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SUMMARY 

Some elastic properties of the cell membrane have been determined by parallel 
studies of (z) the swelling function, V = V(z/am), of tile cell and (e) electronmicroscopic 
study of the cortical granule membrane of the egg cell of the sea urchin (Slrongylo- 
centrohts purpuralus) at I3.5 °. The "free" subelastic swelling of the egg cell (obeying 
Boyle-Van 't Hoff's law) is at tr ibuted to swelling of tile cortical granules. The begin- 
ning of the elastic range in the V = V(z/am) plot has been shown to coincide with 
the point at which subelastie swelling of the granules ends. The degrees of folding of 
the cell membrane and the granule are,#~a = 38. 4 °o and ~ g a  = 28. 9 o ,  respectively. 
On the basis of reduction of membrane thickness, h = h(I/am), Poisson's ratio, 
v ~ o.5, has been estimated. Comments have been made on error factors associated 
with ultrastructural dimensions in electronmicrographs and with granulolvsis caused 
by membrane stresses. The magnitude of membrane stress and modulus (if elasticity 
of the cortical granule membrane have been calculated. 

INTRODUCTION 

In Parts I (ref. I) and I I  (ref. 2) of this series of studies on tile elasticity of 
the cell membrane, the theoretical background, methods of study and terminoiogy 
were explained. 

In Part  I two working hypotheses were formulated, one concerning the degree 
of folding of the cell membrane, Jff, and the other Poisson's ratio of tile membrane, 
v =  0. 5. 

I t  was found useful to employ the definition of the degree of folding, because 
there exists a certain limit (volume VE of the cell) in the (I/:rm ; V) graph above which 
Boyle-Van 't Hoff's relationship is no longer valid. Thus VE distinguishes between 
tile subelastic (Boyle-Van 't Hoff's range) and elastic ranges. 
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The degree of folding was defined in ref. I as universa l ly  as possible, using 
corresponding areas of shell surface in different s ta tes  of subelast ic swelling: 

, ~ f  .4 ~: (1) 

when AE > ,4. For spherical  cells, ,Z/ can be ca lcula ted  from formula  (28) (ref. I). 
For cells in their  na tu ra l  medium,  e.g. sea water ,  the degree of folding of the cell 

membrane  has been deno ted  by  # / , ;  in this s ta te  V - I',,. 
As the cell swells in the subelast ic  range the hydros ta t ic  pressure difference, 

/5, genera ted  inside the  cell is, according h) Boxqe-Van 't  Hoff's law, equal to zero. 
As the volume of the cell approaches  the value l" l't,:, /5 ~ o, and # / ' - -  o. At  this 
par t i cu la r  volume the "free!" swelling of the eell ceases" the " fo lds"  of the cell luelll- 

brane  have become s t ra ightened.  
As far as the cort ical  granule membrane  is concerned,  it is possible, by  referring 

to the equat ion tha t  defines J / ,  t(, use the expression "degree ()f f o l d i n g . . . " ,  even  
though the ac tua l  phenomenon is a superposi t ion of the granules '  ab i l i ty  to swell 
subelas t ieal ly ,  change form and or ienta te  in a certain manner ,  together  with the 

s t ra igh ten ing  of macroscopic folds of the cell membrane .  
For  P()isson's rat io,  the value ), = o.5 was chosen wi thout  fur ther  proof. This 

value is the the()retical max imum value for ),. It  implies tha t  the mater ia l  main ta ins  
a c(mstant  volume during elastic deformat ion.  The theoret ical  min imum value, )' o, 
()n the other  hand,  would imply tha t  the volume of the mater ia l  increases (and the 
dens i ty  correspondingly  decreases) in direct  proporti()n t<) the relat ive strain,  as is 

prac t ica l ly  the case with cork. 
In l~arts l and II ,  it was fur ther  assunled tha t  the thickness ()l the membrane ,  

h, remains  app rox ima te ly  constant  (h(, ~ h.~ >- hF.) during the subelast ic  swelling 
process of the cell, and tha t  during the elastic swelling the thickness  deereases in 
a certain manner  defined b \  Eqn. 3 ° (ref. i). The formula is a direct  consequence of 

the assumpt ion  tha t  ), : o.5. 
The purpose of this paper  is t() prove the va l id i ty  ()f the assumpt ions  concerning 

.Y/ and ), and to analyze  fur ther  the biot)hysical t)henomena associated with them. 
In order  tha t  the results  ob ta ined  in Par t s  i and II might  be uti l ized,  egg ('ells of 
the sea urchin (Slrongy,locenlrolus/5ltr/sltrallts) were used as exper imenta l  mater ia l .  

