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by electro-rotation. Comparison with cells from early embryos
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mw—ﬂnhnneapmtyofmhﬂarnbhtmcytﬁmmlm 1.7-2.0 uF /co? before fertilisation to
3.7-40 pF/cm® after fertilisation. The b on single cel'; was also increased by
fertilisation from less than 1 mS/em? to 14 mS/cm?. Cells obtained from 2-, 4- ¢ S-cell embryos exhibited
i diate values of by ity (2.3-2.8 uF / cni®) and conductivity (5-22 mS /cn?). The values quoted are
those effective between 1 and 10 kHz, the frequency of the rotating field used. The large apparent capacities are
probably due to the presence of structures such as microvilli which cause the actual membrane area to exceed the
smooth sphere area. It must be assumed that these structures change in form or number on fertilisation, and that they

persist in embryos, at least up to the 8-cell stage. Nodﬂermmammmbemeellsletﬁlnsedmwmonnmo

Comparison of the above zona-free data with

unfertilised rabbit eggs may be distinguished from one

indi Mlvfenﬂisedmd

An earller paper 18] demonstrated how electric-field

2] of i 1 mouse oocytes could

be used to derive values for the membrane capacity and
conductivity (C,, and G, the area-specific capacitance
and conductance). In the case of mouse oocytes, C,,
was found to be 1.2-1.3 pF/cn?, but single results on
hamster and human oocytes suggested C,, values 3-times
higher [1]. If confirmed, such values would markedly
exceed those of lecithin bilayers (up to 0.8 pF/cm?
3,4 or the 1 pF/cm’® typical of animal or plant cells
[5 6). A h\gh apparent value for oocyte C, is d

evenmtbe, ofﬂnezona 1

tion, and then decreased again [10]). Electron-micro-
graphic analyses of area are not yet ava.llable for mam-
malian eggs, but i
indicate high input capacitances consistent with large
effective areas. In the case of rabbit ova matured in vivo
and in vitro, apparent C,, values of 2 7 pF /cm? and 7.1
#F/cm? can be derived from the data of Ref. 11, by use
of the cell radius measured here (54 pm, see Fig. 1
legend).
It was the aim of this work ‘o see if chang&s in C

P

hs show that the actual
membrane area of the oocyte surface is extended by
microvilli [7-9). Measurements of the factor by which
the microvilli increase the membrane area have been
carried out on starfish eggs [10], where a factor of 2 was
determined (which jumped to more than 3.3 at fertilisa-

Abbreviations: BSA, bovine serum albumen; f,, ‘characteristic
frequency’ of a rotation peak (that field frequency that gives fastest
rotation).
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d by the
could be used to distinguish between unfertilised and
fertilised cells. Although it has been reported that there
are differences in the rotation of unfertilised and of in
vivo fertilised mouse oocytes 12}, we have not been able
to see differences betweern. unfertilised and in vitro
fertilised mouse eggs (Arnold, W.M., Schmutzler, RK.,
Schmutzler, A.G., Van der Ven, H., Al-Hasani, S.,
Krebs, D. and Zimmermann, U. (1987), unpublished
data). The interest in distinguishing between fertilised
and unfertilised cells stems from the possible applica-
tion to veterinary and to clinical in vitro fertilisation
(IVF) programs. Rabbit eggs were chosen for this study
not only because microelectrode results were available
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Fig. 1. The features of a recently fertilised rabbit egg that are referred

20 it. the text, with a simplified repres: atation of how the membrane

area will be increased if membrane foldings or other structures such as

microvilli are present. The radius of the fertilised oocytes in this work

was 54.4+2.2 um (n = 25), not significantly different from that of the
unfertilised (53.9+ 1.8 pm, n = 24).
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it can be seen from the lower part of Fig. 2 that the
zona-free data do not exhibit so much scatter in their f,
values as the zona-complete ones. Fusther, if deductions
about membrane properties are to be made, it is helpful
to remove the zona [1]. For these reasons further work
used zona-free cells.

As demonstrated in the lower part of Fig. 2, zona-free
cells show a clear decrease in their f, values after
fertilisation, especially in media of higher conductivity.
The two types of fertilised cells show no dlfference in [e
value. The d d of f. on medi
was found to be linear, as d d by
measuring single unfertilised cells at 3 or 4 conductivi-
ties (@ in the lower part of Fig. 2). The existence of this
linearity allows the application of the equation derived
for the b harging hanism of elect: t

