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STUDY QUESTION: Is zona pellucida (ZP) resistance to proteolysis, induced by oviductal fluid (OF), a mechanism common to species
other than the pig and cow?

SUMMARY ANSWER: ZP resistance to proteolysis induced by OF was observed in the mouse, rat, hamster, rabbit, sheep, goat, pig and
cow, but not in humans.

WHAT IS KNOWN ALREADY: Oviductal ZP resistance to proteolysis occurs in the pig and cow where it influences the incidence of fertilization
and polyspermy. The effect is observed after incubation of ZP in OFs from pig (pOF), cow (cOF), rabbit (rOF) and sheep (sOF).

STUDY DESIGN, SIZE, DURATION: Oocytes from nine different species, including ungulates, rodents, lagomorphs and primates were
incubated in rOF, sOF, gOF, cOF, pOF and human oviductal fluid (hOF). ZP digestion times for the matured oocytes of these nine species,
without any treatment or incubated in 5 (mouse, rat, hamster, rabbit, cow, ewe and goat) or 6 (pig and humans) of the OFs collected were com-
pared using three replicates per treatment and at least three oocytes per replicate.

MATERIALS, SETTING, METHODS: /nvivo matured oocytes from rat, hamster, mouse, rabbit and humans, in vitro matured oocytes from
cow, goat, ewe and pig and rOF, cOF, gOF, sOF, pOF and human (hOF) were collected and processed for the study. Oocytes from each species
were incubated in the different OFs for 30 min. The resistance of the ZP of the oocytes to enzymatic digestion in a pronase solution (0.5% in PBS)
was measured and registered as ZP digestion time.

MAIN RESULTS AND THE ROLE OF CHANCE: rOF increased ZP resistance to proteolytic digestion in the range of between 96 and
720 h for any of the species tested, whereas the corresponding increase in human ZP was only | min. OFs from the remaining species also had a
significant effect, with variations among the cross-species experiments (P < 0.05). hOF, which was only tested on human and porcine oocytes,
had no effect on ZP chemical hardening. Measurements of ZP digestion times are not of extreme accuracy and errors of a few seconds can be
assumed in the experimental data. However, when differences are in the range of hours among treatments, variations measured in seconds do
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not alter the robustness of the findings.

LIMITATIONS, REASONS FOR CAUTION: Human oocytes and OF were of limited access, compared with oocytes from species
collected in slaughterhouses. OFs from mouse, rat and hamster were not tested due to the small size of the genital tract in these species and
the small volume of fluid available.

WIDER IMPLICATIONS OF THE FINDINGS: Since oviductal modification of ZP resistance to proteolytic digestion has been demon-
strated to influence fertilization and this pre-fertilization mechanism is considered to contribute to the control of polyspermy, the apparent
absence of this mechanism in humans suggests that the regulation of polyspermy depends mainly on other mechanisms, most probably of cortical
granule origin. Investigation into a possible relationship between the lack of oviductal ZP hardening in human oocytes and the existence of tubal
ectopic pregnancies in this species is proposed.
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Introduction

In animals with internal fertilization, the oviduct provides the environ-
ment necessary for gamete transport and final maturation, fertilization
and early embryonic development. It is well known that the sperm of
many species need to spend some time in the oviductal reservoir to
be capacitated, an essential requirement for their arrival at the site
of fertilization and for penetrating the oocyte envelopes (Austin,
[951; Yanagimachi, 1994; reviewed by Suarez, 2008; Burkitt et al.,
2012). Oocytes also undergo modifications while they travel through
the oviduct to the site of fertilization in the ampulla. One of these
modifications at the zona pellucida (ZP) level involves an increase in
resistance to digestion by proteolytic enzymes (enzymatic hardening
of the zona), which, in turn, has been demonstrated to influence
fertilization in the pig and cow: exposure of oocytes to oviductal
fluid (OF) increases the incidence of monospermy after IVF by redu-
cing sperm—ZP binding (Coy et al., 2008). These changes, which
could be considered as pre-fertilization modifications or oviductal mat-
uration of the ZP, have not yet been studied in many species (Coy and
Avilés, 2010).

