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Abstract The zona pellucida of mammalian oocytes
plays an important role in binding and activation of
sperm cells during the molecular events leading to fertil-
ization. The genes coding for the three zona pellucida
glycoproteins ZPA, ZPB, and ZPC of various species in-
cluding mouse, dog, and human have been cloned and
sequenced by several groups. However, it has remained a
matter of debate as to whether the oocytes alone or in
conjunction with the surrounding granulosa cells express
and deposit these proteins to form the zona pellucida ma-
trix. Addressing this unresolved issue, we assessed the
expression and localization of all three zona pellucida
proteins in ovaries of human, cynomolgus monkey and
mice using immunohistochemical methods. In addition,
oocyte-specific expression of ZPC from the primordial
stage onward was confirmed by in situ hybridization. In
sections of human ovaries, ZPA, ZPB, and ZPC proteins
were immunohistochemically detected in the cytoplasms
of primordial oocytes and during later stages of follic-
ulogenesis in the zona pellucida matrices of oocytes. In
sections fixed with formalin, a clear homogeneous ring
was visible around the oocyte and no staining of granu-
losa cells was observed. In contrast, staining of ZP pro-
teins was also observed between granulosa cells when
Bouin’s reagent had been used for tissue fixation. Thus,
the original zona pellucida architecture was better pre-
served by formalin fixation. We further demonstrated
that dissolution of the zona pellucida of isolated bovine
oocytes occurred after they were exposed to Bouin’s re-
agent. In summary, these results demonstrate that in
mice, monkeys and humans, zona proteins are expressed
and assembled exclusively by the oocyte and not by the

granulosa cells. Previously observed results of ZP ex-
pression by an involvement of granulosa cells might
therefore be the result of an improper fixation of the tis-
sues leading to the disruption of the zona pellucida. Ad-
ditionally this study highlights the importance of choos-
ing the correct fixative for immunohistochemistry, not
only for the usual reason of retaining antigenicity, but
rather to retain the entire architectural structure.

Keywords Zona pellucida · Immunohistochemistry · 
In situ hybridization · Localization · Fixation · Human,
Macaca fascicularis, Mouse (NMRI)

Introduction

Mammalian oocytes are surrounded by the zona pellu-
cida, an extracellular matrix that is composed of three
glycoproteins originally termed ZP1, ZP2 and ZP3 ac-
cording to their apparent molecular weights on sodium
dodecyl sulfate (SDS)-polyacrylamide gels (Bleil and 
Wassarman 1980). As the zona proteins are highly but
variably glycosylated in different species, it was recently
proposed to rank the zona proteins rather according to
the length of their coding regions. This led to the use of 
a different nomenclature: ZPA, ZPB, and ZPC (Harris 
et al. 1994); in the mouse (and the human) ZP1 thus 
corresponds to ZPB, ZP2 to ZPA and ZP3 to ZPC.

The zona pellucida has a central role during the rec-
ognition and binding of spermatozoa and induces a cas-
cade of biochemical events in sperm leading to the acro-
some reaction (for review, see Wassarman 1988; Dean
1992). The zona pellucida is formed during follicular de-
velopment in the ovary, persists at the time of fertiliza-
tion within the oviduct, and surrounds the fertilized egg
until implantation. Although the primary structures and
biochemical properties of the ZP proteins from different
species have been studied in detail, the precise site of
synthesis of the human ZP proteins in particular remains
a matter of debate. ZP proteins have been reported to be
synthesized exclusively by the oocytes (Bousquet et al.
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1981) or by both the oocytes and the surrounding granu-
losa cells (Hinsch et al. 1994; Lee and Dunbar 1993) 
in human ovaries. During oogenesis in mice all zona 
pellucida genes are expressed in a coordinated, oocyte-
specific manner (Epifano et al. 1995).

The zona pellucida has been extensively characterized
in the mouse (Wassarman 1988, 1990; Epifano and Dean
1994; Dean 1994). Here ZPC (ZP3) is responsible for
species-specific binding of spermatozoa (Florman and
Wassarman 1985) and for the induction of the acrosome
reaction (Saling 1991), a prerequisite for fertilization.
ZPA (ZP2) is thought to function as the secondary recep-
tor (Bleil et al. 1988), whereas ZPB (ZP1) is believed to
be a homodimeric cross-linker of ZPA and ZPC (Greve
and Wassarman 1985).

Much of what has been learned about the structure
and function of the zona pellucida components in the
mouse does not necessarily apply to other mammals in-
cluding humans. Experiments performed with porcine
zona pellucida components, for example, have demon-
strated that ZPB (pZP3α) might be responsible for sperm
binding (Sacco et al. 1989; Yurewicz et al. 1993) rather
than ZPC as shown in mice (Bleil and Wassarman 1980).

