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Summary. When mouse ovulated oocytes were exposed to 1\m=.\5 m-dimethylsulphoxide
(DMSO) the resultant hardening of the zona pellucida was not a direct effect but

required the presence of an oocyte. The hardening of the zona pellucida when zonae

used were aged in vitro was also dependent upon the presence of the oocyte. Protocols
of DMSO exposure that induce zona-hardening also caused depletion of the numbers
of cortical granules underlying the oocyte surface, whereas protocols without effect on
the zona did not reduce significantly the cortical granule count. It is proposed that the
effects of DMSO may be mediated by a release of cortical granule contents.
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Introduction

The successful cryopreservation of oocytes would mark an important clinical advance in the
treatment of infertility (Trounson, 1986; Friedler et ai, 1988). However, few live young have been
delivered successfully after cryopreservation of mouse (Whittingham, 1977; Glenister et ai, 1987)
or human (Chen, 1986; Van Uem et ai, 1987) oocytes. We have suggested previously that
the failure of oocyte cryopreservation might lie just as much in the adverse effects of cooling
and/or cryoprotectant during the pre- and post-freeze periods as in damage during the freezing and

thawing processes themselves (Johnson, 1989). Oocytes cooled to 4°C in the absence of cryoprotec¬
tant show a reduced fertilization rate (Johnson et ai, 1988) and disrupted meiotic spindles with
a resulting potential for aneuploidy (Magistrini & Szollosi, 1980; Pickering & Johnson, 1987).
Similarly, exposure to the cryoprotectant dimethylsulphoxide (DMSO) under non-freezing con¬

ditions can increase the resistance of the zona pellucida both to sperm penetration and digestion by
chymotrypsin, as well as disturbing the organization of the cytoskeleton and the metaphase plate.
The nature, severity and reversibility of these latter effects depended on the protocol of exposure to

DMSO (Johnson & Pickering, 1987; Johnson, 1989). As a result of these experiments, an optimal
protocol for the addition of DMSO before freezing and for its removal after thawing has been

proposed (Johnson, 1989).
In this paper, we describe experiments designed to identify the mechanism underlying the effect

of cooling and DMSO exposure on the zona pellucida.

Materials and Methods

Oocyte recovery and handling. Oocytes were recovered from MFI mice (Cambridge University Laboratory Animal
Centre) by induction of superovulation with intraperitoneal injection of 5-10 i.u. PMSG followed 45-50 h later by
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5-10 i.u. hCG intraperitoneally (Intervet, Cambridge, UK). Animals were killed, 3-6 at a time, 12-5 h after the hCG

injection. The oviducts were transferred immediately to phosphate-buffered saline (pH 7-4) prewarmed to 37°C and
then into Medium H6 + BSA (a Hepes-buffered variant ofmedium T6 as described by Howlett et ai, 1987) in which
the cumulus mass was released. The cumulus masses were exposed to 0-1 mM-hyaluronidase (Sigma Chemical Co.,
Poole, Dorset, UK) for 2-5 min, and the freed oocytes were transferred to fresh Medium H6 + BSA while they still
had a residual corona of cumulus cells which dispersed subsequently in the washing medium. Oocytes were pooled,
counted and distributed among control and experimental groups as indicated. Unless otherwise stated, all manipula¬
tive procedures were carried out on the heated stage of a Wild M5 dissecting microscope and dishes were retained
between manipulations at 37°C on warming blocks or in an incubator. These procedures were adopted to minimize

temperature fluctuations and stress to the oocytes. For experimental treatments, oocytes were transferred at time
zero to Medium H6 + BSA in cavity blocks pre-equilibrated at the desired temperature and DMSO concentration

according to schedules described in the 'Results' section.

Isolation ofzonae pellucidae. It seemed possible that, during the preparation of isolated zonae, leakage of enzymes
from the oocyte could lead to premature hardening of the zona pellucida. Accordingly (unless stated otherwise in

'Results') to reduce the activity of any released zona-hardening enzymes, oocytes were cooled to 10°C in Medium
H6  BSA, a temperature which has been shown previously to be without effect on the zona sensitivity to chymotryp¬
sin (Johnson el a!, 1988). Half of this group of oocytes was passed rapidly up and down a finely pulled, heat-polished
glass micropipette. As each zona cracked open, it was rinsed rapidly free of any contaminating oocyte material and
accumulated in a group to one side of the dish of Medium H6 + BSA. The remaining half of the group of zona-
enclosed oocytes was transferred intact by a wider bore micropipette to a position adjacent to the isolated zonae. The
groups of isolated zonae and zona-enclosed oocytes were then transferred back to 37°C before experimental use.

