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Summary 

Effects of  the osmotic pressure of suspending medium on the size and shape 
of isolated bovine rod outer  segment disk membranes in the unbleached and 
bleached states were studied by elastic and quasielastic light scattering in dilute 
solutions of  aqueous sucrose (0--0.1 wt.%). Data for the translational diffusion 
coefficients, D, and the elastically scattered intensities were analyzed with use 
of the oblate ellipsoidal shell model, and the axial ratio, p, and the major semi- 
axis, b, of the ellipsoid were deduced as a function of the concentration, c, of 
sucrose for each photochemical state (unbleached and bleached) of the mem- 
branes. The unbleached and bleached membranes suspended in water (c = 0) 
were found to be spherical vesicles, i.e., p = 1, of 0.49 ~m radius. As c was 
increased, however, p for the bleached membranes rather steeply increased 
approaching 3 at c = 0.1 wt.%, whereas that  for the unbleached membranes 
gradually increased (up to 2 at c = 0.1%) after c exceeded 0.02%; at a fixed 
c, p increased upon bleaching. In all the cases, the deformation took place 
while b remained unchanged. The resulting contraction of the intravesicular 
volume induced either by the photo-bleaching or the osmotic pressure was 
accompanied by a significant decrease in the surface area of the membranes. 
The photo-induced contractions in the volume and the surface area amounted 
to 30--45% and 10--20%, respectively, in the concentration range from 0.02 
to 0.1%. The dependence of  D on c for each photochemical state was quantita- 
tively explained by a simple model based on the Ca 2÷ efflux from the intra- 
vesicular space to the bathing medium upon bleaching. 

Introduction 

It is well-known that  vertebrate rod outer segment disk membranes swell 
and contract in response to change in the osmotic pressure of bathing medium 
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[ 1--3]. However, there exists no quantitative study of variation of the size and 
shape of the isolated rod outer  segment disk membranes with the osmotic pres- 
sure. We report in this paper such a study performed with bovine rod outer seg- 
ment  disk membranes with focus on difference in osmotic behavior between 
two photochemical (unbleached and bleached) states. Dilute aqueous sucrose 
was chosen as the suspending medium because the membranes were expected 
to be impermeable to sucrose [1,2] and provided no indication for aggregation 
in this medium [4]. 

The membranes in native rod outer segment assume a thin disk shape, 
whereas those isolated by osmotic swelling are found to be spherical vesicles in 
a very low osmotic pressure medium such as water [5] or extremely dilute 
aqueous sucrose [6]. The thickness of the membranes has been shown to be 
quite small (approx. 75 A) [7] compared to the radius of the disk (approx, 
7500 A) [8] or of the spherical vesicle (approx. 5000 A) [5,6]. Thus, it seems 
reasonable to expect that  the membranes in the intermediate stages between 
the native disk and spherical vesicle may be described by the model of oblate 
ellipsoidal shell. Given this model, the size and shape of the membranes are 
characterized by two parameters, the axial ratio, p, and the major semi-axis, 
b, of the ellipsoidal shell. In this work, we determine these parameters as a 
function of  the concentration of  aqueous sucrose for each photochemical state. 
The translational diffusion coefficients, D, obtained from quasielastic hght scat- 
tering and the intensity profiles of  elastically scattered light are analyzed with 
the aid of  the corresponding theoretical equations; for the former we make use 
of Perrin's equation [ 9] and for the latter we derive the particle scattering func- 
tion of  oblate ellipsoidal shells. From the values of p and b so determined, we 
evaluate the volume and the surface area contractions of the vesicles induced 
by the photo-bleaching and the osmotic pressure of the suspending medium. 
Finally, the osmotic behavior of  D characteristic of each photochemmal state 
is discussed on the basis of the Hagins' model [10] of Ca 2+ efflux from the 
mtravesicular space upon bleaching. 