The potential use of recombinant zona pellucida pro-
teins as antigens for immunocontraception has stimulat-
ed research in this field (Paterson and Aitken 1990; 
Talwar and Raghupathy 1995). Although fertility has
been successfully reduced in rabbits and monkeys
through immunization with various zona pellucida prep-
arations (Paterson et al. 1992 and references therein), the
immunocontraceptive effect was often accompanied by
termination of ovarian cyclicity caused by depletion of
recruited and, even more severe, of primordial follicles
(Paterson et al. 1998). The cause of this ovarian patholo-
gy, especially the depletion of primordial follicles after
immunization with recombinant ZPC, has remained elu-
sive since ZPC mRNA and proteins were not detected in
mouse (Philpott et al. 1987; Kimura et al. 1994) and
marmoset monkey primordial follicles (Thillai Koothan
et al. 1993). In addition, it has still not been fully re-
solved whether ZP expression is an oocyte-specific event
or whether granulosa cells are involved in this process.

In this study, we used both immunohistochemical and
in situ hybridization techniques to investigate the expres-
sion of zona proteins in human and other mammalian
follicles. To do so we generated highly specific antisera
raised against all three ZP proteins and analyzed the 
effect of different fixation techniques on the preservation
of the zona pellucida architecture.

Materials and methods

Collection of native material

Human ovaries were obtained from regularly cycling premeno-
pausal women (not older than 44 years) undergoing total abdomi-
nal hysterectomy and oophorectomy for non-ovarian indications,
and were kindly provided by Dr. Artur Jakimiuk from the Univer-
sity School of Medicine in Lublin, Poland. Informed consent was

obtained from all subjects participating in the study as approved
by the Ethics Committee at the University School of Medicine in
Lublin. Mammalian ovaries were also obtained from adult (90- to
120-day-old) NMRI mice (Naval Medical Research Institute,
Bethesda, MD), cynomolgus monkeys (Macaca fascicularis;
Affenzentrum, Münster, Germany) and pigs (local slaughter-
house).

Protein chemistry

Production of recombinant zona pellucida

Recombinant human His-tagged proteins ZPA, ZPB and ZPC were
expressed in Chinese hamster ovary (CHO) cells as already de-
scribed (Harris et al. 1999). CHO supernatants were adjusted to
30 mM imidazole, 50 mM Na-Pi pH 7.9 and 0.05% 3-[(3-cholami-
dopropyl)dimethyl ammonio]-1-propane sulfonate (CHAPS) and
bound to a Ni-chelate-Sepharose. After washing in 30 mM imidaz-
ole, 50 mM Na-Pi, pH 7.9, 100 mM NaCl, 0.05% CHAPS, the
proteins were eluted with a linear gradient of 0–300 mM imidaz-
ole in the same buffer and subsequently dialyzed in phosphate-
buffered saline (PBS) supplemented with 0.05% CHAPS.

Gel analysis

Electrophoresis was carried out in 0.75 mm 12.5% SDS polyacry-
lamide gels as described (Laemmli 1970). The proteins were dis-
solved in sample buffer containing 0.1 M dithiothreitol (DTT).
Determination of molecular weight was based on standard proteins
(Pharmacia). Gels were stained for 15 min with 0.02% Coomassie
brilliant blue G250 in 10% acetic acid and destained with 10%
acetic acid.

Western blot

Proteins were transferred from SDS-PA gels to nitrocellulose
sheets (BA 85; Schleicher & Schüll, Dassel, Germany) essentially
as previously described (Towbin et al. 1979). The sheets were
blocked for 1 h at 25°C containing 5% dry fat milk powder in PBS
(Dulbecco and Vogt 1954), 0.05% Tween-20 and incubated (1.5 h,
25°C) with antisera (1:1000 in PBS, 0.05% Tween-20). The mem-
branes were then washed thoroughly in PBS, 0.05% Tween before
incubation (1.5 h at 25°C) with alkaline phosphatase-linked goat
anti-rabbit IgG (Sigma, Deisenhofen, Germany). After intensive
washing, reactive bands were visualized with 0.1 mg/ml nitroblue
tetrazolium (NBT), 0.05 mg/ml 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP) in 100 mM TRIS [(hydroxymethyl) aminoethane]-
HCl, pH 9.5, with 5 mM MgCl2.

Immunohistochemistry

Production of antisera

Since recombinant ZPA was not available at the beginning of this
study, peptides were generated in order to induce ZPA-specific an-
tibodies. Selection of two synthetic peptides from the correspond-
ing human (Hu) ZPA sequence was based on the probability of
their being antigenic as predicted by primary structure analysis 
using the Genetics Computer Group program package (GCG;
Devereux et al. 1984), and the presence of highly conserved re-
gions between species (see Table 1). The selected peptide se-
quences showed neither homology to ZPB nor ZPC sequences of
other mammalian species.

