of the ZP and radially in the inner layer.the mouse is composed of a network of interconnecting
In our study, favorably cut sections of mouse ovaries refilaments and that these filaments are polymers composed
vealed immunogold particles (representing ZP3) directlyof ZP2-ZP3 heterodimers interconnected by ZP1, the least
superimposed on tangentially oriented linear arrays of filabundant glycoprotein. Although this model is consistent
aments located in the outer layer of the mouse zona matrixvith previous ultrastructural, biochemical and gene knock-
In the inner layer, gold particles were also associated sp®ut and antisense experiments [16, 39-41], the current
cifically with linear arrays of filaments, many of which structure of the ZP, as proposed by the Wassarman group,
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FIG. 7. A high magnification electron mi- 3 ..': * bR : i
crograph showing the ZP of an ovarian i 0, L Ee
oocyte labeled with a mixture of anti-ZP1 s ‘ &

antibody directly conjugated to 15-nm & : : B } 0 et
gold particles, anti-ZP2 antibody directly : : .-

conjugated to 10-nm gold particles, and
anti-ZP3 antibody directly conjugated to
5-nm gold particles. Most of the gold par-
ticles are located on dark patches of a fila-
mentous nature (arrowheads), usually in
clusters of one particular gold size (cir-
cles). In many of these dark filamentous
patches, 10-nm gold particles (representing
ZP2) and/or 5-nm gold particles (repre-
senting ZP3) are closely associated with
15-nm gold particles (representing ZP1).
Where the 15-nm gold particles form line-
ar arrays (arrowheads), the 15-nm gold
particles (representing ZP1) are always less
than 10 nm apart. X120 000.

remains unproven. It is still not clear whether each monobeen estimated to be 15-17 nm in length (center to center
mer along a ZP filament, as stipulated in the current modelistance) along the axis of ZP filaments, and for a ratio of
represents a single glycoprotein (ZP1, ZP2, or ZP3) or a@P1:ZP2-ZP3 dimer of 1.5, the mean length between at-
oligomer consisting of two or more of the same or differenttachment sites on each filament is approximately 75-85 nm
glycoproteins. In the present study, when ovarian tissue sef42]. Both double and triple immunolocalization experi-
tions were incubated with a combination of two or threements revealed that ZP1 macromolecules (represented by
antibody-gold solutions, there was a close association b&5-nm gold particles), confined to small patches of fila-
tween 10-nm and 5-nm gold particles representing, respecaentous material, were often seen in close proximity to one
tively, ZP2 and ZP3, which might be explained by the he-another. The apparent distance separating the neighboring
terodimeric nature of ZP2 and ZP3, as postulated by th&5-nm gold particles along the axis of filamentous patches
Wassarman group. appeared always to be10 nm. Therefore, the spacing of

One of the unanswered questions with regard to the cuZP1 dimers as cross-linking sites of the ZP2-ZP3 hetero-
rent ZP model is whether ZP1 molecules cross-linking ZRlimers may be much closer than that previously proposed
filaments are located at regularly spaced intervals [16]. Acf42]. As a result, the number of ZP1 dimers as anchoring
cording to the Wassarman model, each ZP2-ZP3 unit hasites could be larger than previously predicted.
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Another observation made in the present study provides
new information about the stoichiometric disposition of
ZP1 in relation to ZP3. A high concentration of gold par-
ticles was always seen in the zona matrix when 10-nm
gold-anti-ZP3 antibody conjugate was used alone. How-
ever, when a mixture of 15-nm (ZP1) and 10-nm (ZP3) gold 7.
particles was used for labeling the ovarian sections, despite
the larger 15-nm gold particles that normally cause steric
hindrance, there appeared to be a stronger labeling for ZP#$:
than for ZP3. This difference might be due to the unique
stoichiometric disposition of ZP1 in the zona matrix, ren-
dering the ZP1 antigenic sites more accessible to labeling.
by the 15-nm gold-conjugated antibody. ZP3 is likely to be
very close to ZP1 and, thus, partially masked by ZP1, re-
sulting in a lower intensity of labeling for ZP3 when used 10-
in conjunction with anti-ZP1 antibody-gold (15 nm) con-
jugate. Despite the size of the 15-nm gold particles, thg
anti-ZP1 antibody may have easier access to the larger angj
presumably more exposed ZP1 dimer, with a molecular
mass of 200000. As a result, anti-ZP1 antibody-colloidal2.
gold particles are bound first to the corresponding antigenic
sites, creating a steric hindrance for the 10-nm gold-antil
ZP3 antibody conjugate to reach the partially masked ZP
macromolecules, in particular those that are in the imme-
diate vicinity of the ZP1 dimers. Therefore, it is quite pos-
sible that within the three-dimensional zona matrix, ZP115.
dimers are more likely to cross-link to the ZP3 molecule(s)
located along the axis of one ZP filament than to the ZP36-
molecule(s) located in another heterodimeric filament.

Three important results were obtained using specific an;,
tibodies against the major mouse ZP glycoproteins. First,
the vesicular aggregate, a complex of vesicles previouslys,
reported in the oocyte proper of several mammalian species
including humans, is likely to be involved in the processing
and secretion of ZP1, ZP2, and ZP3. Second, the associ&
tion of gold/immunogold labeling with both tangential and
radial arrays of filaments, characterizing the inner and the
outer zone of the ZP, respectively, as previously reported,
in the hamster, provides further insight into the biochemical
nature of these filaments. Third, the patterns of immuno-
labeling generated by the anti-ZP1 antibody suggest thatl.
the disposition and the ratio of ZP1 macromolecules cross-
linking the various ZP filaments may differ from those pre-
viously predicted. These results lend support to the currerft:
model of ZP structure and provide additional information
regarding the intracellular localization of the various ZP23.
glycoproteins and their spatial topography within the three-

dimensional structure of the zona pellucida.
24.
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