Model and basic equations 
Throughout  this work, we assume the effect of optical anisotropy of the 

scattering elements to be negligible. It is based on our previous finding that  the 
anisotropy effect can safely be ignored in the determination of the radius of 
membrane vesicles [6] and on the observation that the depolarized component  
of  scattered intensity from any membrane suspension used in this work was 
quite small at any angle compared to the polarized component  (the incident 
and scattered lights are both vertically polarized). Under the assumption of 
optical isotropy of  the scattering elements, the particle scattering function, 
P(x), of an oblate ellipsoidal shell is given by (see Appendix): 

? sin2[x( 1 -- qt2)l/2] 
P(x ) 

0 j x2(1 -- qt2) 
dt  (1) 

with 

q = 1 -- p - 2  (2) 
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x = ~b (3) 

= (47r/h') s in(0/2)  (4) 

where  p is the  axial  ra t io  def ine  as b/a (~>1) wi th  the  m a j o r  semi-axis  b and the 
m i n o r  semi-axis  a, and ~ is the  m a g n i t u d e  o f  sca t te r ing  vec to r  wi th  the  wave- 
length o f  l ight  X' in the  sca t te r ing  m e d i u m  and the  sca t ter ing  angle 0. The  rote- 
gra t ion  in Eqn.  1 is p e r f o r m e d  numer ica l ly  at  d i f f e ren t  values of  x and p. S o m e  
o f  the  resul ts  are graphical ly  d i sp layed  in Fig. 1, where  x'-P(x) is p lo t t ed  against  
x fo r  var ious  p. Charac ter i s t ic  f ea tu res  of  this p lo t  are tha t  x2P(x) m o d u l a t e s  in 
the  range o f  x h igher  than  1.5 and  tha t  the  m o d u l a t i o n  a m p l i t u d e  decreases  
wi th  increasing p while the  m e a n  level o f  x2P(x) increases with p. Since the  
polar ized  sca t t e red  in tens i ty  Ivv(O) f r o m  di lute  so lu t ion  is p r o p o r t i o n a l  to P(xt 
and x is p r o p o r t i o n a l  to s in(0/2) ,  the  c o m b i n e d  q u a n t i t y  Ivv(O)sln~(O/2) is 
d i rec t ly  p r o p o r t i o n a l  to  x2p(x). Hence ,  the  values  of  s in(0/2)  at  which I ,v(0)-  
sin2(0/2) reaches  m a x i m u m  or  m i n i m u m  c o r r e s p o n d  to  Xm,n or  Xrnax , the values 
of  x,  at  which  x2P(x) a t ta ins  m a x i m u m  or m i n i m u m  and the  re la t ionship  
b e t w e e n  s in(0/2)  and  Xmax o f  Xm, n (Eqn.  3) al lows us to  evaluate  b. We list in 
Tab le  I the  numer i ca l  values  o f  Xmax and Xr, m for  d i f f e ren t  values of  p. Excep t -  
ing the  first  Xmax and Xm,n values in the  second  and thi rd  c o l u m n s  of  the  table ,  
any  set  o f  Xmax or Xm, n is seen to  be  insensit ive to  p. Hence  the  d e t e r m i n a t i o n  
of  s in(0/2)  at the  e x t r e m a  pos i t ions  furn ishes  a ready  es t ima te  of  b bu t  n o t  p. 
On the  o the r  hand ,  the  a s y m p t o t i c  m e a n  level or  a m p l i t u d e  of  x2P(x) at large x 
is a single va lued  f u n c t i o n  o f  p as can  be seen in Fig. 1. Thus  one  can, in prin- 
ciple, deduce  b o t h  b and  p if the  e x t r e m a  pos i t ions ,  as well as the  a s y m p t o t i c  
m e a n  level o f  x2P(x), can be d e t e r m i n e d  e x p e r i m e n t a l l y .  In pract ice ,  however ,  
the  abso lu te  a s y m p t o t i c  m e a n  value of  x2P(x)  is very d i f f icu l t  to  de t e rmine ;  it 
requires  the  n o r m a l i z a t i o n  o f  Ivv(O) with  respec t  to the  in tens i ty  a t  zero angle, 
and this wou ld  entai l  measu r ing  Ivv(O) at  e x t r e m e l y  low angles and ex t r apo -  
la t ing to  0 = 0 (e.g. b e l o w  6 ° fo r  b = 5000  A and X' = 4000  h ). 

