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The apparent membrane capacity of tubular rabbit oocyte~ increases from 1.7-2.0 I t F / a ~  before [ertiUsafion to 
3.7-4.0 f t F / c m  2 after fertaisation. The membrane conductivity measured on single eel'~ was also increased by 
fertilisafion Irma less than I mS/e ra  2 to 14 mS/e ra  2. Cells obtained from :2, 4- o 8-eell embryos exhibited 
intermediate values of membrane capacity (2.3-2.8 p F  / cm 2) and conductivity (5-7.2 m S  / cm~ ). T h e  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 strnctures such as micrnvllli which cause the actual membrane area to exceed the 
smooth sphere area. It must be ~ u m e d  that these s t n g t m ~  change in form or mmaber on fertilisation, and that they 
persist in embryos, at least up to the 8-cell stage. No difference was ~ t  between cells fertillsed in v i ~  ~ in vivo. 
Comparison of the above zona-free data with measarcments on zona-eamplete oocytes indicate how ferfilJsed and 
uofertilised rabbit eggs may be distinguished from one another, even in the presence of the zona pellucida. 

An earlier paper [1] demonstrated how electric-field 
induced rotation [2] of individual mouse oocytes could 
be used to derive values for the membrane capacity and 
conductivity (C m and G~, the area-specific capacitance 
and conductance). In the case of mouse oocytes, C m 
was found to be 1.2-1.3 p F / c m  2, but single results on 
hamster and human oocytes suggested C m values 3-times 
higher [1]. If confmned, such values would markedly 
exceed those of lecithin bilayers (up to 0.8 / tF /cm 2 
[3,4]) or the 1 ~ F / c m  2 typical of animal or plant cells 
[5,6]. A high apparent value for oocyte C m is expected 
because electron micrographs show that the actual 
membrane area of the oocyte surface is extended by 
mierovilli [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; fc, "characteristic 
frequency" of a rotation peak (that field frequency that gives fastest 
rotation). 
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fion, and then decreased again [10]). Electron-micro- 
graphic analyses of area are not yet available for mam- 
malian eggs, but internal microelectrode measurements 
indicate high input capacitances consistent vAth large 
effective areas. In the case of rabbit ova matured in vivo 
and in vitro, apparent C m values of 2 7 / tF /cm 2 and 7.1 
/zF/cm 2 can be derived from the data of Ref. 11, by use 
of the cell radius measured here (54 /zm, see Fig. 1 
legend). 

It was the aim of this work to see if changes in Cm 
measured by the non-invasive electro-rotation method 
could be used to distinguish between unfertifised and 
ferfifised cells. Although it has been reported tha! ~here 
are differences in the rotation of unfertifised and of in 
vivo fertilised mouse oocytes [12], we have not been able 
to see differences betweer, unfertifised and in vitro 
fertilised mouse eggs (Arnold, W.M., Schmutzler, R.K., 
Schmutzler, A.G., Van der Ven, H., AI-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. I. The features of a recently fertilised rabbit egg that are referred 
:o it; the text, with a simplified repress, atation of how the membrane 
aze.a will be increased if membrane foldings or other structures such as 
microvilli are presenL The radius of the fertilised oocytes in this work 
wa~ '/4.4 + 2.2 lain (n = 25). not significantly different from that of the 

unfertiiised 03.9 + 1.8 tim, n ~ 24). 

for comparison of electrophysiological data,  but  also 
because IVF work has shown them to be a good experi- 
menta l  model  for human  oocytes [14,15]. Tubular  eggs 
were removed from donors  18 h after inseminat ion and 
measured within 3 h. In vitro fertifised eggs were pre- 
pared by  incubat ing super-ovulated eggs for 5 h with in 
vivo capaci tated sperm, and then cultured for a further 
5 h in Ham's  F10 medium. The procedure is described 
fully in Refs. 15 and  16. 