The e lec t ronmicrographs  from which the da t a  used in the present  t>at>er were 

<>btained will be presented  elsewhere a. 

EXPEI~,IMENTAI. MATERIAl .  ANI)  MF.THOI)S 

Besides the swelling exper inmnts  (shedding, swelling and recording expla ined  
in ref. x) with egg ceils of Slr(m~3'h)cenlrolus/51tf/5ltYallis*, a n  electronmicroscopic  s tudy  
of the cell was carr ied out. Out of egg ceils of several  specimens,  the egg cells of a 
single ind iv idua l  were chosen for the exper iments ;  the cri terion used in selection is 

exp la ined  in ref. 2. 
In swelling exper iments  the media  employed  were i .o,  o. 9, o.8, o. 7, o.0, o. 5, 

o.45 , o. 4 and o.35 of sea water .  A por t ion of the egg cells in each of the  swelling 

* The specimens were supplied by Pacific l{io-Marinc Supply Company, Venice, Calif., U.S.A. 
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media mentioned above was transferred to fixing media. The natural salinity of the 
sea water was S = 32.65%o and the temperature during the experiments 13.5 ± 0.5 °. 
This temperature was selected so that the modulus of elasticity of the cell membrane 
should remain constant during elastic swellingt The eggs were fixed in glutaraldehyde- 
sea water and dilutions so arranged that every medium contained 3 % glutaraldehyde. 
The osmotic pressures of these solutions were approximately the same as in the 
swelling media mentioned before. 

Fixation was done at the temperature of the swelling experiments, the fixing 
time being 2 h 15 rain in each case. No buffer was added to the fixing media, because 
its possible effect upon the elastic properties of the cell membrane structure could 
not be confidently estimated, and it was decided to be content with the buffering 
action of sea water. (This action is rather pronounced: In I.o-medium (abbreviated 
I.o-m.) the pH value was 8.o and decreased linearly to 7.7 in o.35-m.) The pH value 
of the fixing media also decreased linearly from 5.2 in I.o-m. to 4.1 in o.35-m. Before 
staining, or post-fixing with OsO~, the cells were rinsed with corresponding sea water 
media. For staining, the concentration of osmium tetroxide in different media was 
o.5 °o (fixation with OsO, in i.o-m, was first presented in ref. 4), and the time of 
staining was 4 h. 

It has been found that calcium chloride added to fixatives containing osmium 
tetroxide has the effect of preserving the structure of the cell membrane a 7. However, 
no additional CaC12 was used, for the reason explained above concerning usage of 
buffer in fixing media. Dehydration was achieved using a series of water ethanol 
nfixtures, followed by propylene oxide treatment, and embedding in epoxy resin, 
Epon. 

Glutaraldehyde solutions were prepared about IO rain and osmium solutions 
about 6 h before use. 

For electronmicrography, a Siemens Ehniskop I was used and the magnification 
was calibrated with latex particles. 

R E S U L T S  

(I/~m " V) graph 
Tile swelling function of the cell in the (I/~m; V) plane 1 was normalized using 

the I/E and XE values as reference point (Fig. I). Normalization was performed in 

V 

vE 

o s j/ 
/ 

/ /  
i /  

0; ,:0 ,; 

Fig .  i .  N o r m a l i z e d  s w e l l i n g  f u n c t i o n  ( the  e g g  cell  of  
Strongylocenlrotus purpuratus) a t  13.5 ~ o.5 o; VE: l ' a  : V,, 
= 1:o-614:o.162; 7 ( a : g E  = 1 . 8 6 5 ;  -'ga - -  2 2 . O 8 " I O 6  

d y n e / c m 2 ;  o~(~ = 3 8 . 4 % .  ( E a c h  e x p e r i m e n t a l  p o i n t  
r e p r e s e n t s  t h e  a v e r a g e  d i a m e t e r  of  2 o - 4 o  e g g s  n l e a -  