Both peptides were generated on a HMP (4-hydroxymethyl-
phenoxymethyl-copolystyrene-1% divinylbenzene) resin by auto-
mated solid-phase peptide synthesis (431A synthesizer; Applied
Biosystems, Foster City, CA) using Fmoc chemistry. The peptides
were cleaved off the resin (King et al. 1990) and purified by re-
versed-phase high-performance liquid chromatography (HPLC).
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The structures were confirmed by sequencing and by mass spec-
trometry (MALDI-TOF). To enhance antigen presentation in vivo,
peptides were coupled to keyhole limpet hemocyanin (KLH)
(Reichlin 1980).

Rabbits were immunized either with a KLH-coupled mixture
of two synthetic ZPA peptides, or with 100 µg purified recombi-
nant huZPB or huZPC per injection (see Harris et al. 1999). The
antigen was emulsified in Freund’s complete (first injection) or 
incomplete (booster doses) adjuvant and injected subcutaneously
every 3 weeks over a 12-week period. The antisera were generated
at Eurogentec (Seraing, Belgium).

Isolation and incubation of porcine oocytes in Bouin’s solution

Porcine oocytes with intact zonae pellucidae were recovered from
ovaries by aspirating follicle fluid with a small syringe followed
by several washing steps in PBS using a glass pipette. Finally the
oocytes were placed in a drop of Bouin’s fluid (saturated aqueous
picric acid solution, 40% formaldehyde, glacial acetic acid;
70:25:5) and the zona pellucida was observed using a microscope
(Axiophot, Zeiss, Oberkochen, Germany).

Processing of ovaries for histological studies

Freshly prepared ovaries were cut into halves and fixed at 4°C in
10% formalin (Lillie 1954) or Bouin’s fluid (saturated aqueous 
picric acid solution, 40% formaldehyde, glacial acetic acid;
70:25:5). After 24 h of fixation, the tissue was washed in a graded
ethanol series (70%, 95%, 100%) and embedded in paraffin wax.
Tissue sections (2 µm) were placed on Superfrost Plus microscope
slides (Menzel, Braunschweig, Germany), dried at 42°C for 24 h
and stored.

Immunohistological staining

Tissue sections (2 µm) were deparaffinized, rehydrated, and incu-
bated in 0.5% H2O2 in PBS in order to quench endogenous peroxi-
dase activity. To avoid any non-specific reactivity of the antibod-
ies, the sections were pretreated with 3% normal goat serum (di-
luted in PBS) for 1 h, and incubated with ZP antisera (dilution
1:500 or 1:1000 in PBS) overnight at 4°C. The sections were
washed 3 times for 5 min each with PBS before the peroxidase-
conjugated secondary antibody (goat anti-rabbit-POD, Sigma, 
Deisenhofen, Germany; dilution 1:1000 in PBS) was added for 1 h
at 25°C. After a final wash in PBS, the immunoreactive sites were
visualized with the peroxidase substrate 3,3’-diaminobenzidine
(DAB; DAKO, Hamburg, Germany) or 3-amino-9-ethylcarbazol
(AEC; DAKO, Hamburg, Germany). The sections were counter-
stained with hematoxylin and mounted either in Entellan Neu
(Merck, Darmstadt) or Glycergel (DAKO, Hamburg, Germany).
Preimmune sera were used in control experiments. Slides were ob-
served under a Zeiss Axiophot microscope. Micrographs were tak-
en using Ektochrome 320T film (Kodak).

PBS or Bouin’s treated porcine oocytes were washed several
times in PBS and placed overnight in ZPC antiserum (diluted
1:200 in PBS). After several washes in PBS the oocytes were
placed in PBS, 0.05% Tween-20, and 5% goat serum for 20 min at
room temperature. The oocytes were washed 3 times for 5 min
each with PBS before the peroxidase-conjugated secondary anti-
body was added. The immunoreactive sites were visualized with
the peroxidase substrate 3,3’-diaminobenzidine (DAB; DAKO,
Hamburg, Germany).

In situ hybridization

Probes and labeling

Antisense and sense cRNA probes of HuZPC cDNA fragment
(318 bp, position 749–1066; Chamberlin and Dean 1990), generat-

ed by enzymatic restriction of the full-length cDNA clone origi-
nally isolated by Harris et al. (1994), were cloned into pBluescript
KS(+) vectors (Stratagene, La Jolla, CA). 35S-UTP and 35S-CTP
(Amersham, Bucks., UK) were incorporated into the riboprobes
according to the manufacturer’s instructions (Boehringer, Mann-
heim, Germany) using T3 and T7 promoters. Riboprobes labeled
with 35S were precipitated in 0.15 M sodium acetate and 75% 
ethanol, centrifuged at 14,000 rpm for 30 min, washed in 70% 
ethanol, and stored in 10 mM TRIS-HCl pH 8.0, 1 mM ethylene-
diaminetetraacetic acid (EDTA), and 20 mM dithiothreitol (DTT).
The size of transcribed riboprobes was verified by autoradiogra-
phy following electrophoresis in 8% urea-polyacrylamide gels
(Sambrook et al. 1989). The specific activity of 35S-riboprobes
was 3×106 cpm/µl.