The effect of enzymatic ZP hardening produced by contact with ovi-
ductal secretions prior to fertilization in these two species differs from
the hardening that occurs as a result of the release of the cortical
granule contents after fertilization in rodents (Gulyas and Yuan,
1985); in the humans, this post-fertilization enzymatic hardening
remains controversial, while in the pig and cow it simply does not
occur, at least not in in vitro fertilized oocytes (Coy and Auvilés,
2010). In addition, this enzymatic hardening is also independent of,
and not related to, the physical hardening described after fertilization
in the cow, where it modifies the biomechanical properties of the ZP,
inducing changes in the Young modulus and several elastic parameters
(Boccaccio et al., 2012).

The above-mentioned enzymatic ZP hardening before fertilization
has been observed in the cow and pig oocytes (i) retrieved directly
from the oviduct (Katska et al., 1989; Kolbe and Holtz, 2005),
(i) after treatment with OF (Coy et al., 2008) and (i) when placed
inside the isolated oviducts maintained in in vitro conditions. These
effects were maintained when oocytes (cow) were placed in homolo-
gous (Smorag and Katska, 1988; Katska et al., 1999) or heterologous
(cow, sheep and rabbit) oviducts (Katska et al., 1988, 1989) and so
this process seems not to be species specific, at least among ruminants
and rabbits.

OF is a complex mixture of components produced by oviductal
epithelial cells and plasma transudate. At least two components of
the OF, oviduct-specific glycoprotein (OVGPI) and heparin-like glyco-
saminoglycans, have been implicated in the pre-fertilization ZP harden-
ing in the cow and pig (Coy et al., 2008). Since both components are
common to multiple species, we hypothesized that the OF from any
species could induce ZP hardening in any other species. If so, we
would be dealing with an evolutionarily conserved mechanism that

influences gamete interactions. Since the treatment of oocytes with
OF and with host oviducts has been shown to improve embryo devel-
opment and quality (Lloyd et al., 2009; reviewed by Rizos et al., 2010)
and to affect sperm motility (Coy et al., 2010), and because the avail-
ability of OF from slaughterhouses is almost unlimited, the demonstra-
tion of our hypothesis could contribute to the development of a useful
and common tool for improving in vitro embryo production in different
species.

The aim of this study was to investigate whether OF from six differ-
ent species has the capacity to modify the ZP of nine different species
in a homologous and heterologous manner.

Materials and Methods

Unless otherwise indicated, all chemicals and reagents were purchased
from Sigma-Aldrich Quimica SA (Madrid, Spain).

Ethical approvals

The experimental procedures for the use of animals and for the collection
and use of human OF and oocytes were approved by the Ethical Commit-
tee of the University of Murcia and by the Ethical Committee for Clinical
Research of the Reina Sofia University Hospital in Murcia, Spain, according
to Spanish Law 14/2006 concerning human-assisted reproductive
technologies (ARTs). All procedures were performed according to the
Declaration of Helsinki for Medical Research involving Human Subjects
and also to the Guiding Principles for the Care and Use of Animals
(DHEW Publication, NIH, 80-23).

Collection of in vivo matured oocytes
(rabbit, mouse, rat and hamster)

Laboratory animals used in this experiment were obtained from the animal
house (eight adult females, 3—4 months old, of mouse, rat and hamster)
and the Department of Pharmacology (five adult female rabbits, -2
years old) both of the University of Murcia. Rodents and rabbits were
maintained under constant conditions of light and darkness, at room tem-
perature, with free access to pelleted food and water. Each group of
animals was injected (i.m. in rabbits and subcutaneous in rodents) with
eCG (equine chorionic gonadotrophin, Folligon, Intervet International
B.V. Mexico) and 48 h later with hCG (human chorionic gonadotrophin,
Veterin corion, Divasa Farmavic, Spain). Equal doses of eCG and hCG
were used as follows: |5 IU for rat, 25 IU for hamster, 5 |U for mouse
and 40 |U for rabbits. After 17 h of hCG stimulation, rats were sacrificed
and the ovulated oocytes were obtained from the oviductal ampulla. This
approach was favored because OVGP/ in this species is a pseudogene (rat
oviduct lacks this protein) and, theoretically, there should be no ZP hard-
ening in the oviduct. In rabbit, mouse and hamster the oocytes were
obtained from the ovaries by slicing after sacrifice 12, 20 and 14 h after
application of hCG, respectively. Cumulus—oocyte complexes (COCs)
were collected in Dulbecco’s PBS (DPBS) supplemented with | mg/ml
polyvinyl alcohol (PVA) and 0.005 mg/ml red phenol under a temperature-
controlled stereomicroscope and washed twice.
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Human ZP and oocyte collection