Zona resistance to chymotrypsin. Zonae were exposed to freshly prepared alpha-chymotrypsin (Sigma Type II,
0001% in Medium H6 + BSA; Boldt & Wolf, 1986) at 37°C. Unless otherwise indicated, zonae expanded within
2 min of being placed in the enzyme and within 5 min all zonae could be sorted into those being resistant

(non-expanded/non-dissolved) and those being sensitive (expanded/dissolved). These groups remained clearly dis¬

tinguishable during further exposure to enzyme. Therefore, the proportion of resistant zonae after 5 min exposure to

chymotrypsin is recorded in the 'Results'.

Transmission electron microscopy. Zona-intact oocytes, exposed to various experimental conditions as described in
the 'Results', were fixed, post-fixed, dehydrated and embedded for transmission electron microscopy (TEM) as

described by Pickering el a! (1988). Samples were embedded at the base of the tip of a beem capsule in a compact
group of 10-20 aligned in the same plane. The resin was allowed to polymerize at 60°C for at least 48 h. A block was

prepared with the oocytes just below, and in the same plane as, the block face. Ultrathin sections were sampled from

this face on a Reichert Ultracut as follows. First, the knife was advanced in 0-5 pm sections into the block until a

grazing section through all the oocytes was achieved. The knife was then advanced 20 pm into the block of I pm steps,
a procedure shown in pilot studies to reach the middle third of each oocyte (which is 60-70 pm diameter). Ultrathin
sections formounting were taken at this level, the total number taken never exceeding a thickness of 1 pm. One section
from this series was then used for cortical granule counts. To ensure that no cortical granule was sampled more than

once, the knife was advanced a further 5 pm and a further set of sections sampled. This procedure was repeated once

more until ultrathin sections from 3 different levels from the middle third of the oocytes in each block had been
collected. The diameters of the sectioned oocytes were all between 60 and 70 pm. Sections were mounted on celloidin-

coated slotted copper grids and double stained with lead citrate and uranyl acetate. Sections were viewed on a Philips
EM300 transmission electron microscope. The number of cortical granules located beneath the plasmalemma of each

oocyte profile was counted in 3 sections at different levels and the mean value calculated. Oocyte profiles under

different conditions were compared by Student's t test on paired samples using the Statworks program (Cricket
Software Ine, Malvern, PA 19355, USA).

Results

The oocyte is required for the zona hardening effect of DMSO

A total of 276 isolated zonae and 304 oocyte-enclosing zonae (from 6 separate experiments)
were each divided into two approximately equal sized groups. One group of oocytes and isolated

zonae was placed into 1-5M-DMSO in Medium H6 + BSA at 37°C for 30 min, whilst the other

group was placed in Medium H6 + BSA alone. All zonae and oocytes were then rinsed thoroughly
through 2-3 washes of Medium H6 + BSA before exposure to chymotrypsin. Of the controls, 75%
of 140 isolated zonae and 77% of the 145 oocyte-enclosing zonae were sensitive to chymotrypsin.
Of the DMSO-exposed zonae, 60% of 136 isolated zonae and 7% of the 159 oocyte-enclosing
zonae were sensitive to chymotrypsin. Downloaded from Bioscientifica.com at 08/24/2022 07:10:18PM
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In a second series of 3 experiments, slightly different protocols were introduced. Some oocytes
with intact zonae were placed in DMSO at 37°C and the zonae of approximately 25% of these

oocytes were isolated and recovered at 10°C (see 'Materials and Methods') before removal from
DMSO and rinsing. The remaining oocytes were removed from the DMSO and a second group of
zonae were isolated from some of them. As before, control zonae in Medium H6 + BSA at 37°C
were sensitive to chymotrypsin (56% of 117 isolated zonae, 61% of 150 oocyte-enclosing zonae;
these values are less than in the first series and lower than usual in controls, suggesting that some

effect of lysing oocyte contents on zonae may have occurred). However, the zonae that had been
isolated whilst in DMSO were relatively insensitive to chymotrypsin (19% of 91). As expected,
those zonae enclosing oocytes after exposure to DMSO and those zonae removed from oocytes
after removal from DMSO were also insensitive to chymotrypsin (12% of 217 and 7% of 101

respectively).
Zona hardening has also been described after the ageing of oocytes in vitro or in vivo (Wolf &