In situ hybridization procedure

Unstained tissue sections were deparaffinized in xylene, rehydrat-
ed through a descending ethanol series, washed in PBS, and incu-
bated for 20 min in 0.2 N HCl, and then for a further 20 min in
0.3% Triton-X 100 at room temperature. Sections were treated
with RNase-free proteinase K (5 µg/ml), washed twice with 0.2%
glycine for 5 min, and acetylated with 0.25% (v:v) acetic anhy-
dride (Sigma Chemical Co., St. Louis, MO) in 0.1 M triethanol-
amine buffer (pH 8.0; Sigma Chemie, Deisenhofen, Germany) at
room temperature for 10 min. After washing with PBS, slides
were prehybridized for 2 h at 62°C in a single-strength Denhardt’s
solution consisting of 0.02% Ficoll, 0.02% bovine serum albumin
(BSA); 0.02% polyvinylpyrrolidone; containing 50% [v:v] form-
amide, 0.3 M NaCl, 20 mM TRIS-HCl (pH 8.0), 1 mM EDTA,
10% dextran sulfate, 500 µg/ml yeast tRNA and 100 mM dithio-
threitol (DTT).

Slides were incubated in a humidified chamber at 62°C for
24 h in hybridization solution containing 35S-labeled cRNA probe
(2×106 cpm/slide). Posthybridization washes included 5 min in
5×SSC (1×SSC consists of 0.15 M sodium chloride, 0.015 M sodi-
um citrate) containing 10 mM DTT for 5 min at room temperature,
treatment with 50 µg ml RNase A (Merck, Darmstadt, Germany)
in RNase A-buffer (10 mM TRIS-HCl, 1 mM EDTA, 0.5 M NaCl
pH 8.0) at 37°C for 30 min; and were then washed for 10 min in
RNase A-buffer at room temperature and for 1 h in 2×SSC/50%
formamide plus 1 mM DTT at 60°C. The slides were rinsed at
60°C in 2×SSC, then twice in 0.1×SSC for 15 min each, dehydrat-
ed through a graded ethanol series, air dried, and exposed over-
night to Biomax MR film (Kodak, Rochester, NY) in order to
roughly estimate the time required for exposure before using the
photographic emulsion. The slides were then coated with photo-
graphic emulsion (LM-1-RPN, Amersham, Bucks., UK) and
stored in complete darkness at 4°C for 2–6 weeks. The emulsion
was developed (Kodak D-l9, Paris, France), fixed in Kodafix 
(Kodak, Paris, France), and sections were counterstained with 
Eosin Y (Sigma, Deisenhofen, Germany). After dehydrating sec-
tions through an ascending series of ethanol, they were cleared in
xylene and coverslips were mounted with Entellan Neu (Merck,
Darmstadt, Germany).

Results

Characterization of ZP sera

Polyclonal antibodies to ZPA were generated by immu-
nizing rabbits with a combination of two synthetic pep-
tides corresponding to ZPA sequences fully conserved
across different species (see Fig. 1). Polyclonal antibod-
ies reacting with ZPB or ZPC were generated by immu-
nization of rabbits with highly purified recombinant hu-
man ZPB or ZPC proteins, respectively.
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The specificity and selectivity of the ZP antisera used
in this study were evaluated on immunoblots of recombi-
nant human ZP proteins separated by SDS-PAGE
(Fig. 2). As expected, all ZP antisera reacted specifically
with the corresponding zona proteins; they did not cross-
react.

Localization of zona proteins in the ovary

Formalin-fixed and paraffin-embedded sections of hu-
man, cynomolgus monkey, and mouse ovaries were used
to assess zona pellucida protein expression during differ-
ent stages of folliculogenesis. Using the specific antibod-
ies described above, staining of all three ZP proteins was
observed in the ovaries of the aforementioned species.
The presence of all three proteins was confined to the
adjacent extracellular area around the oocyte with virtu-
ally no staining in or between granulosa cells. (Figure 3
shows this for cynomolgus ovaries.) The peptide-specific
antibody recognizing ZPA (Fig. 3b) caused a weaker 
signal than that observed for ZPB and ZPC antisera
(Fig. 3d, f, respectively).

In human oocytes, all ZP proteins could be detected
from primordial stages onward (Fig. 4 shows this repre-
sentative for ZPC). In primary and more developed folli-
cles, the observed staining displayed the shape of a dis-
tinct ring around the oocyte representing the glycopro-
tein matrix of the zona pellucida (Fig. 4c). In resting 
oocytes of primordial follicles, expression of zona pro-
teins was detectable in the cytoplasm (Fig. 4a).