Human oocytes (immature, ICSI failures and fragmented) were obtained
from infertility clinics (IVI-Murcia and Tahe Fertility) with the consent of
the donor and partners under the current regulations for the use of this
material in Spain. Oocytes were transported to the laboratory on the
same day or the day after follicular aspiration in the Global® Total®
w/HEPES medium (LifeGlobal®, LGTH-250, Canada) and analyzed or
used to collect ZPs immediately after transportation. ZPs were separated
from the oocyte after introduction into bi-distilled H,O, collected with a
glass heat-thinned pipette and stored at —80°C until use.

Collection and in vitro maturation of oocytes
(pig, cow, sheep and goat)

Pig

The medium used for pig oocyte maturation was NCSU-37, prepared in
our laboratory as described previously (Coy et al., 2002). Within 30 min
of slaughter, ovaries from gilts were transported to the laboratory in
saline containing 100 pwg/ml kanamycin sulfate at 38°C, washed once in
0.04% cetrimide solution and twice in saline. Pig COCs were collected
from antral follicles (3—6 mm diameter), washed twice with DPBS supple-
mented with | mg/ml PVA and 0.005 mg/ml red phenol, and twice more
in maturation medium previously equilibrated for a minimum of 3 h at
38.5°C under 5% CO,; in air. Only COCs with a complete and dense
cumulus oophorus were used for the experiments. Groups of 50 COCs
were cultured in 500 wl maturation medium for 22 h at 38.5°C under
5% CO, in air. After culture, the oocytes were washed twice in fresh mat-
uration medium lacking dibutyryl cAMP, eCG and hCG, and cultured for
an additional 20—22 h (Funahashi et al., 1997).

Cow, sheep and goat

Cumulus—oocyte complexes were collected by aspiration from non-
atretic follicles (2—6 mm diameter) from ovaries obtained from the slaugh-
terhouse. All the ovaries came from animals between 14 and 20 months
old. COCs were then washed twice in the TCM-199 medium with
Hank’s salts, 10.0 mM HEPES, 2% fetal bovine serum (FBS), 2.0 mM glu-
tamine, 50 U/ml penicillin and 50 pg/ml streptomycin, and once in mat-
uration medium previously equilibrated for 4 h at 38.5°C under 5%
CO; in air. Groups of 50 COCs were cultured in 500 pl maturation
medium for 24 h at 38.5°C under 5% CO, in air.

Collection of OF

OFs from mouse, rat and hamster could not be collected due to the small
body size of these species and the need to sacrifice them for the unique
purpose of this study. Bovine, porcine, ovine and caprine oviducts were
obtained from the slaughterhouses and transported to the laboratory at
4°C in saline. After that, specimens were classified as described previously
(Carrasco et al., 2008a,b) and only oviducts from animals in the late follicu-
lar phase of the estrous cycle were used. Oviducts from superovulated
rabbits were obtained after the sacrifice of animals. The oviducts from
each species were transferred to Petri dishes placed on ice, dissected
and washed twice in saline solution. OFs from cow (cOF), pig (pOF),
sheep (sOF), goat (gOF) and rabbit (rOF) were collected by aspiration
with an automatic pipette using a tip regulated for a 200 ul volume and
protease inhibitor (Complete Mini, EDTA-free, Ref.ll 836 170 00I,
Roche, Spain) was added (I ! 10x solution/ 10 wl OF). OF were centri-
fuged at 7000g for 10 min at 4°C to remove cellular debris and the super-
natants were stored at —80°C. Samples were pooled, creating a stock of
OF from each of the species, which was then stored at —80°C as aliquots
(20 wl).The human OF (hOF) was obtained from the Reina Sofia Univer-
sity General Hospital from a 43-year-old woman (in the secretory phase of

the menstrual cycle) who underwent hysterectomy due to the presence of
a myoma; the signed consent of the patient was obtained. After salpingec-
tomy, the oviducts, which were of healthy appearance, were cleaned of
external residual blood with sterile gauzes and the OF was collected by
aspiration.