~E - s u r e d  in  t w o  d i r e c t i o n s .  A t  e a c h  e x p e r i m e n t a l  p o i n t  • ~ - r , i  
' t h e  d i s t r i b u t i o n  is ( 1%.}  
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order  to  f a c i l i t a t e  c o m p a r i s o n s  b e t w e e n  cel ls  of  d i f f erent  s ize  a n d  t y p e ,  regard le s s  of 
the ir  n a tura l  m e d i u m  (sea water ,  e x t r a c e l l u l a r  f luid or b lood  p l a sma ,  etc.) .  For nor-  
m a l i z a t i o n  the  v a l u e  I'E of  the  s w e l l i n g  f u n c t i o n  is c o n s i d e r e d  the  m o s t  n a t u r a l  

re ference  po int ,  and  the  c o r r e s p o n d i n g  a r g u m e n t  is t h e n  I /JE.  A t  th is  p o i n t  the  degree  

of  fo ld ing ,  .Y/, r e a c h e s  the  v a l u e  zero .  
I t  w a s  n o t  fe l t  n e c e s s a r y  to r e p e a t  the  s h r i n k a g e  s t u d i e s  on revers ib le  s w e l l i n g  

carr ied  ou t  in ref. 2. I t  w a s  c o n s i d e r e d  suf f i c ient  to  re turn  the  cel ls ,  s w o l l e n  in d i f f erent  

media ,  to  I . o -m.  a n d  to  record  the  r e s u l t a n t  cel l  d i a m e t e r s  ('Fable 1). 

T A B L I L  1 

C O N T R O L  O F  Rb2,V/~;RSIBILITY O F  S X V E L L I N G  P R O C E S S  

V**' = mean volume of the egg cells returned to I .O n l ,  l" a - -  mean volume of the control egg cell. 
The number of cells returned from each mediunl: * -- 4, ~ -- 15-3 ° and § -- L> 3 ° egg cells. 

3lediu~n 0. 7 0.6 0.5 0.45 0.4 0.35 

l ' , ' / l ' ,  1.OI§ [ .o3t I.O3f t .o4t [.o5 t (>.98* 

The ratio Va'/Va was alwavs slightly greater than unit}' except when the cells 
were returned from o.35-m. The reason for the discrepancy may be the small number 
of  eggs measured. However, in view of the changes in cortical granule structure to 
be discussed later, it seems probable that leakage had taken place. 

(I/nm " vg) graph 
Tile  s w e l l i n g  f u n c t i o n  of the  granule ,  vg(I /nm),  w h o s e  a r g u m e n t  is e q u a l  to  th e  

argument in the swelling function of the cell, is presented in Fig. 2. 
vq h 

1012¢m 3 10 ~'cm 

3.0 

Vg E , 2 . 5 2  - - 

2 0  

h I =1.56! / 

/ 

1.0 / 
V g b "  0 .86 

, 

0[5 ~ 1.O 1.5 ~ ~ m  0 

Fig. z. The swelling function of the cortical granule, 7Jg(I/J"gm), and tim thickness of the granule 
layer, h(I/aZm). The corrected z'y function, vg* (Eqn. 9), is plotted as a (lotted line. The abscissa of 
the functions is equal to that in Vig. 1. v~1~::vg, :v~b = 1 :o.691 :o.328; ggF~m = 28.90/0 . 

T h e  a v e r a g e  v o l u m e  (vg) of the  g r a n u l e  w a s  c a l c u l a t e d  from e l l ip t i ca l  cross  
s e c t i o n s  (axes  ai a n d  bi, a~ > bi, b~ r o t a t i o n  ax is ) ,  a s s u m i n g  the  g r a n u l e  to  be an 

o b l a t e  s p h e r o i d  : 

7,g i = ~ a i " b  ~ ( 2 )  

Biochim. Biophys.  Acta, 15o (I908) 541--552 
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In each inedium, the average volume z,g was calculated using the method of 
normal distribution. 

In i.o-m., the granule is nearly spherical (eccentricity e = o.2), but concurrently 
with the swelling of the cell and the granule, the form of the granule changes more 
and more towards what can be considered approximately an oblate spheroid (e.g. in 
o.5-m., e = o.5). The position of the granules, which were earlier oriented in different 
directions, also changes during the course of swelling, so that tile longer axis, ai, of 
the elliptical cross section turns in the direction of tile tangent of the cell contour. 
This orientation is actually a result of the directive swelling of the granule. Only in 
o.45-o.35-m, does this parallelism approach completion. 

In electroninicrographs, where the section plane passes through the calotte of 
the cell, deformation of the granule in the elastic range can be observed to take place 
as well, so that ttre oblate spheroid changes slightly to assume the form of a cushion. 
The corners of tire "cushion" are the junctions of the granule with other granules 
(4-point junction) a. Maximum elongation occurs in the region of the junction. 