There is no agreement in the literature as to whether
the oocyte, the granulosa cells or both are involved in the
synthesis of zona proteins. In reviewing the evidence for
either alternative, we came to the conclusion that the re-
agent used for fixation of the tissue could be responsible
for this discrepancy. Since it is well established that in
the mouse the oocytes synthesize the proteins that con-
stitute the zona pellucida (Epifano et al. 1995), we chose
mice to further investigate the effects of fixation on the
precise localization of zona pellucida proteins. When
formalin was used for the fixation of the ovaries and
ZPC antisera for immunohistochemistry, zona-pellucida-
specific staining was confined to a ring encircling the
oocyte without protrusion into the granulosa cell layer
(Fig. 5a, b, e). In contrast, when Bouin’s reagent was
used for fixation, the zona pellucida structure was almost
completely destroyed and staining occurred between the
first and second layers of the surrounding granulosa cells
(Fig. 5c, d, f).

This effect was not only restricted to mouse ovaries,
as we were able to reproduce this result in ovarian sec-
tions from both rat and pig (data not shown).

Solubilization of zona pellucida in Bouin’s solution

Isolated porcine oocytes surrounded by an intact zona
pellucida matrix were transferred from PBS into Bouin’s
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Fig. 1 Synthetic peptide amino acid sequences (bold) from the
HuZPA sequence used for immunization in comparison with cor-
responding ZPA sequences of two other mammalian species. Ami-
no acid sequence deduced from human (Liang and Dean 1993),
mouse (Liang et al. 1990) and rabbit (Lee et al. 1993b) cDNA

Fig. 2 Purified recombinant human His-tagged ZP proteins sepa-
rated by SDS-PAGE and stained with Coomassie brilliant blue
G250 (2 µg protein/lane; A) or analyzed by protein immunoblot-
ting (0.1 µg protein/lane; B). Nitrocellulose strips onto which all
ZP variants had been blotted were incubated with anti-ZPA (1),
anti ZPB (2) or anti-ZPC (3); antibody dilutions were 1:1000



solution. Within seconds the opaque zona ring around
the oocytes disappeared (Fig. 6a, b). Immunohistochemi-
cal staining of these oocytes using a ZPC antibody re-
vealed that the ZPC-containing layer that remained on
the oocyte surface of Bouin’s-treated oocytes (Fig. 6d)
was thinner than that on the PBS-treated controls

(Fig. 6c). Loss of the zona is evidenced not only by high-
er light transparency caused by a weaker staining inten-
sity with ZPC antibody, but also by the loss of a smooth-
ly shaped form (Fig. 6a, c).

In situ hybridization of ZPC mRNA

In order to localize ZPC mRNA transcripts, in human
ovaries, organs were fixed, sectioned, and hybridized in
situ with sense and antisense 35S-labeled cRNA probes
(see “Materials and methods”).
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Fig. 3a–f Immunocytochemical localization of ZPA, ZPB and
ZPC in follicles of cynomolgus monkey ovaries. The tissue was
fixed in formalin and immunostained with anti-ZPA (b), anti-ZPB
(d) or anti-ZPC (f). Subsequent sections were stained with corre-
sponding preimmune sera (a, c, e). Bars 100 µm
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Fig. 4 Immunocytochemical localization of ZPC proteins in the
human ovary showing follicles in different maturation stages from
primordial (a), primary (c), secondary (e) and antral follicles (g),

respectively. Subsequent sections were stained with corresponding
preimmune sera (b, d, f, h). Bars 100 µm



Small groups of primordial follicles were visible 
in the ovarian cortex (Fig. 7). They consisted of an 
oocyte surrounded by a single layer of squamous 
follicle cells resting in contact with a basal lamina. Hu-
man ZPC mRNA transcripts were detected in the cyto-
plasm of resting oocytes of primordial follicles
(Fig. 7a, b), as well as in growing oocytes up to the
stage of secondary follicle (Fig. 7c). Corresponding
control sections treated with the sense probe were not
stained (Fig. 7d, e).

Discussion

We have generated polyclonal antisera which are highly
specific to each of the human zona pellucida proteins
(Fig. 2). However, they do cross-react with the homolo-
gous proteins of other mammalian species, e.g., cyno-
molgus monkey, mice (shown here) but also with rat and
rabbit ZP proteins (data not shown). In this study, antise-
ra have been used to monitor the expression of zona pro-
teins during follicular development in mice, cynomolgus
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Fig. 5 Immunocytochemical
localization of ZPC in follicles
of the mouse ovary fixed either
in formalin (a, b, e) or Bouin’s
fluid (c, d, f). Sections were
immunostained with anti-ZPC
(b, d, e, f) or the corresponding
preimmune serum (a, c). Im-
mune complexes were detected
with AEC substrate for b, e,
and f and DAB substrate for d.
×1000. Bars 20 µm



monkeys and humans. In addition, we carried out experi-
ments to clarify whether the zona proteins are exclusive-
ly expressed and deposited by the oocytes or whether
granulosa cells are also involved in this process.