Treatment of oocytes and ZPs with OF

Preliminary experiments revealed that the effect of OF on ZP resistance to
pronase was independent of the presence or absence of cumulus cells
(Coy et al., 2008). Therefore, in all the experiments the cumulus cells
were removed to facilitate oocyte manipulation and clear observation of
the ZP. Oocytes from all species and human ZPs were incubated in un-
diluted OF (one oocyte or ZP per microliter of fluid) of each species
and covered with mineral oil for 30 min at 38.5°C under 5% CO, in air.
A control group of oocytes from each species was used in all the experi-
ments; these groups were incubated at the same time in DPBS (one
oocyte or ZP per microliter of DPBS) or in the LGTH medium for
human oocytes covered with mineral oil on a hotplate at 38.5°C.

Assessment of ZP solubility

After incubation in OF, the oocytes or isolated ZPs were washed quickly in
DPBS and transferred to 50 pl drops of 0.5% (wt/vol) pronase solution in
DPBS to assess ZP digestion times. The dissolution time of the ZP of each
oocyte was registered as the time when the zona was no longer visible
under an inverted microscope equipped with a warm plate at 37°C at
%200 magnification. This time was referred to as “ZP digestion time’.
The experimental design of the study is explained in Fig. | and a video
clip showing the different response to pronase between one control

oocyte and one oocyte incubated in OF is available as Supplementary
data, File SI.

Statistical analysis

Data are presented as the mean + SEM. The variables in all of the experi-
ments were analyzed by one-way ANOVA (ZP digestion time). When
ANOVA revealed a significant effect, values were compared by the
Tukey post hoc test. A P value of <0.05 was taken to denote statistical
significance.

Results

Effect of six OFs on ZP resistance
to proteolysis of nine different mammals
Effect on rabbit ZP

ZP of rabbit ovarian oocytes without exposure to OF were dissolved
by pronase in < 3 min (0.04 + 0.01 h) (Fig. 2). The ZP digestion time
increased when the oocytes were treated with the OFs from five dif-
ferent species, particularly when sheep, goat and rabbit OF were used

(Fig. 2).

Effect on mouse, rat and hamster ZP

The ZP of rodent oocytes not previously exposed to OF showed
inter-specific differences in resistance to digestion by the enzyme
pronase. The ZP digestion times of the different animals were as
follows: mouse 0.04 + 0.0l h (*3 min); rat 0.06 + 0.01 h (~4 min)
and hamster 244 + 4.8 h (=1 day). After treatments, the ZP of
mouse and rat significantly increased their resistance to pronase diges-
tion when incubated in the rabbit OF: 96.0 + 8.0 h, ~4 days in mouse
(Fig. 3) and 207.4 + 24.5 hin rat (~8-9 days) (Fig. 4). Mouse ZP also
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Figure | Experimental design. Oocytes of ovarian or oviductal origin and isolated ZPs (humans) were collected to assess ZP digestion time without
and after incubation in different OFs. At least |0 oocytes per group were tested in three replicates.

Figure 2 Effect of pOF and cOF (A) and of sOF, gOF and rOF (B), collected at the late follicular phase of the estrous cycle, on rabbit ZP resistance
to protease digestion. Each bar represents the digestion time in hours (mean + SEM) of oocytes incubated in the fluid for 30 min and later transferred
to a pronase solution (0.5% wt/vol in DPBS). Different superscripts indicate significant differences among groups (P < 0.05).

became more resistant to proteolysis when the oocytes were treated
with goat OF, taking 14.9 + 1.6 h to be digested, while a smaller
increase was noted after cow OF treatment (Fig. 3). However, rat
ZP did not change after treatments with any secies except rabbit.
The ZP of hamster oocytes became more resistant to proteolytic
digestion following incubation in pOF, sOF and rOF: 63.3 + [3.0h
(~2-3 days) in pig, 240.0+3.6h (=10 days) in sheep and
683.3 + 36.7 h (=12 days) in rabbit OF (Fig. 5). It is important to
mention that the dissolution pattern of hamster ZP was different
from the other species because, while the outer part of the ZP was

digested relatively quickly (within minutes), the inner part remained
undigested for longer periods of time and this longer period was the
value registered for hamster ZP hardening in the present study (Fig. 6).