The thickness h of the cortical gramde laver 
The thickness of the cortical granule layer, h, as a function of I/~m, is also 

shown in lrig. 2. This thickness is calculated by measuring the thickness of the laver 
perpendicular to the cell contour, and then making use of the method of normal 
distribution. The swelling, deformation and orientation of the granule are thus in- 
cluded in the result. 

THE ANALYSIS OF RESULTS 

Measurement of the ultramicroscopic structure 
A frequently used method for checking the effect of fixation and dehydration 

is to measure the size of the cell before and after the process. This procedure has 
not been adopted here, because to judge from the volume changes of the cell, under 
the present experimental conditions, it would apparently be impossible to make anv 
assumptions about ultrastructural stability even if, for example, the hardening of 
the resin and its effect on the volume of the cell s were known. The reason for this 
conclusion is as follows: Cells which have swollen in very hypotonic media contain 
nmch more fluid in the neighbourhood of the cell wall than in the inner part of the cell. 
Dehydration is particularly effective in decreasing the volume of such cells, and this 
shrinkage is revealed as macroscopic wrinkles of the cell wall. On the other hand, 
no such fluid spaces could be observed inside the granules in the electronmicrographs 
and hence dehydration probably has little or no effect on the volume of the granule. 

Because the manner in which fixation changes ultrastructure cannot be de- 
termined reliably (as indirect methods of study have been employed) one has to be 
content with the assumption that fixation has the same relative effect in all the 
different media. 

In eleetronmicroscopy the collision of electrons with the ultrathin section 9 has 
the effect of decreasing the dimensions of the structure. This effect is not considered 
to be of any significance as regards the relative results. Deformations due to the 
specimen holder and the grid 1° produce errors that can be assumed to be smoothed 
statistically. 

Biochim. Biophys. dcta, 15o (x908) 541-552 
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When the dimensions of tile structure of the cell membrane are measured from 
the electronmicrographs, some systematic errors are incurred. Of these, the de- 
pendence of the results of the measureinents on the location of the section plane in 
respect to the ultramicroscopic structure is considered to be the most important .  
l?or instance, it is owing tel this source of error tha t  the average of the measurements 
of the dimensions of the granules is smaller than their actual average*. On the other 
hand, because of the granular structure of the cell wall, the location of the section 
plane in respect to the whole cell does not give rise to significant errors provided 
the plane goes through the central region of the cell. 

I t  is believed, however, that  the values obtained in the ultramicroscopic studies 
ret)orted in this paper, yield correctly shaped experimental curves demonstrat ing the 
effects of the different media. This conclusion is based on the fact that  the systeinatic 
errors made in tile various sections may  be considered to be proportionally the same; 
and that  the effect of the errors caused by the fixing process and other systelnatic 
error factors may be taken as approximately  equal in the different nledia. 

The error caused by the breaking of the granules in the elastic range will be 
discussed later. 

The degree of foldilzg o J" the membra,w 
I t  seems apparent  tha t  tile swelling of tile cortical granule in a medium which 

lies between 0.6- and o.5-m, is still subelastic. On the linear part  of the function 
v(j(I/nm), the hydrostat ic  pressure difference, p, generated inside tile granule by 
osmosis is equal to zero. The fact tha t  the linear part  of the function vfl(I/.Tm ) is 
sufficiently correct for conclusions can be verified simply by examining the correctness 
of the slope of the linear par t  of the vv(I/mn) function (Fig. 2). The slope (/%) of the 
linear par t  of the volume function of the cortical granule membrane l ' m ( I / ~ m )  in 
Fig. 5, discussed in greater detail later, is selected for reference. The reason for this 
choice is tha t  for calculation of the Vm(I/n,,) function values of the swelling function 
of the cell (Fig. i) are used which are not affected by, errors arising from the fixation 
or the electronmicrographs, elc. Though I'm includes h (Eqn. 8), it should be noted 
that  v~1 also implicitly contains h, so that  its effect is cancelled out in the comparison 
of gm and z',1 made in the following calculations. 