Hamada, 1976; Defelici & Siracusa, 1982; Gianfortoni & Gulyas, 1985; Johnson, 1989; Dodson et

ai, 1989). To determine whether the presence of the oocyte was also required in the mediation of
this effect, zonae were either isolated as above or, in controls, were left enclosing oocytes, and then
cultured in vitro for up to 56 h, before exposure to chymotrypsin. The results are shown in Table 1.
It is clear that, as the time in culture increases, the percentage of isolated zonae insensitive to

chymotrypsin remained the same, whilst zonae that enclosed oocytes showed increasing resistance
to the enzyme.

Table 1. Hardening of the mouse zona pellucida
during ageing in vitro

% Isolated % Oocyte-enclosing
Time zonae resistant zonae resistant
in vitro to chymotrypsin to chymotrypsin
(h) (no. examined) (no.)

4 22 (96) 13 (78)
9 30 (53) 31 (61)

26 31(145) 68(145)
32 24 (98) 65 (98)
50 28 (47) 88 (49)
56 30 (69) 88(100)

These results indicated that hardening of the zona pellucida, whether by ageing or DMSO

exposure, required the presence of an enclosed oocyte. We therefore examined oocytes exposed to

DMSO in an attempt to determine what role the oocyte might have in mediating the effect of the

cryoprotectant and ageing on the zona.

Exposure to certain protocols of cooling and DMSO reduces the cortical granule count

Various protocols for addition of DMSO to and its removal from oocytes were examined

previously and some are without apparent effect on the zona sensitivity to chymotrypsin, whilst
others reduce it (Johnson, 1989). We compared the cortical granule counts of control oocytes with
those in 3 protocols that reduce zona sensitivity and in 3 that do not affect it. Figure 1 shows that a

significant reduction (/ test) in granule count occurred when oocytes were placed in medium pre-
cooled to 4°C for 30 min (M4), in 1-5M-DMSO at 37°C for 30 min (D37) and in 1-5M-DMSO at

37°C for 30 min followed by removal from DMSO to medium (D37,M37). Each of these 3 treat¬

ments has been shown to remove sensitivity to chymotrypsin and to block fertilization (Johnson
et ai, 1988; Johnson, 1989). In contrast, no significant reduction in cortical granules occurred
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after exposure of oocytes to 1-5 m-DMSO at 4°C for 30 min (D4), to 1 -5 m-DMSO at 4°C for 30 min
followed by return to DMSO-free medium at 37°C (D4,M37) or to 1 -5 M-DMSO at 4°C for 30 min
followed by exposure to medium free of DMSO at 4°C and then return to 37°C (D4,M4,M37).
None of these 3 treatments reduced the sensitivity of zonae to chymotrypsin (Johnson, 1989).

CONT D4 D37 D4.M37

Experimental conditions
D4.M4.M37 D37.M37

Fig. 1. Mean ± s.e.m. numbers of granules per oocyte profile under different conditions. The
numbers above each bar represent the numbers of oocytes sampled. Cont = control; M4 =

30 min at 4°C; D4 = 30 min in 1-5 M-DMSO at 4°C; D37 = 30 min in 1-5 M-DMSO at 37°C;
D4.M37 = 30 min in 1-5 M-DMSO at 4°C followed by transfer to rinsing medium at 37°C for
30 min; D4,M4,M37 = 30 min in 1-5 M-DMSO at 4°C followed by transfer to rinsing medium
for 30 min at 4°C followed by transfer to medium at 37°C for 30 min; D37,M37 = 30 min in
1-5 M-DMSO at 37°C followed by transfer to rinsing medium at 37°C for 30 min. *P < 0001

compared with control.