The rotat ion spectra of  oocytes from rabbits  were 
quali tat ively s imilar  to those from mice [1]. We report 
here ouly ~he ~eld frequency giving fastest rotat ion (the 
characterist ic frequency, f~): thi~ ig often the most  
useful rotational parameter  [2,17]. Rotat ion apparatus  
and me#ia were as before [1[, except that  owing to the 
large radius of the rabbi t  eggs, the field strength was 
fimited to 33 V / c m .  I t  can be calculated (Eqn. 5 of Ref. 
1) that  even this field strength would have given rise to 
an  induced membrane  voltage of 190 mV at the fc, 
r is ing to 270 mV at low frequencies. Use of frequencies 
below 1 kHz  was avoided becasue of rapid deterioration 
(swelling a n d / o r  lysis) of the oocytes. Stabifity of 
oocytes in the low-ionic rotat ion medium was improved 
by inclusion of  6 m g / m l  BSA, 

Ini t ial  work with zona-intact  oocytes (upper part  of 
Fig. 2) showed that  the fc values of oocytes which had 
not  been in contact  with sperm (o,  @) were generally 
higher than those of fertifiscd cells. On the other hand, 
no difference could be seen between ooeytes which had 
been treated in vi tro with capacitated sperm ( ~ ) ,  and 
oocytes taken from mated does (13, at). The work with 
zona-intact  cells was difficult because of their  slow 
rotat ion (see Fig. 2 legend) and tendency to stick to the 
chamber  floor, which did not  occur with zona-free ceils 
(provided the floor was of polymethacrylate). Moreover, 
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it can be seen from the lower par t  of Fig. 2 that  the 
zona-free da ta  do  not  exhibi t  so much scatter  in their  fc 
values as the zona-complete ones. Further,  if deduct ions 
about  membrane properties are to be made, i t  is helpful 
to remove the zona [1]. For  these reasons further work 
used zona-free cells. 

As demonstrated in the lower par t  of Fig. 2, zona-free 
cells show a clear decrease in their  fc values after 
fertilisation, especially in media  of higher conductivity.  
The two types of fertilised cells show no difference in f¢ 
value. The dependence of fc on medium conductivi ty 
was found to be accurately linear, as demonstra ted by 
measuring single unfertil ised cells a t  3 or  4 conductivi-  
ties (@ in the lower par t  of  Fig. 2). The existence of  this 
l inearity allows the appl icat ion of the equat ion derived 
for the membrane-charging mechanism of electro-rota- 
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Fig. 2. Values of fc or unfertilised and fertiliscd rabbit ooeytes 
measured in media of a range of conductivities. Cells measured ~nce 
only are shown as open symbols, whilst solid symbols connected by 
dashed lines represent a single ce!l measured at two different condac- 
tivities. In the case of the zona-complete cells, the influence or the 
zona does not allow interpretation of the data in terms or Eqn. i. The 
solid line is [he least-squares fit to data on one cell taken at four 
conductivities (correlation coefficient r=0.999). The membrane 
parameters derived by use of Eqn. 1 are given in Table L (Cells (×) 
were excluded because they were a different batch from other cells.) 
Typical rotation speeds, measured using 33 V/cm field strength at the 
fc in medium of 80 /iS/era conductivity, were 19-50 deg./s for 
zona-complete cells, increasing to 100-140 deg./s for zona.free cells. 
The speeds increased slightly with medium conductivity, and showed 

no consistent difference between fertilised and unfertilised cells. 
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TABLE i 

Values for membrane caJ~c~W (C~) and conduclivil.v (G,)  of ferlilised 
and unfenilised oocytes and of cells from early embryos 

Fi~lras ar~ dcTlVed fron] thc zona-free data of Fig. 2. and from Fig. 3. 

Type of cell: Type of data: Figure Membrane 
unfertiEscd, "U" single-celL "SC'; number parameters 
fcrtifsed. 'F'; m mean; also and C. G. 
or embryo, "E" (number of symbol ( p F /  (mS/ 

points) cm 2 ) cm 2 ) 

U SC (4) 2. @ 1.70 < 1 
U SC(2) 2 ,0  1.90 <1 

F SC (2) 2. • 3.97 15 
F Mean (7) 3. F 3.74 13 

E (2-cell) SC (2) 3, • 2.59 2 

E (4-cell) SC (2) 3, • 2.27 t 3 
E (4-cell) SC (2) 3, * 2.32 5 
E (4-cell) SC (2) 3, • 2.75 10 
E (4-cell) Mean (9) 2.57 13 