Effect on human isolated ZPs and ZPs containing an oocyte
Isolated human ZPs not exposed to OF resisted enzymatic digestion
for almost 2 min (0.03 + 0.01 h; 1.8 + 0.9 min). Treatment of these
ZPs with OFs did not increase ZP digestion time except in the case
of rabbit OF, where the increase was ~ | min (0.04 + 0.01 h; 2.8 +
0.1 min) (Fig. 7).
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Figure 3 Effect of pOF, cOF and sOF (A) and of gOF and rOF (B), collected at the late follicular phase of the estrous cycle, on mouse ZP resistance
to protease digestion. Each bar represents the digestion time (A) in minutes (mean + SEM) or (B) in hours (mean + SEM) of oocytes incubated in the
fluid for 30 min and later transferred to a pronase solution (0.5% wt/vol in DPBS). Different superscripts indicate significant differences among groups
(P < 0.05).

Figure 4 Effect of pOF, cOF, sOF and gOF (A) and of rabbit (rOF) (B), collected at the late follicular phase of the estrous cycle, on rat ZP resistance
to protease digestion. Each bar represents the digestion (A) in minutes (mean + SEM) or (B) in hours (mean + SEM) of oocytes incubated in the fluid
for 30 min and later transferred to pronase solution (0.5% wt/vol in DPBS). Different superscripts indicate significant differences among groups
(P < 0.05).

Figure 5 Effect of cOF and gOF (A) and pOF, sOF and rOF (B), collected at the late follicular phase of the estrous cycle, on hamster ZP resistance
to protease digestion. Each bar represents the digestion time in hours (mean + SEM) of oocytes incubated in the fluid for 30 min and later transferred
to a pronase solution (0.5% wt/vol in DPBS). Different superscripts indicate significant differences among groups (P < 0.05).
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Figure 6 Hamster ovarian oocytes in two different situations. (A) Ovarian oocyte immediately before pronase treatment. (B) Ovarian oocyte incu-
bated for 2 h in pronase solution. The outer region was digested, while the inner portion of the ZP remained visible. Scale bar = 20 pm.

Figure 7 Effect of pOF, cOF, sOF, gOF and rOF, collected at the late follicular phase of the estrous cycle, on human ZP resistance to protease
digestion. Each bar represents the digestion time in minutes (mean + SEM) of oocytes incubated in the fluid for 30 min and later transferred to a
pronase solution (0.5% wt/vol in DPBS). Different superscripts indicate significant differences among groups (P < 0.05).

To determine whether the lack of effect was caused by any alter-
ation in ZP properties during the removal of the oocyte, full human
oocytes enclosed in their respective ZPs were analyzed with OF
from cow with its proven effect upon porcine oocytes (see later
Fig. 9). In this case, again, cow OF failed to produce a significant
increase in human ZP digestion time (Fig. 8).

Effect of human OF on porcine and human ZP resistance

to proteolysis

Owing to the difficulty in obtaining human samples of OF in the rich
estradiol phase, this experiment with only one sample from human
oviduct was performed simply to confirm the results obtained with

human oocytes incubated in the OFs from different animal species.
Although statistical significance could not be assessed due to the limi-
tation of the sample size, this experiment provided additional evidence
concerning the lack of ZP hardening in humans. Thus, ZP from porcine
and human oocytes took <3 min to be digested whether or not
incubated for 30 min in human OF (Figs 8 and 9).

Effect on pig, cow, sheep and goat ZP

The ZP of porcine ovarian oocytes without exposure to OF showed
low resistance (<4 min) to proteolytic digestion (0.05+ 0.0l h),
while treatment with the OFs increased ZP digestion time in all
cases with the exception of human OF. This effect was more
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Figure 8 Effect of cOF, collected at the late follicular phase of the estrous cycle, and hOF on the human ZP resistance to protease digestion. Each
bar represents the digestion time in minutes (mean + SEM) of oocyte-surrounding ZP incubated in the fluid for 30 min and later transferred to a
pronase solution (0.5% wt/vol in DPBS). Different superscripts indicate significant differences among groups (P < 0.05).