These results indicate a relative reduction of cortical granules in the cortex of oocytes exposed
to DMSO at 37°C. There was no clear evidence for the central migration of cortical granules away
from the cortex. However, we did observe ultrastructural evidence of cortical granules and their

contents in the subzonal space ofDMSO-treated oocytes, whereas in control oocytes this was a rare

occurrence (compare Figs 2a & b). These cortical granules in DMSO-treated samples were often
intact and surrounded by a layer of oolemma (Fig. 2b); less frequently, evidence of the more con¬

ventional process of fusion and extrusion of granules was seen (Fig. 2c). It was not possible to

estimate the proportion of granules extruded by each mechanism, since cortical granules extruded

by fusion are not readily identifiable ultrastructurally when the fusion process has been completed.

Discussion

The results of our previous studies on the effect of cooling and DMSO on the cytoskeletal
organization, zona properties and fertilization rates of oocytes (Johnson & Pickering, 1987;
Pickering & Johnson, 1987; Johnson et ai, 1988; Johnson, 1989) have led us to the conclusion that

the schedule with the least deleterious consequences for cryopreservation of mouse oocytes is to

equilibrate oocytes in 1-5 M-DMSO precooled to 4°C before freezing and then to remove DMSO at

4°C after thawing before restoring the oocyte to 37°C (Johnson, 1989). Our results indicated that
Downloaded from Bioscientifica.com at 08/24/2022 07:10:18PM

via free access



Fig. 2. Electron micrographs of oocytes. (a) Control oocyte. Cortical granules are subjacent to
the oolemma (  18 750). (b, c) Oocytes treated in 1-5 M-DMSO at 37°C for 30 min. (b) Notice
cortical granules surrounded by membrane in the subzonal space (  31 000). (c) Recently
released cortical granule, showing the characteristic membrane thickening (arrow) in the
oolemma at the site of release (  138 000). ZP = zona pellucida.

cooling to 4°C in the absence of cryoprotectant and exposure to cryoprotectant at temperatures
between 20 and 37°C both produced adverse effects on the zona pellucida, fertilization rate and

spindle/chromosome organization.
Our results indicate that the adverse effects of cryoprotectant on the zona are mediated largely if

not entirely via the oocyte itself. The development of resistance to chymotrypsin induced by the

DMSO in zonae around intact oocytes was almost completely lacking when isolated zonae were

exposed to DMSO. Moreover, the results of the experiments in which zonae were removed after

being placed in DMSO but before removal from DMSO show that the DMSO-oocyte interaction

leading to zona hardening occurs during the addition of the cryoprotectant. Our earlier results had
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also suggested that the hardening of the zona occurred during the addition of DMSO (Johnson,
1989). A requirement for the oocyte in the generation of zona hardening is observed not only in the

response to DMSO but also after ageing. Moreover, the inhibition of sperm penetration of the
zona after exposure to phorbol esters also requires the presence of an oocyte (Endo et ai, 1987),
suggesting that perhaps a common mechanism might operate in each case.

Zona hardening after fertilization or activation seems to involve release of cortical granules
(Wolf & Hamada, 1977; Gulyas & Yuan, 1985). Our results show that the numbers of cortical

granules decline at low temperature or after exposure to DMSO at 37°C. Dodson et ai (1989) also
correlated the zona hardening in ageing mouse oocytes with a reduced cortical granule count. The

loss of granules could therefore be implicated in the effects of all these conditions on the zona. In

support of this conclusion, the 3 protocols without marked effect on the zona did not reduce the

cortical granule count significantly. The reduced cortical granule counts in the cortex of oocytes
might be explained by their release into the perivitelline space but could also result from their

migration deeper into the cell (Szollosi, 1971; Gulyas, 1974). In our study, no ultrastructural
evidence of central migration was found, but evidence of release of cortical granule contents as well

as some intact granules (Szollosi, 1967; Longo, 1975) into the subzonal space was seen. However,
correlative observations cannot in themselves provide proof of causality and we are at present
investigating this question further. Finally, if the release of cortical granule contents is responsible
for the zona changes elicited by DMSO or cooling, neither the mechanism of release of granule
contents nor the number or subpopulation of granules affected need be identical to those which are

involved at fertilization.
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