E (8-celll SC (3) 3 ,1  2.56 22 
E (8-cell) ~ (4) 3. • 2.53 12 
E (8-cell) Mean (7) - 2.61 12 

The radii of the cells were: 2-cell, a = 38.6 pm; 
4-cell, a = 32.5+0.5 pm (mean_+S.D. n = 9); 
8-cell, a = 23.4_+0.8 pm (two cells from one embryo) 

fion, valid for  m e d i u m  conduct ivi t ies  much  lower  t han  
tha t  o f  the cell in ter ior  [2]: 

Gm o K s  

/~=2~---:-~.+~----------~-c. + =.~--:c,  o )  

s imilar  f~- a values (normal i sa t ion  us ing the cell r ad ius  
corrects  for  the effect o f  d i f fer ing cell radii ,  see Eqn.  1). 
Most  cells were  measured  a t  two  conduct ivi t ies ,  those 
f rom 8--cell embryos  (poin ts  • in Fig.  3) a t  3 o r  4 
conductivit ies.  The  l inear i ty  o f  the dependence  o f  f~- a 
o n  e c o n f m n s  the  appl icabi l i ty  o f  Eqn .  1 to  this system. 
The  means  o f  the  rad ius -normal i sed  d a t a  f rom unfer t i -  
lised a n d  fertilised cells (l ines U a n d  F in Fig.  3) lie 
s ignif icant ly above  a n d  be low the  e m b r y o  cell da ta .  
Tab le  1 shows t ha t  indeed  the Cm values o f  e m b r y o  cells 
lie be tween those  o f  unfert i l ised a n d  fertilised cells, bu t  
tha t  the  G~ values a re  app rox ima te ly  as  high as  those  
o f  the  fertilised cells. 

The  di f ference in C ,  be tween unfert i l ised a n d  ferti- 
lised cells indicates  tha t  a la rge  c h a n g e  in m e m b r a n e  
s t ruc ture  occurs  o n  fert i l isat ion o f  r abb i t  oocytes .  O n  
the bas is  o f  a model  such  as  given in the  inset  to  Fig.  1, 
a n  increase in capac i ty  wou ld  be  p ; o d u c e d  if  the spac-  
ing s were  decreased  (more  s t ruc tures  per  un i t  area) ,  o r  
if the height  h were  increased  [10]. A second  possibi l i ty  
would  be  the  unfo ld ing  o f  s tacked o r  folded m e m b r a n e s  
in which  the  repea t  d i s tance  was  or iginal ly  so small  t ha t  
the conduc t iv i ty  be tween the  s tacks  was  low. The  source  
of  m e m b r a n e  requi red  for  the first  possibifi ty cou ld  be  
the cor t ica l  g ranules  released in large  n u m b e r s  a t  
ferti l isation [7,9,10]. This  is cons is ten t  wi th  fertil- 
i sa t ion-changes  seen in e lect ron mic rog raphs  o f  eggs 

fron:  : a t  a n d  hams te r  [18], a n d  rabb i t  [19]. UI t ras t ruc-  

32' 

where  a is the  cell radius ,  anE o is the med ium conduc -  21.i 
tivity. K~ is the surface  conduc tance ,  the  effect  o f  which  ~ . 
c a n  b e  ignored  in the case o f  such  large cells as oocytes  ~ 20 
[1] (because  o f  the l / a  z dependence) .  I f  a l inear  p lot  o f  ~. 161 
f~ aga ins t  o is ob ta ined ,  then the g rad ien t  is 1 / (¢ r .  a -  o 
C . )  a n d  the  in tercept  Gin / (2="  Cm). '12 

Appl ica t ion  o f  this equa t ion  to the zona-free  d a t a  o f  O 
Fig. 2 gives the values for  C m a n d  G m given in Tab le  I. t ,  
Cons is ten t  values o f  C m are ob ta ined  bo th  f rom single- 
cell d a t a  a n d  f rom mean  values over all cells o f  a given 0 

0 
type.  It is c lear  tha t  Cm is a lmost  doub led  du r ing  o r  
shor t ly  a f te r  fertilisation. The  values for  Gm are  no t  so 
reproduceab le  as those for  Cm, bu t  d o  show a defini te  
increase o n  fertilisation. Fig. 2 shows tha t  n o  s ignif icant  
difference cou ld  be  seen be tween cells fertilised in vi t ro 
o r  in vivo. 