Figure 9 Effect of pOF, sOF, gOF and hOF (A) and of cOF and rOF (B), collected at the late follicular phase of the estrous cycle and secretory
phase of the menstrual cycle (hOF), on pig ZP resistance to protease digestion. Each bar represents the digestion time in hours (mean + SEM) of
oocytes incubated in the fluid for 30 min and later transferred to a pronase solution (0.5% wt/vol in DPBS). Different superscripts indicate significant

differences among groups (P < 0.05).

pronounced in the case of cow and rabbit OF (Fig. 9). The ZP of
bovine ovarian oocytes showed a resistance to proteolytic digestion
of <4 min (0.05+ 0.0l h). In all cases, the ZP digestion time
increased following treatment of the oocytes with the OFs. This
effect was greater when the OFs from sheep, goat, cow and rabbit
were used (Fig. 10). The resistance to proteolytic digestion of the
ZP of ovine ovarian oocytes was <6 min (0.09 + 0.01 h), and in all
cases, the ZP digestion time was increased by treatment with the
OFs. This effect was higher with cOF and rOF (Fig. | ). The resistance
to proteolytic digestion of ZP of caprine ovarian oocytes was <4 min
(0.06 + 0.01 h) (Fig. 12). Treatment of these oocytes with the OFs
increased ZP digestion time in different ways. No statistical differences
were found when the oocytes were incubated with pOF and gOF,
although the ZP digestion time changed from 0.7 h with pOF to
[3.5h with gOF. The effect was significant when considering the
cOF, sOF and rOF (Fig. 12).

Discussion

This study shows that the ZPs of oocytes from different mammals in-
crease their resistance to enzymatic digestion to a greater or lesser
extent when they are incubated in the OF, with the exception of
human ZP. In this last case, only the rOF caused a |-min increase in
ZP resistance to digestion. The biological significance of these findings
is open to different interpretations, as discussed below.

Significance of enzymatic hardening

In this study, it is shown that the ZP of ovarian oocytes, whether
matured in vivo or in vitro, without any contact with the oviduct, are
sensitive to digestion by the enzyme pronase as revealed by the diges-
tion periods of <6 min for eight of the nine species tested. The
hamster was exceptional in this respect because the ZP took 24 h
to be digested under the experimental conditions described. Previous
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Figure 10 Effect of pOF (A) and of cOF, sOF, gOF and rOF (B), collected at the late follicular phase of the estrous cycle, on cow ZP resistance to
protease digestion. Each bar represents the digestion time in hours (mean + SEM) of oocytes incubated in the fluid for 30 min and later transferred to
a pronase solution (0.5% wt/vol in DPBS). Different superscripts indicate significant differences among groups (P < 0.05).

Figure |1 Effect of pOF and gOF (A) and of cOF, sOF and rOF (B), collected at the late follicular phase of the estrous cycle, on sheep ZP
resistance to protease digestion. Each bar represents the digestion time in hours (mean + SEM) of oocytes incubated in the fluid for 30 min and
later transferred to a pronase solution (0.5% wt/vol in DPBS). Different superscripts indicate significant differences among groups (P < 0.05).

Figure 12 Effect of pOF, cOF and gOF (A) and od sOF and rOF (B), collected at the late follicular phase of the estrous cycle, on goat ZP resistance
to protease digestion. Each bar represents the digestion time in hours (mean + SEM) of oocytes incubated in the fluid for 30 min and later transferred
to a pronase solution (0.5% wt/vol in DPBS). Different superscripts indicate significant differences among groups (P < 0.05).

studies in some of the species tested showed similar ZP digestion : With regard to hamster ZP, Yang and Yanagimachi (1989) reported
times for ovarian oocytes (mouse, rat, human, cow, sow, sheep and Coa digestion time of ~6 min in 0.01% trypsin for ZPs from ovarian and
goat) (Trounson and Moore, 1974; Smorag and Katska, 1988; . oviductal oocytes. However, these data are not comparable with

Katska et al., 1989; Coy and Avilés 2010; Pradeep et al., 201 I). . those in the present study because the experimental procedures
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were different and because hamster oocytes showed a different
pattern of ZP dissolution than the other species: the outer part of
the ZP was digested relatively quickly, while the inner part remained
stable for a long time. This is shown in Fig. 6 and could explain the dif-
ferences between the present study and that of Yang and Yanagima-
chi’s study (1989), in which only the digestion times of the outer
part of the ZP seemed to have been assessed. Specific differences
in the ZP structure or composition, or in the time necessary for the
spermatozoa to contact this envelope after ovulation (Yanagimachi
and Chang, 1961) could provide alternative explanations for the high
resistance of hamster ZP to enzymatic digestion before being in
contact with oviductal secretions, but further experiments are
required to clarify this.