T T T T
6] [ZONAINTACT ]
for i | b 3! 1 data, but also L] 5_- i
because lVF work has shown them to be a good experi- x
mental model for human oocytes [14,15]. Tubular eggs - &7 1
were removed from donors 18 h after insemination and L 34 p
measured within 3 h. In vitro fertilised eggs were pre-  § | . 0.8 Unfertilised ]
pared by incubating super-ovulated eggs for 5 h with in 2 ? o.m Ferhiised in vivo
;“i':’ “ma‘:}lzpem}, ““dr‘:‘“ cultured for a further & 1] ©  Festilised., in vitro
in ’s e is )

fully in Refs. 15 and 16. ‘7:: 250

The rotation spectra of oocytes from rabbits were < ] ]
qualitatively similar to those from mice [1]. We report g
here only the field frequency giving fastest rotation (the & 6 ]
characteristic ftequency. f.): this is often the most g 5] ]
useful rotati [2,17]. Rotati g 4
and media were as before {1], except that owmg to the 2 “ .
large radius of the rabbit eggs, the field strength was - 3 . -
limited to 33 V/cm. It can be calculated (Eqn. S of Ref. 2 -t Unfectitised 0.0 ]
1) that even this field strength would have given rise to Fertilised . in vivo D,
an induced membrane voltage of 190 mV at the f‘, Fertilised , in vitro 0,9
rising to 270 mV at low fi Use of fi — — r .
below 1 kHz was avoided b of rapid deteri 50 100 150 200 250

(swelling and/or lysxs) of the oocyles Slablhty of
oocytes in the low-i was
by inclusion of 6 mg/ml BSA.

Initial work with zona-intact oocytes (upper part of
Fig. 2) showed that the f_ values of oocytes which had
not been in contact with sperm (o, ®) were generally
higher than those of fertilised cells. On the other hand,
no difference could be seen between oocytes which had
been treated in vitro with capacitated sperm (), and
oocytes taken from mated does (O, ). The work with
zona-intact cells was difficult because of their slow
rotation (see Fig. 2 legend) and tendency to stick to the
chamber floor, which did not occur with zona-free cells

P!

Medium Conductivity, uS-cm-1

Fig. 2. Values of f, of unfertilised and fertilised rabbit oocytes
measured in media of a range of conductivities. Cells measurad ance
only are shown as open symbols, whilst solid symbols connected by
dashed lines represent a single ce!ll measured at two different conduc-
tivities. In the case of the zona-complete cells, the influence of the
zona does not allow interpretation of the data in terms of Eqn. 1. The
solld Ime is the lcaslvsqua(es fit to data on one cell taken at four
i r=0999). The membrane
parameters derived by use of Eqn. 1 are given in Table 1. (Cells (X)
were excluded because they were a different batch from other cells.)
Typical rotation speeds, measured using 33 V/cm field strength at the
f; in medium of 80 pS/cm conductivity, were 19-50 deg./s for
zona-complete cells, increasing to 100-140 deg./s for zona-free cells.
The speeds mcreascd slightly with medium conductivity, and showed

(provided the floor was of p hacrylate). M 3

no between fertilised and unfertilised cells.
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TABLE [

Values for membrane capacity (C,,) and conductivity (G,,) of fertilised
and unfertilised oocytes and of cells from early embryos

Figures are derived from the zona-free data of Fig. 2, and from Fig. 3.

similar f-a values (normalisation using the cell radius

corrects for the effect of diﬁ'ering cell radii, see Eqn. 1).

Most cells were d at two ductivities, those

fmm 8~cell emhryus (points M in an 3) at 3 or 4
The li

Type of cell: Type of data: Figure Membrane
il number  parameters
and _T

mbol - (E/ (S
m’)  em?)

u SC(4) 2.0 170 <1
u SCQ) 2.0 190 <1
F sC@) 2.0 397 15
F Mean (7) 3,F 374 13
E (2cell) sc@ 3@ 259 2
E (4-cell) sc@) 3.a 227 13
E(4cell) SC) 3.a 232 H
E (4-ccll) sC@) 3v 275 10
E (4-cell) Mean (9) - 257 13
E (8-cell) SC(3) 3w 256 2
E (8cell) SC®) im 253 12
E (8-cell) Mean (7) - 261 12

The radii of the cells were: 2-cell, @ = 38.6 #m;
4-cell, a=325+05 pm (mean+S.D,, n=9);
8-cell, a=23.4+08 pm (two cells from one embryo)

tion, valid for medium conductivities much lower than
that of the cell interior {2}

;_,,4’(!_
7a-Cy ma?-C,

L= gc‘zi + a
where a is the cell radius, ané s is the medium conduc-
tivity. K is the surface conductance, the effect of which
can be ignored in the case of such large cells as oocytes
1 of the 1/a% d d If a linear plot of
£. against o is obtained, then the gradient is 1/(7-a-
C,,) and the ntercept G,,/Q7-C,).