As I ' m E  - -  5.76. IO s cm a and I / ~ :  : 0.845' Io  -r  cm"/dyne a value of/era = 0.43 
dyne" cm is obtained (Fig. 5)- Since V m  is actually IW,,, where k = 1.23 is the correc- 
tion factor for h**, the actual slope is /era = o.43 k dyne" cm. The integrated w~lume 
of the granules is 

1 " .  - mt ~:3~, ( i /m,,)  (3) 

where J~A - - N ,  or, granule density (I/cm") times corresponding cell area (cm")- -  

* , \ n  a p p r o x i m a t e  e s t i m a t e  of  a b s o l u t e  v a l u e s  ( the  o n l y  e r r o r  e l i m i n a t e d  b e i n g  t h a t  c a u s e d  
b y  t h e  l o c a t i o n  of t h e  s e c t i o n  p l a n e  in r e s p e c t  t o  t h e  u l t r a s { r u c t u r e  of t h e  cell ,  i.e. in r e s p e c t  t o  
d i t t e r e n t  g r a n u l e s )  c a n  be  m a d e  b y  t h e  follox~ing e l e m e n t a r y  m e t h o d : T h e  c o r r e c t i o n  f a c t o r  /e is 
w r i t t e n  so t h a t  kd 1 d.,, w h e r e  d 1 a v e r a g e  v a l u e  of m e a s u r e d  d i m e n s i o n s ,  a n d  d a - -  a v e r a g e  
v a l u e  of a c t u a l  d i m e n s i o n s .  A p p a r e n t l y  d 2 e q u a l s  t h e  a v e r a g e  v a l u e  of t h e  d i l n e n s i o n s  m e a s u r e d  
in t h e  g r a n u l e s  w h i c h  h a v e  1)con s e c t i o n e d  t h r o u g h  t h e i r  c e n t e r  (8 she l l s  v i s ib le  in e l e c t r o n -  
m i c r o g r a p h s ) .  B y  c o m p a r i n g  t h e  v a l u e s  o b t a i n e d  f r o m  t h e s e  c e n t e r - s e c t i o n e d  g r a n u l e s  w i t h  d~, 
i t  w a s  f o u n d  t h a t  k = 1.2 3, I n  t h e  p r e s e n t  e x p e r i m e n t s  k c o u l d  be  d e t e r m i n e d  o n l y  in i . o - m e d i u m .  

** T h i s  l i m i t  h a s  a l so  b e e n  o b s e r v e d  w i t h  t i le e g g  cel ls  of  ,4rbacia punct~dala in f e r t i l i z a t i o n  
t e s t s :  " . . .  e x c e p t  t h o s e  in 5O°o ( :: o . 5 - m  ) s o l u t i o n ;  t h e s e  u n d e r w e n t  a n  a t y p i c a l  c l e a v a g e  a n d  
t h e r e f o r e  we re  s l igdl t ly  i n j u r e d  ''11. 

t~io~him, t~ioph3,s..4~m, ~5o ( r968)  5 4 t - 5 5 2  
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number  of granules,  and k 3 is the correct ion factor  of the  volume. N was e s t ima ted  

from e lec t ronmicrographs  of cells in which the ca lot te  had been sect ioned and was 
found to have a value of N ~ 1. 4. lO 4. The slope using Eqn.  3 is thus  kg = 0.295 k 3 
dyne .  cm (Fig. 2). So it can be seen tha t  k m  ~ k2kg ,  when k --- 1.23, which means  t ha t  
the  l inear par t  of the function vg(I/,~m) is sufficiently correct  to be used for fur ther  
conclusions. 

In the foregoing calculat ions the  significance of the ma t t e r  filling the  spaces 
between the granules,  the  " i n t e r p l a s m " ,  has been assumed to be negligible. Since 
changes in in te rp lasm volume are a p p a r e n t l y  minute  as compared  with the w)lume 
of the  subelas t ica l ly  swelling granule  and the re la t ive  in te rp lasm volume (as com- 
pared  with the  ent i re  volume of the granule) :  

:I h k - -  v ~l.\ : k'3 ~ , ~l .N k "- 
i ~_ I (4) 

.4 hk 36 ~ ['2/a 

is i ~ 5-1o °o, there  are good reasons to consider  tha t  the effect of the in terp lasm 
on km is minor  and to neglect  it  in slope calculat ions.  