After treatment with homologous OF, ZP resistance to digestion
increased in the case of the rabbit and all the ungulates except
goat. Similarly, treatments with each of the heterologous fluids
tested increased ZP digestion time for all the ungulate species and
rabbit; the only exception to this was when goat oocytes were
treated with porcine fluids. Human ZPs were not sensitive to OF,
as discussed below.

Rabbit OF produced the largest increase in ZP resistance in all the
species tested, indicating that the components of rabbit OF respon-
sible for this effect are either more abundant or are more efficient
than in the other species. The fact that rabbit ZP has been reported
to remain equally penetrable despite being more resistant to pro-
teases after fertilization (Overstreet and Bedford, 1974) could
support the hypothesis that sperm penetration occurs more as a
result of physical thrust than enzymatic digestion (Bedford, 2004). In
general terms, the findings of the present study as a whole, which
demonstrate the existence of oviductal induction of enzymatic ZP
hardening in different ungulates and rodents, support this hypothesis
and could be related to a sperm-selection mechanism in the oviduct
that is dependent on the intrinsic ability of the spermatozoa to gener-
ate physical force.

In hamster which, as mentioned, is the species with the highest ZP
digestion times in its ovarian oocytes (24 h), incubation in rOF
increased the digestion time up to 683 h, while in human ZP, which
did not show any hardening after treatment with any OF, the figure
obtained was significantly different from that in the control oocytes,
although this difference was only ~ | min. These two examples, at
the opposite poles of the OF hardening effect, indicate that rOF is a
good model to investigate the factors responsible for oviductal ZP
hardening due to its strong and non-species-specific effect.

Regarding mouse and rat, although assays of their homologous fluid
could not be performed due to the large number of animals required
to obtain a suitable volume of OF, the experiments performed in the
heterologous OFs provided interesting findings. Whereas mouse ZP
became hardened after treatment with cOF, gOF and rOF, rat ZP
was only sensitive to rOF. Since OVGPI, together with heparin-like
glycosaminoglycans (GAGs), has been referred to as one of the OF
components involved in enzymatic ZP hardening (Coy et al., 2008;
Pradeep et al., 201 1) and rat does not have OVGPI (Tian et dl.,
2009), the lack of effect of the OF from the different species tested
on rat ZP was unexpected, assuming that heterologous OVGPI
from species other than rabbit could bind to rat ZP. In contrast, if it
is assumed that the OVGPI effect is species specific, the results
obtained could indicate that other factors, besides OVGPI| and

GAGs, participate in oviductal hardening and that these factors are
more abundant or efficient in rabbit fluid. In addition, the existence
of protein sequence and length differences between rabbit OVGPI
and those of other species could enable this protein to bind and
modify rat ZP (Avilés et al., 2010). A previous phylogenetic analysis
showed that different regions are present in the OVGPI of different
mammals. OVGP| lengths range from 475 in the rabbit
(NP_001075574) to 721 amino acids in the mouse (Q62010) (Supple-
mentary data, File S3). Taken together, these results suggest that
oviductal maturation of oocytes as described by Coy et al (2008) is
a process that (at least in vitro) is conserved in ungulates (at least in
the pig, cow, sheep and goat), and that the factors involved in this
mechanism are not specific to ungulate species, as they also affect
rodents and rabbit.

The particular human situation

Human OF and human oocytes behaved differently from the other
species studied. ZP enzymatic hardening, even when low numbers
of oocytes were used, represents an evident ‘all or nothing’ mechan-
ism, since the parameter considered (ZP digestion time) increases
from a few minutes in untreated ovarian oocytes to several hours
after treatment with OF. However, human oocytes did not change
or, if they did, the scale of increase in ZP digestion time was only
minutes. Neither in the case of isolated ZPs nor oocytes surrounding
ZPs, did the digestion time change after incubation in OF. It could be
argued that the human oocytes used in this study came from infertility
clinics and cannot therefore be considered as ‘healthy’, but the results
were consistent in the case of immature oocytes, those coming from
fertilization failures and those that were fragmented. Finally, the
sample of human OF, although unique, did not produce any detectable
effects either on the pig or human oocytes, which is interesting bearing
in mind that the porcine oocytes were the most sensitive to OF hard-
ening among the species studied. Thus, it seems clear that the human
is an exception with respect to this mechanism.