Application of this equation to the zona-free data of
Fig. 2 gives the values for C;, and G,, given in Table 1.
Consistent values of C,, are obtained both from single-
cell data and from mean values over all cells of a given
type. It is clear that C,, is almost doubled during or
shortly after fertilisation. The values for G, are not so
reproduceable as those for C,, but do show a definite
increase on fertilisation. Fig. 2 shows that no significant
difference could be seen between cells fertilised in vitro
or in vivo.

Early embryos could also be rotated, but adhesion of
the zona to the chamber floor prevented useful mea-
However, individual embryonic cells rotated

ity of the d d of f.-a
on ¢ confirms the applicability of Eqn. 1 to this system.
The means of the radius-normalised data from unferti-
lised and fertilised cells (lines U and F in Fig. 3) lie
significantly above and below the embryo cell data.
Table I shows that indeed the C,, values of embryo cells
lie between those of unfertilised and fertilised cells, but
that the G, values are approximately as high as those
of the fertilised cells.

The difference in C,, between unfertilised and ferti-
lised cells indicates that a large change in membrane
structure occurs on fertilisation of rabbit oocytes. On
the basxs of a model such as given in the inset to Fig. 1,
an i in would be p.oduced if the spac-
ing s were decreased (more slmetures per unit area), or
if the height & were increased [10]. A second possibility
would be the unfolding of stacked or folded membranes
in which the repeat distance was originally so small that
the conductivity between the stacks was low. The source
of membrane requu-ed for the ﬁrst possibility could be
the cortical in large b at
t‘emhsanon {7.9.10]. This is conszstem with fertil-
at seen in el graphs of eggs
fron: rat and hamster {18), and rabbit {19]. Ultrastruc-

fc-a, Hz em
&

® 2-cell
89,89 bogll
z » B-cll
5 ) 00 0 0 %

Medium Conductivity, &S -cm-!

Fig. 3. Radius-normalised £, values of cells isclated from early rabbit
embryos (2-cell. 4-cell or 8-cell) measured in media of a range of
conductivities. The normalisation enables direct comparison of cells
of different radius (see Eqn. 1). Cells measured at a single conductiv-
ity are shown as open symbols. Solid symbols represent cells mea-
sured at two or more conductivities: the two continuous lines are the
least-square fns to data irom cells which were measured at three and
four i r of 0.9% and 0.997.

readily. (These cells were obtained by i ion of
the pronase treatment used to remove the zona com-
bined with trituration through a micropipette.) Cells
separated from 2-cell, 4-cell and 8-cell embryos all had

i The derived b are given in Table I

The dotted lines identified by *U” and by ‘F" are the least-squares

regressions of f.-a against o for all unfertilised-egg data (r = 0.957)

and for all fertilised-egg data (r=0.995), respectively (they attow
comparison with the zona-free egg data of Fig. 2).



tural changes of mouse egg membranes upon fertilisa-
tion have also been documented [20].

One possible function for the microvilli may be that

they act as a membram reserve, ready t0 provtde the

b that is required during

lhe rapld division after fertilisation. (Each round of cell

at lasmic volume di ds an

increase in membrane area by a factor of 1.26). Ex—
amination of Table I shows that the b
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suggests that the electrical effect of the microvilli of the
two sorts of oocyles are verv different. Further, the
following artificial i
of rabbit cocytes are different from those seen in mouse
oocytes {13}. It should also be mentioned that the mouse
work [12] was carried out on zona-complete cells so that
the change in f, may have been caused by a change in
the eleclncal properties of the zona rather than those of
the

of cells from 2-cell embryos is indeed iderably less

than that of fertilised egg cells, but in the next two
rounds of cell division C,, stays close t0 2.5 pF /em?, a
value still much higher than the normal value close to 1

pF/em? [5,6).
It must be assumed from 1he abovc that if convcrston
of microvilli into additional oc-

curs, this is only during the first dlvnsmn The per-
sistence of a high C,, value into the 4- and 8-cell stages
suggests some additional physiological role for the mi-
crovilli. One possibility is the provision of the mem-
brane area necessary for the transport needs of a large,
metabolicaily active cell. The increase in metabolic ac-
tivity following fertilisation may be expected to give rise
to an increase in the number of transport channels and
therefore account for the higher values of G, seen in
fertilised and embryo cells compared to unfertilised
cells.

Maicroel d on unfertilised rabbit
ova matured in vivo gave an input resistance of 10 MQ
{11], equivalent to a G,, of 0.27 mS/cm?. This is con-
sistent with the value of <1 mS/cm’® found here for
unfertilised tubular cells. However, microelectrode mea-
surements use 2 much lower range of frequencies than
the 1-10 kHz used in these rotation measurements (the
time constant measured [11] on mature ova of 10 ms is
equivalent to use of 16 Hz fi y).

of the present results to re-implantation
work will probably necessitate the use of intact cells.
Any fertilisation-induced change in membrane proper-
ties will be partly masked due to electrical screening by
the zona, which is more d than the low-ioni

rotation media *. However, the properties of the rabbit
zona appear to be rather variable, possibly because
cumulus cells or parts of them remained attached to the
zonae after isolation. The influence of the zona can be
minimised by working in media of higher conductivity,
which also has the advantage, in the rabbit system, of
maximising the effect of a difference in C, on the f
(Fig. 2).