The point  where subelast ic  swelling of the granule  ceases has values v r m -  
2.62" IO -12 cm a and I / Z E  = 0.845" IO 7 cm2/dyne. The la t te r  value is the salne as the  
corresponding value of the  normal ized  swelling funct ion of the  cell (l:ig. I) a t  the  
point  .~E/~ = I or  I /~E  ~ 1.865,/22.08" 106 cme/dyne ~ 0.845" IO 7 cm='/dyne. Thus it 
can be seen tha t  the subelast ic  swelling of the granule  ends at  the same I /~i:"  value 
as the subelast ic  swelling of the  cell. (See 2nd footnote,  p. 546.) 

The subelast ic  swelling of the cell can be phys ica l ly  expla ined  on the hypothes is  
t ha t  the subelast ic  swelling of the  granules produces the necessary increase in cell 
membrane  area  concurrent ly  wi th  the  expansion of cell w)lume. In such a case there 
would appear  to be no force to prevent  cell w4ume enlargement  and thus  the cell 
could swell subelast ical ly .  If this  hypothesis  is accepted,  an equat ion can be wri t ten 
between cell volumes, the corresponding volumes of the granule  and the thickness ~,f 
the cort ical  granule  layer :  

when the radius  of the cell is R >~ h, and 

The te rm on the r ight  in Eqn. 5 is p lo t ted  in Fig. 3 (values z'~t = (1.8I-2.62).  Io  -12 cm u 

1.0 

0.5 

/ 

vg [10 %m21 
~.o 11s " h-- 

Fig. 3- Correspondence between area necessary for swelling of the cell and area produced l)v the 
swelling granule in the subelastic domain (see Eqn. 5)- 

Biochim. Biophys..4cta, 15o (I968) 54t-552 
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and h ( I .53-L56) ' IO ~ cm are obtained from Fig. 2). For the ratio V / V E  on the left 
in Eqn.  5, the values for the dots (4) are obtained from Fig. I. i t  will be observed 
that  the dots and the graph of the term on the right in Eqn.  5 nearly coincide. (The 
fact tha t  the V/'I'E dots are slightly above the c@:~/h) 3 :') curve probably  results from 
inaccurate location of ['E in l:ig. I.) Thus it can be seen that  the swelling of the 
granules is sufficient to produce the addit ional  area of the cortical granule lnembrane 
necessary for the cell to swell subelasticallv. (Later, in connection with the ~//-term, 
it will be shown that  there arc also other factors tha t  contr ibute  to the subelastic 

swelling of the cell.) 
Thus it has been possible to confirm the existence of , #  by two methods:  by 

microscopic measurements,  in connection with the swelling function of the cell, and 
by electronmicroscopie methods, in connection with s tructural  changes in the cell 
wall. A physical explanat ion can thus be offered for Boyle-Van ' t  Hoff's law. No con- 
clusive answer to the question how the shells of the cortical granule can deform freely 
in the subelastic range can be given on the basis of eleetronmicrographs. 

When the definition, Eqn.  I, is wri t ten for oblate spheroids, one obtains 

]lE E I L e t f  
deqcE"- - In • 

2 C E  I ---  ~'E 

//'- t - i  e 
d.,:/-' i In 

2 :  I - - :  

(, :2 
. , , . . : 1  : ,:  (i 

(,:3, -- T (7) 

where &q~ = (()v,,'~h) '~ and the eccentrici ty e - -  (I (h/deq~,)2)'i. The deq, thus defined 
is the length of the mean granule (volume vft, height h) in the direction of the cell 
contour tangent .  When the dimensions of the ellipsoidal granule (Fig. z) at points  
i / n ,  and I /hE are subst i tu ted into Eqn.  6, the degree of folding in I.o-m., ,#.~m = 
28. 9 °o, is obtained. The o#a for the cell was 38.4 %*. The causes of the difference in 
the ,;//-values can be noticed in eleetronmicrographs:  As the volume of the granule 
increases, the granule s inmltaneouslv  is deformed more and more oblately, and even 
during subelastic swelling there is already a certain amount  of orientat ion of the 
granules in the direction tangent ia l  to the cell contour. Whether  or not the inter- 
plasma stretches cannot  be dist inguished from the eleetronmicrographs, but  the 
macroscopieally convoluted cell wall becomes smoother during the subelastic swelling 
of the cell, and at I/~E the membrane  appears almost completely evenL 

* llere it can be noted that the degree of folding of the cell membrane appears to be a function 
of temperature, t. If.Jq~,-values are plotted from Fig. 2 (ref. r), t:igs. I and 2 (ref. 2) and from 
the present paper, Fig i, on semi Io,~ paper (,~ is on og-axis), the function ,~( / )  can be esti- 
mated to be linear. 
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The thickness h of the cortical gramtIe laver 
In the subelast ic  range h remains  near ly  cons tant ,  or, h, m hs m h~,, l:ig. 2 .  