In resting human oocytes, ZPA, ZPB and ZPC (see
Fig. 4a) could not be detected around the oocytes, indi-
cating that a zona pellucida had not yet been formed.
This is in agreement with data obtained in mice where no
zona pellucida was found around primordial oocytes
(Wassarman 1983). Instead, staining for zona pellucida
proteins was found in the cytoplasm at this stage, indi-
cating that zona protein expression had already been ini-
tiated but their secretion and assembly into the zona ma-
trix had not yet begun.

In the case of ZPC, we were able to confirm these da-
ta on sections of human ovaries by in situ hybridization,
showing that mRNA transcripts for ZPC already exist at
the early, resting stage of follicular development.

Our findings are in agreement with data obtained in
mouse oocytes in vitro, where transcription/translation
was found to be initiated in primordial oocytes (Epifano
et al. 1995). The formation of the zona pellucida was

first detectable at the primary follicle stage (see Fig. 4c)
using a ZPC-specific antibody.

In our sections staining was strictly confined to the
zona pellucida, exhibiting a circular shape surrounding
the oocyte. There is an ongoing debate as to whether 
zona proteins are exclusively synthesized exclusively by
the oocytes, or whether granulosa cells in some species
contribute to the formation of the zona pellucida. In the
literature both concepts are supported by immunohisto-
chemical data. In support of the latter, it has been specu-
lated that the rate of protein synthesis by oocytes is too
low to account for its own mature weight in addition to
that of the zona (Schultz et al. 1979a, 1979b). It was ar-
gued that the oocyte does not have enough time after its
recruitment to synthesize the zona since it makes up 20%
of total protein mass in oocytes (Sacco 1990).
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Fig. 6 Isolated porcine oocytes
incubated in PBS (a) or Bouin’s
(b). Oocytes were stained with
anti-ZPC serum (c, d).
Bars 20 µm

Fig. 7 In situ hybridization of mRNA using cRNA probes of hu-
man ZPC in human ovaries; 2-µm paraffin sections. a–c Antisense
probes; d–f sense probes. Sections a and d were not counter-
stained with eosin Y; sections b, c, d and f were counterstained
with eosin Y. Bars 100 µm

▲
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Although different localizations of the zona proteins
might reflect differences among mammalian species, we
thought it possible that variations in the histochemical
methods used to prepare the tissue before sectioning
might be responsible for the divergent results. Thus,
when Bouin’s fluid was used as the fixative, zona protein
staining was detected between the granulosa cells sur-
rounding the zona pellucida matrix as well as in the zona
pellucida matrix in porcine (Sinowatz et al. 1995) and
rabbit ovaries (Prasad et al. 1996). Accordingly, we saw
the same staining pattern between granulosa cells as the
two aforementioned groups when we used this fixation
technique (see Fig. 5d, e).

In contrast, when paraformaldehyde (Takagi et al.
1989) or, as described in this study, formalin-fixed sec-
tions were used, staining was confined to the zona pellu-
cida (see Figs. 3b, d, f, 4c, e, g, 5b, e).

In this context we would like to mention a publication
(Grootenhuis et al. 1996) that evaluated different fixation
techniques. Using Bouin’s fixative the morphology of
the ovary was optimal, although the immunocytochemi-
cal staining of the ZP was possible only in recruited fol-
licles. This observation might be due to the fact that
small zonae pellucidae structures in earlier follicle stages
had been solubilized by Bouin’s fixative. The authors
demonstrated that using various paraformaldehyde fixa-
tion techniques the ZP was thicker than that observed
with Bouin’s fixative. Based on this observation, the 
authors concluded that ZP was probably better preserved
in its original status by the latter fixation method.

Therefore we tested the hypothesis that the observed
differences in ZP staining are due to the method of fixa-
tion used. Staining in formalin-fixed sections was indeed
confined to the zona, while after Bouin’s fixation we de-
tected staining between the granulosa cells surrounding
the zona pellucida in all species examined.

These artifacts are likely due to partial disintegration
of the zona pellucida caused by the highly acidic Bouin’s
fixative as has been described for the preparation of sol-
uble zona pellucida with other acidic buffers (Franken 
et al. 1996). Subsequent diffusion of dissolved zona con-
stituents would result in their immunohistochemical 
detection in the granulosa cell layers adjacent to the 
oocyte. This interpretation is corroborated by an in vitro
experiment in which Bouin’s solution was able to solu-
bilize intact ZP matrices of isolated porcine oocytes
within seconds (Fig. 7).

To substantiate these findings, we carried out in situ
hybridization with labeled ZPC-specific cRNA probes.
hZPC mRNA transcripts were specifically found in the
oocytes and no staining was observed in granulosa cells
of primary follicles. Previously, it had been described
that in the early stages of follicular development in pigs
the ZPC mRNA is predominantly expressed in the oo-
cyte whereas from secondary follicle stages onward
granulosa cells were also found to synthesize ZPC
mRNA (Koelle et al. 1996). Our data do not support this
observation: we were unable to detect immunohisto-
chemical signals in or around granulosa cells of the cu-

muli oophori neither in humans nor in the other species
examined (Figs. 4, 5, 6). Others have detected ZPA
mRNA transcripts in mice by in situ hybridization in
resting oocytes, whereas ZPB and ZPC transcripts were
detected only after the oocytes had begun to grow 
(Epifano et al. 1995). In contrast, we were able to detect
transcripts of ZPC in human primordial follicles as well.