Ear ly  embryos  could  also be  rotated,  bu t  adhes ion  o f  
the  zona  to the c h a m b e r  f loor  prevented  useful mea-  
surements .  However ,  individual  embryon ic  cells ro ta ted  
readily.  (These cells were ob ta ined  b y  con t inua t ion  of  
the  p ronase  t rea tment  used to  remove the zona  com-  
b ined  with t r i tura t ion  through a micropipet te .)  Cells 
separa ted  f rom 2-cell, 4-cell a n d  8-cell embryos  all h a d  
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Fig. 3. Radius-normalised f~ values of cells isolated from early rabbit 
embryos (2*cell. 4*eell or 8-cell) measured in media of a range of 
conduetivities. The normalisation enables direct comparison of cells 
of different radius (see Eqn. l). 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 fits to data from cells which were measured at three and 
four eonductivities (correlation coefficients r of 0.996 and 0.997. 
respectively). The derived membrane parameters are given in Table I. 
The dotted lines identified by "U" and by 'F" are the least-squares 
regressions of fc.a against o for all unfertilised-egg data (r = 0.957) 
and for all fertilised-egg data (r=0.995), respectively (they allow 

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 membrane reserve, ready to provide the 
additional bounding membrane that is required during 
the rapid division after fertilisation. (Each round of cell 
division at constant cytoplasmic volume demands an 
increase in membrane area by a factor of 1.26). Ex- 
amination of Table I shows that the membrane capacity 
of cells from 2-cell embryos is indeed considerably less 
than that of fertilised egg cells, but in the next two 
rounds of cell division C m stays close to 2 .5 / tF / cm 2, a 
value still much higher than the normal value close to 1 
/ tF /cm 2 [5,61. 

It must be assumed from the above that if conversion 
of microvilli into additional bounding membrane oc- 
curs, this is only during the first division. 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, 
metabolically 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 m seen in 
fertilised and embryo cells compared to unfertilised 
cells. 

Microelectrode measurements on unfertilised rabbit 
ova matured in vivo gave an input resistance of 10 MR 
[11], equivalent to a G,~ of 0.27 mS/cm 2. This is con- 
sistent with the value of < 1 mS/cm 2 found here for 
unfertilised tubular cells. However, microelectrode mea- 
surements use a 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 measurement frequency). 
This means that C,, and G m values measured by rota- 
tion are not necessarily comparable with those mea- 
sured with niic~,.3el,zcli'odes, be~aune the membrane may 
exhibit changes in properties between these frequency 
ranges. Such dispersive behaviour may be responsible 
for the a-dispersion of the impedance of certain tissues 
reviewed in Ref. 21. Calculation [11 indicates that a 
large increase in the rotational Gm 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 
excitable membranes [61 (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 interpreted as a fertilisation-induced 
decrease in G m. Another explanatio,: would be the mag- 
nitude of C m incr,~ase measured here, if it also occurred 
in mouse oocytes. However, the low C m of mouse oocytes 
(1 .2-1.3/ tF/cm 2) compared to that of rabbits (Table !) 
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suggests that the electrical effect of the microvilli of the 
two sorts of oocytes are very. different. Further, the 
ultrastructaral changes following artificial stimulation 
of rabbit oocytes 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 fc may have been caused by a change in 
the electrical properties of the zona rather than those of 
the membrane. 

Application 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 conductive than the low-ionic 
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 m on 1he fc 
(Fig. 2). 

We conclude by p.ait.ting out that electro-rotation 
has enabled aspects of the fertilisation and ensuing 
division to be followed more extensively than previ- 
ously. The results correlate well with the available mi- 
cvoelectrode measurements. We know of no other C m or 
G m measurements on rabbit embryo cells. In some 
species the rotation technique can discriminate between 
unfertilised and fertilised cells in their intact state. 

We wish to acknowledge the expert technical assis- 
tance provided by Ms. M. Hartje and Ms. S. Kliipfel. 
The rotation chambers and apparatus were constructed 
Ly Mr. W. Hupp and Mr. U. Remmel, respectively. This 
research was supported by a grant of the Deutsche 
Forschungs-Gemeinschaft to U.Z. and W.M.A. (through 
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