To be more accurate ,  dur ing subelast ic  swelling, h increases slightly.  This phenomenon 
can be expla ined by  crowding of the  granules.  The crowding can be unders tood  if 
the add i t iona l  cell a rea  p roduced  b y  the swelling granules  exceeds the  area  necessary 
for subelast ic  swelling of the  cell. This assumpt ion  can be confirmed as follows: Af ter  
different ia t ion of Eqn. 5 one obta ins  Ah/h = A;,~/t,g - (2 /3)AI ' /V,  and when values 
from l:ig. I and l:ig. 2 are in t roduced  into the  equat ion,  the  left and the r ight  side 
of the equat ion are found to be a p p r o x i m a t e l y  equal.  

Dur ing the elastic swelling of the cell, h(I/.~m) decreases ra ther  marked ly  (lqg. 2) 
as a result  of increasing membrane  stresses. 

In lrig. 4, the rising par t  of the curve is the normal ized theoret ical  function 
h/hE ~ (I'E/V) 2/:~ for the thickness of the membrane ,  Eqn.  3 ° (ref. I),  shown in the 
(I 'y,/I ' ;  h/hE) plane, in which have been p lo t ted  the exper i lnenta l  points  for the rat io  
h/hE as ca lcula ted  from Fig. 2, so tha t  each normal ized  h/hE corresponds to the KF,/l" 
value of the same medium. Vrom the figure it can be observed tha t  the exper imenta l  
points  correspond ra ther  well to the theoret ical  function. Hence, Poisson 's  ra t io  of 
the cort ical  granule  membrane  of the  egg cell of S. purpuratus, is ~, ~ 0. 5 and thus  
the use of formula  (3 o) (ref. I) leads to a re la t ive ly  accurate  approx ima t ion  of the 
membrane  thickness dur ing the elastic swelling process of the cell. 

Referring to the difference between the exper imenta l  points  and the theore t ica l  
curve (3o) (ref. I), which is based on the assumpt ion  tha t  v ~ o.5, it m a y  be difficult 
to observe readi ly  from Fig. 4 whether  the volume of the cort ical  granule  laver remains  
cons tan t  or increases (v < 0.5). To examine  this,  a simple theoret ical  correspondence 
can be expressed between the volume and thickness of the cort ical  granule layer,  
on the one hand,  and the volume of the cell, on the o ther :  

I 'm 1" 1 :z,̀ ;:~ ]; (,s! 

When the values ob ta ined  fronl Figs. i and 2 are employed,  and Eqn. 8 is p lo t ted  
in the ( ~ / ~ '  [ ' ,q/l 'm~) plane in Ieig. 5, the ra t io  I '~ / I '~m can be seen to remain  cons tan t  
in o. 5- and o.45-m., but  to decay  s l ight ly  in o. 4- and  o.35-m. (see next  paragraph) .  

h£~ J 

10 

0,9 

0.8 

0,7 

Vm ~17 
~ J  

hE hs ha 
, ~ ~ . _  , i 

0.8 1.0 1.2 1,4 1,6 0 5 1.: 15 

Fig. 4. Normalized function for tile thickness of the cortical granule mcml)ranc in elastic defor- 
mation, the monoto~ic part belongs to the subelastic range. The experimental points represent 
the normalized thickness of the cortical grmmle lnenlt)rane of the egg cell of S. pm,pztratus. 

Fig. 5. Normalized volume of the cortical granuk 
pressure of the medium. 

men, brahe as a function of normalized osmotic 
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However ,  it  will be unders tood  tha t  the granule  meinbrane  main ta ins  an approxi -  
ma te ly  cons tant  volume (luring elastic swelling. 