In conclusion, our findings provide a rationale for the
divergent reports concerning the expression and deposi-
tion of zona proteins. We have demonstrated that forma-
lin fixation preserves the molecular structural integrity of
the zona pellucida as a well-defined halo around the 
oocyte, whereas Bouin’s fixative does not. These obser-
vations should be taken into account in future studies of
zona pellucida structure.

Acknowledgements The excellent technical support of Marina
Isernhagen, Gisela Hübner-Kosney, Hye-Youn Lee, Michael 
Niesar, Silke Finster, Alexandra Liese, Oliver Schilling and 
Simone Joschko is gratefully acknowledged.

References

Bleil JD, Wassarman PM (1980) Mammalian sperm-egg interac-
tion: identification of a glycoprotein in mouse egg zonae pel-
lucidae possessing receptor activity for sperm. Cell 20:873–
882.

Bleil JD, Greve JM, Wassarman PM (1988) Identification of a sec-
ondary sperm receptor in the mouse egg zona pellucida: role
in maintenance of binding of acrosome-reacted sperm to eggs.
Dev Biol 128:376–385

Bousquet D, Leveille KD, Roberts KD, Chapdelaine A, Bleau G
(1981) The cellular origin of the zona pellucida antigen in the
human and hamster. J Exp Zool 215:215–218

Chamberlin ME, Dean J (1990) Human homolog of the mouse
sperm receptor. Proc Natl Acad Sci U S A 87:6014–6018

Dean J (1992) Biology of mammalian fertilization: role of the zo-
na pellucida. J Clin Invest 89:1055–1059

Dean J (1994) Developmental genetics of the zona pellucida. Hum
Reprod 9 Suppl 4:40–41 (abstract)

Devereux J, Haeberli P, Smithies O (1984) A comprehensive set of
sequence analysis programs for the vax. Nucleic Acids Res
12:387–395

Dulbecco R, Vogt M (1954) Exped Med 99:167–182
Epifano O, Dean J (1994) Biology and structure of the zona pellu-

cida: a target for immunocontraception. Reprod Fertil Dev
6:319–330

Epifano O, Liang L, Familari M, Moos M-C, Dean J (1995) Coor-
dinate expression of the three zona pellucida genes during
mouse oogenesis. Development 121:1947–1956

Florman HM, Wassarman PM (1985) O-linked oligosaccharides of
mouse egg ZP3 account for its sperm receptor activity. Cell
41:313–324

Franken DR, Henkel R, Kaskar K, Habenicht UF (1996) Defining
bioassay conditions to evaluate sperm/zona interaction: inhibi-
tion of zona binding mediated by solubilized human zona pel-
lucida. J Assist Reprod Genet 13:329–332

Greve JM, Wassarman PM (1985) Mouse egg extracellular coat is
a matrix of interconnected filaments possessing a structural re-
peat. J Mol Biol 181:253–264

Grootenhuis AJ, Philipsen LA, de Breet-Grijsbach JTM, van Duin
M (1996) Immunocytochemical localization of ZP3 in primor-
dial follicles of rabbit, marmoset, rhesus monkey and human
ovaries using antibodies against human ZP3. J Reprod Fertil
50:43–54

Harris JD, Hibler DW, Fontenot GK, Hsu KT, Yurewicz EC,
Sacco AG (1994) Cloning and characterization of zona pellu-

286



cida genes and cDNAs from a variety of mammalian species:
the ZPA, ZPB and ZPC gene families. DNA Seq 4:361–393

Harris JD, Seid CA, Fontenot GK, Liu HF (1999) Expression and
purification of recombinant human zona pellucida proteins.
Protein Expr Purif 16:298–307

Hinsch K-D, Hinsch E, Meinecke B, Toepfer-Petersen E, Pfisterer
S, Schill W-B (1994) Identification of mouse ZP3 protein in
mammalian oocytes with antisera against synthetic ZP3 pep-
tides. Biol Reprod 51:193–204

Kimura J, Sato K, Okano M, Tsukise A (1994) Localization of
ZP3 mRNA in mouse ovary by non-radioactive in situ hybrid-
ization with digoxigenin-labelled cDNA. Cell Mol Biol 40:
1097–1101

King DS, Fields CG, Fields GB (1990) A cleavage method which
minimizes side reactions following FMoc solid phase peptide
synthesis. Int J Pept Protein Res 36:255-266

Koelle S, Sinowatz F, Boie G, Totzauer I, Amselgruber W, Plendl
J (1996) Localization of the mRNA encoding the zona protein
ZP3alpha in the porcine ovary, oocyte and embryo by non-
radioactive in situ hybridization. Histochem J 28:441–447