We conclude by poir.ting out that electro-rotation
has enabled aspects of the fertilisation and ensuing
division to be followed more ively than previ-
ously. The results correlate well with the available mi-
croelectrode measurements. We know of no other C,, or
G,, measurements on rabbu embryo cells. ln some

species the can discri
unfertilised and fertilised cells in their intact state.
We wish to ack ledge the expert technical assis-
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This means that C,, and G, values measured by rota-
tion are not necessarily comparable with those mea-

haft to U.Z. and W.M.A. (through
SFB 176).

1 Amold, W.M., Schmutzler, R.K., Schmutzler, A.G., Van der Ven,
H. Al-Hasani, S. Krebs, D. and Zimmermann, U. (1987) Biochim.

suicd with microeleciiodes, b ihe brane may i
exhibit changes in pmpemes between these frequency

ranges. Such di i may be resp

for the a-disp of the imp of certain tissues

reviewed in Ref. 21. Calculation [1] indicates that a
large increase in the rotational G, over the low
frequency value is expected. Causes of such a dispersion
could be microvilli [1] or other membrane structures
{21], or else the slow response of “gating-charges’ seen in

itabll b {6] (and expected in other ion-
transporting membranes).

We note that in-vivo fertilised mouse oocytes have
been found to have lower f, values than unfertilised
[12], which was mterpreted as a fertilisation-induced

inG,. A lanatioe would be the mag-
nitude of ¢, incicase measured here, if it also occurred
in mouse oocytes. However, the low C,, of mouse oocytes
(1.2-1.3 pF /cm?) compared to that of rabbits (Table I)

Biophys. Acta 905, 454-464.

2 Amold, W.M. and Zimmermann, U. (1988) J. Electrost. 21,
151-191.

3 Fettiplace, R., Andrews, D.M. and Haydon, D.A. (1971) J. Membr.
Biol. 5, 277-296.

4 Benz, R., Frohlich, O., Liuger, P. and Montal, M. (1975) Biochim.
Biophys. Acta 394, 323-334.

$ Pethig, R. (1979) Dielectric and Electronic Properties of Biological
Materials, John Wiley and Sons, Chichester.

* This conclusion is based on the same arguments as used for the
mouse zonae [1), in view of their similar rotational behaviour. As with
mouse cells, zona-complete rabbit cells exhibit higher f, values than
zona-free cells (Fig. 2), and isolated washed zonae give a co-field
rotation peak (not shown).



146

6 Almers, W. (1978) Rev. Physiol. Biochem. Pharmacol. 82, 96-190.

7 Nicosia, S.V., Wolf, D.P. and Inoue, M. (1977) Dev. Biol. 57,
56-74.

8 Wolf, D.P. (1982) in *Bit i of
1. Gametes and Genital Tract Fiuids' (Zaneveld, LI.D. and
Chatterton, R.T., eds.), pp. 231-259. Wiley, New York_

9 Gulyas, B.J. (1980) Int. Rev. Cytol. 63, 357-392.

10 Schroeder, T.E. (1979) Dev. Biol. 70, 306-326.

11 McCulloh, D.H. and Levitan, H. (1987) Dev. Biol. 120, 162-169.

12 Fuhr, G., Geissler, F., Miiller, T., Hagedorn, R. and Tomer, H.
(1987) Biochim. Biophys. Acta. 930, 65-71.

13 Gulyas, BJ. Am. J. Anat. 147 (1976) 203-218.

14 Trotnow, S. (1931) Abstr. Symp Resean:h Animals and Cancepts
of H

15 Trotnow, S., Al-Hasani, S. and Sadiler, C. (1981) Arch. Gynecol.
231, 41-50.

16 Al-Hasani, S., Trotnow, S., Sadtler, C. and Hahn, J. (1986) Eur. J.
Obstet. Gynecol. Reprod. Biol. 21, 187-195.

17 Amold, W.M. (1988) Ferroelectr., in press.

18 Szollosi, D. (1967) Anat. Rec. 159, 431-446.

19 Hadek, R. (1965) Int. Rev. Cytol. 18, 29-71.

20 Jackowski, S. and Dumont, J.N. (1979) Biol. Reprod. 20, 150-161

21 Schwan, H.P. (1984) in i between
Fields and Cells (Chiabrera, A., Nicolini, C and Schwan, H.P.,
eds.), pp. 75-97, Plenum Press, New York.