v:/, Vm and h i1~ :he elastic range 
I t  is still necessary to examine  the error  factor  cons t i tu ted  b y  the breaking  of 

the granules.  Dur ing swelling of the cell in the  elastic range some granules  break ,  
obviously  because of membrane  stresses (@ ref. 3 also). On the basis of electron- 
micrograpl ls  it seeius possible tha t  this  "granulo lys i s"  occurs with larger granules,  
or, tha t  s tress-selective granulolysis  is inw)lved (cf. ref. I,  p. Io9). Since the measure-  
merits were made only on granules  which were not  no t iceably  in jured (the injured 
ones have a clearh" spread shape),  tile values ob ta ined  are p robab ly  lower than they  
should ac tua l ly  be, especial ly as only a small number  of granules  were measured 
(average 3o/medium).  The g r anuMys i s  percentage  (G) is shown in "Fable II .  A direct  
result  of this  is t ha t  the  values of tile h and %/func t ions  in the  elastic domain  (Fig. 2) 
are too small.  However ,  the error caused bv granulolysis  has most  effect on v,./, because 
in its calculat ion the dimensions are raised to th i rd  power, and  least  on h, whose 
dimension is in first power. Thus the empir ical  function v:/(x/m~) is unrel iable  in the  
elastic domain,  in Fig. 2. In o.5 -o.35-m., Eqn. 3 should be app rox ima te ly  equal to 
k l ' , , ( I /m~) .Th i s  is not the case, however. ( ; ranulolvsis  and  failure to take into account  
the volumes of the s t re tched  corners of the granules ment ioned earl ier  (t 7 . 545) are 
obviously  the  p r imary  causes of tilt: decay  of v:/(I/~,,).  An exact  correct ion for the 
vv function cannot  be ob ta ined  from the exper imenta l  results,  but  in the following 

an app rox ima t ion  for tile ac tua l  ,'v curve (v:l*(I/~m)) is presented.  

TABIA( 11 
GR. \NUIA)LYSIS  (; 0;)) IN I ) IFFI£RENT S\VI"LL1N(; MEDI . \  

T h e  t o t a l  n u m b e r  o f  g l - a n u l c : :  * = 28,  t == 5 ° ()o ~/11(l § = No 12o.  

31cdilt,~ : .o ~).7 ~).6 ¢~-5 o.45 0.4 o.3,5 

[ 0 ¢ 

The use of Eqn. 5 can be ex tended  to cover  the elastic range, since (when i 0): 

I" e,a v,,* ~ ' : " : , ' : ( ~ )  (,,/ 
• ] t  E [ ". 

which is p lo t ted  in Fig. 2. If %/* is mul t ip l ied  by the produc t  N k  "a, it can be shown  
t ha t  1":/* = v:/*N/(" almost  coincides with [ ' n l ( I /~ 'Y ,n t ) .  

Stress-s train  diagram 
Eqns.  I and 4 in ref. o permi t  a stress--strain plot  of the  cell membrane  to be 

ske tched in Fig. 6. The upper  l imit ,  ~r ,  of the  elastic range is es t i ina ted  in ref. I to 
be reached a round  o.3-m, on the basis of the existence of blebs. F rom the electron- 
micrographs  it can be seen tha t  even in o.35-m, there are local points  of damage  in 
the cort ical  granule membrane .  Thus it is appa ren t  t ha t  membrane  stress m a y  va ry  
between the values CrredM ~ O.. .  8" IO 6 dyne/Fro" (depending upon the es t imat ion  of 
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membrane  thickness).  The modulus  of elast icity is then E = 3.5" IO7 dyne/cm2 and 
linear, when e,, > Io %. Between  et, : -  o . . .  i o  the variable modulus  of elasticity 
can be calculated as in ref. ~ (Appendix).  

10 ~ dyne 
¢rn 2 , 

Fig. O. S t r e s s - s t r a in  d iagram of the cell wall  a t  13.5 °. (The hL, value  eva lua ted  = 1.8 tml.) 

LIST OF SYMBOLS 

A ceil area 

A" nnmber  of granules  

1" cell vo lume  

l ' t~  osmot ic  inac t ixe  vo lume  in the cell 

l" m voll.lllle Of cor t ica l  g r a n n i e  m e m b r a n e  

a, b axis  of ell ipse 

h th ickness  of m e m b r a n e  (or cor t ical  g ranule  layer) 

/e correct ion factor  

k . ,  k , ,  slope of funct ion 

~z granule  dens i ty  

/5 hyd ros t a t i c  pressure difference inside the cell 

vq granule  vo lume 

.)f' degree of folding 

~,,, osmot ic  pressure of ll~l( 'diunl 

e . g . o . 7 - m .  --  medium conta ins  7 ° o~ sea wa te r  and  3 ° % wate r  

Subindexes  : 

E po in t  be tween subelas t ic  and  elast ic  range 

a isotonic s t a t e  (I.o-m) 

g granule  

s s ta te  inside sube las t ic  range 
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