The explanation concerning the lack of effect of human OF, or the
lack of sensitivity of the human ZP to hardening, cannot be attributed
to an absence of OVGPI because human OF contains OVGPI, and
this OVGPI binds to human (O’Day-Bowman et al, 1996) and
hamster (Reuter et al., 1994) ZP. Consequently, the lack of effect
may be due to differences in the OVGPI glycoprotein sequence. In
a previous study (Avilés et al., 2010) it was observed that human
OVGPI and that from two other primates (chimpanzee and orang-
utan) have an additional region (region E) that was not present in
the other species analyzed. The significance of this region of the
OVGPI is unknown and future studies are necessary to clarify this
aspect. Two other aspects must to be taken into consideration: (i)
the absence of some other, possibly relevant, factors present in the
OF of other species and absent in human OF and (ii) differences in
ZP composition. Human ZP is formed of four proteins (ZPI, ZP2,
ZP3 and ZP4 (Lefievre et al., 2004)) and these human ZP glycopro-
teins present a specific glycosylation pattern that has not been identi-
fied in other species (Jimenez-Movilla et al., 2004; Pang et al., 201 1).

Physiologically, it is not strange that human OF did not produce ZP
hardening. In the species where the effect has been most studied, such
as pig and cow, it has been demonstrated that the hardening can be
reversed when the recently fertilized oocyte is passing through the
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oviduct into the uterus (Kolbe and Holtz, 2005; Coy et al., 2008). This
‘softening’ of the ZP in the preimplantational embryo has been related
to its subsequent hatching but, in humans, the existence of this phe-
nomenon in the oviduct probably means that the hardening remains
stable in the uterus. This is so because, in contrast to the other mam-
malian species, the structural identity of the myometrium and myosal-
pinx suggests that the human uterus and utero-tubal junction (including
the outer wall portion) can be considered as a unique morpho-
functional entity (Muglia and Motta, 2001) and that mixing of uterine
and oviduct fluids may be possible (Hunter, 1998, 2002). Such a com-
bination of environments represents an advantage for ARTs, since it
allows the transfer of gametes and early embryos into the human
uterus. However, this same peculiarity was proposed as one
cause of tubal ectopic implantation observed in primates but which
does not occur in the other species analyzed (Hunter, 1998, 2002).
In this sense, the present results might be considered as adding new
information in the search for the reasons for tubal ectopic pregnancy
in humans.

It is possible that the lack of ZP hardening by oviductal components
in human oocytes may facilitate the adhesion of zygotes and preim-
plantational embryos to the oviductal epithelium, allowing their
implantation. This hypothesis would be in agreement with the exist-
ence of the previously proposed factor preventing tubal implantation
in rabbit (Moore et al., 1992) which, from the results of the present
study, was the species with the highest ZP digestion times after
contact with OF. It seems that the enzymatic hardening of the ZP is
directly related to the deposition on this cover of different oviductal
components that modify its properties. However, in humans, the
lack of some of these components could increase the risk of adhesion
between the ZP and the oviductal epithelial cells. Supporting this hy-
pothesis, it has been proposed that selective production of protease
inhibitors in the isthmus might act to prevent premature nidation of
the embryo and that the increased resistance to proteolytic degrad-
ation of porcine oviductal ZP may represent a defence mechanism
to avoid such degradation (Kouba et al., 2000). If human ZP lacks
this mechanism, the risk of early implantation is, consequently, higher.

In conclusion, the present study shows that the pre-fertilization ZP
hardening by oviductal components previously described in the pig and
cow is common to other ungulate species and, while it could also
affect rabbits and rodents, it does not exist in humans. The lack of
this mechanism in humans may have further implications for the
incidence of tubal ectopic pregnancies in this species.

Supplementary data

Supplementary data are available at http://humrep.oxfordjournals.org/.
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