Laemmli UK (1970) Cleavage of the structural proteins during the
assembly of the head of bacteriophage T4. Nature 227:680–
685

Lee VH, Dunbar BS (1993) Developmental expression of the rab-
bit 55-kDa zona pellucida protein and messenger RNA in
ovarian follicles. Dev Biol 155:371–382

Lee VH, Schwoebel E, Prasad S, et al. (1993) Identification and
structural characterization of the 75-kDa rabbit zona pellucida
protein. J Biol Chem 268:12412–12417

Liang LF, Dean J (1993) Conservation of mammalian secondary
sperm receptor genes enables the promoter of the human gene
to function in mouse oocytes. Dev Biol 156:399–408

Liang LF, Chamow SM, Dean J (1990) Oocyte-specific expression
of mouse Zp-2: developmental regulation of the zona pelluci-
da genes. Mol Cell Biol 10:1507–1515

Lillie RD (1954) Histopathologic technique and practical histo-
chemistry. The Blakiston Company, New York

Paterson M, Aitken RJ (1990) Development of a vaccine based on
zona pellucida antigens. Curr Opin Immunol 5:743–747

Paterson M, Koothan PT, Morris KD (1992) Analysis of the con-
traceptive potential of antibodies against native and deglyco-
sylated porcine ZP3 in vivo and in vitro. Biol Reprod 46:
523–534

Paterson M, Wilson MR, Morris KD, van Duin M, Aitken RJ
(1998) Evaluation of the contraceptive potential of recom-
binant human ZP3 and human ZP3 peptides in a primate mo-
del: their safety and efficacy. Am J Reprod Immunol 40:198–
209

Philpott CC, Ringuette MJ, Dean J (1987) Oocyte-specific expres-
sion and developmental regulation of ZP3, the sperm receptor
of the mouse zona pellucida. Dev Biol 121:568–575

Prasad SV, Wilkins B, Skinner SM, Dunbar BS (1996) Evaluating
zona pellucida structure and function using antibodies to rab-

bit 55 kDa ZP protein expressed in baculovirus expression
system. Mol Reprod Dev 43:519–529

Reichlin M (1980) Use of glutaraldehyde as a coupling agent for
proteins and peptides. Methods Enzymol 70:159–165

Sacco AG (1990) Gamete interaction. Wiley Liss., New York
Sacco AG, Yurewicz EC, Subramanian MG, Matzat PD (1989)

Porcine zona pellucida: association of sperm receptor activity
with the alpha-glycoprotein component of the Mr = 55,000
family. Biol Reprod 41:523–532

Saling PM (1991) How the egg regulates sperm function during
gamete interaction: facts and fantasies. Biol Reprod 44:246–
251

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning a
laboratory manual, 2nd edn. Cold Spring Harbor Laboratory
Press, New York

Schultz RM, Letourneau GE, Wassarman PM (1979a) Program of
early development in the mammal: changes in patterns and 
absolute rates of tubulin and total protein synthesis during 
oogenesis and early embryogenesis in the mouse. Dev Biol
68:341–359

Schultz RM, Letourneau GE, Wassarman PM (1979b) Program of
early development in the mammal: changes in the patterns and
absolute rates of tubulin and total protein synthesis during 
oocyte growth in the mouse. Dev Biol 73:120–133

Sinowatz F, Amselgruber W, Toepfer Petersen E, Trotzauer I, 
Calvete J, Plendl J (1995) Immunocytochemical characteriza-
tion of porcine zona pellucida during follicular development.
Anat Embryol 191:41–46

Takagi J, Araki Y, Dobashi M, Imai Y, Hiroi M, Tonosaki A, 
Sendo F (1989) The development of porcine zona pellucida
using monoclonal antibodies: immunochemistry and light mi-
croscopy. Biol Reprod 40:1095–1102

Talwar GP, Raghupathy R (1995) Birth control vaccines. Springer-
Verlag, New York

Thillai Koothan P, van Duin M, Aitken RJ (1993) Cloning, se-
quencing and oocyte-specific expression of the marmoset
sperm receptor protein, ZP3. Zygote 1:93–101

Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer
of proteins from polyacrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc Natl Acad Sci USA
76:4350–4354

Wassarman PM (1983) Oogenesis: synthetic events in the devel-
oping mammalian egg. In: Hartman JF (ed) Mechanism and
control of animal fertilization. Academic Press, New York,
1–54

Wassarman PM (1988) Zona pellucida glycoproteins. Annu Rev
Biochem 57:415–442

Wassarman PM (1990) Profile of a mammalian sperm receptor.
Development 108:1–17

Yurewicz EC, Hibler D, Fontenot GK, Sacco AG, Harris JD
(1993) Nucleotide sequence of cDNA encoding ZP3 alpha, a
sperm-binding glycoprotein from zona pellucida of pig oocyte.
Biochim Biophys Acta 1174:211–214

287