5 I0 15 
X 

Fig .  1. x2p(x) fo r  o b l a t e  e n l p s o l d a l  she l l  p l o t t e d  a g a i n s t  x f o r  t h e  i n d i c a t e d  v a l u e s  of  t h e  ax i a l  r a t i o  p.  
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P X m a x  x m l n  X m a x  Xrmn X m a x  X m m  X m a x  X I t l l n  

1 st 1 st 2nd 2nd 3rd 3rd 4 th  4 th  

1.0 u /2  u 3 ~ / 2  2u 51r12 37r 7~/2  r 
1 2 1 66 3 33 4 .99 6 64 8 28 9 91 11 5 13 1 
1.4 1 74 3 .47 5 17 6 .82  8 37 9.81 11 3 12 9 
1.6 1 80  3 .57  5 26 6 77 8 17 9.71 11.4 13.0 

1.8 1 .85  3 .64  5 25 6 63 8 14 9 82 11.5 13.0  
2 0 1 89 3 .68  5 18 6 56 8.21 9.91 11 4 12.9 
2.2 1 .92  3 69 5 11 6 56 8 .28  9.91 11.3 12.9 

2.4 1 95  3 69 5 .05  6 59 8 .33  9 .86  11 3 13 0 

2.6 1 97 3 .69 5.01 6 .63  8 35 9 .79 11.3 13.0  
2 8 1 99 3 .68  4 .99  6 67 8 .35  9 .75  11.4  13 0 

3 .0  2.01 3 .67 4 98  6.71 8 .33 9 73 11.4  13 0 

5 .0  2 10  3 .52  5 05  6 .78  8 .15  9 88 11 .4  12.9 
10 .0  2 15 3 .43  5 .17 6 .66  8 .24 9 86 11.3  13 0 

To determine the two unknowns,  b and p, we require another experimental 
quanti ty which depends on them. The translational diffusion coefficient, D is 
such a quanti ty.  Since the model of oblate ellipsoidal shell should be hydrody- 
namically equivalent to that  of  oblate ellipsoid of revolution (see ref. 5), its 
translational diffusion coefficient is given by [9]: 

kTp 
D - G ( p )  (5) 

6~r~b 

with 

a ( p )  = 
t an - l (p2  -- 1)1/2 

(p2 _ 1)1/2 (6) 

where k is the Boltzmann constant, T the absolute temperature, and rl the sol- 
vent viscosity. According to Eqns. 5 and 6, the experimental determination of 
D allows us to evaluate either b or p if the other one is known in advance. 

Combining the experimentally determined values of D with the data for the 
extrema positions of sin2(O/2)I , , , , (O),  one can deduce a unique set of the para- 
meters characterizing the oblate ellipsoidal shell. In practice, we estimate b 
roughly from sin(0/2) at the extrema using a trial value of p and substitute the 
b value into Eqn. 5 to determine p. A newly' determined value of p is then 
used to obtain b with the aid of  the tabulation. The iterative procedure is con- 
tinued until a self-consistent set of  b and p are obtained. Because of the insen- 
sitivity of  the extrema positions on p (see Table I), the trial choice of p is im- 
material and only a few iterations would suffice. 

Materials and Methods 

Bovine rod outer segment disk membranes were isolated and purified by the 
method of Smith et al. [11]. Elastic light-scattering measurements were per- 
formed on a SOFICA photogoniometer  (Bausch and Lomb; Model 40000) 
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at r o o m  t e m p e r a t u r e .  The  inc ident  light (546 nm wavelength)  and sca t te red  
light were  b o t h  ver t ical ly  polar ized  with  respec t  to  the scat ter ing plane.  For  the 
unb leached  m e m b r a n e s ,  e f fec t s  o f  the  exposu re  to the green hght ,  whwh would  
resul t  in b leaching  o f  rodops in ,  was e x a m i n e d  with use of  a l ight sca t ter ing ¢'ell 
having a Te f lon  inser t  which was so designed tha t  the mc~de~l beam (approxl -  
m e t a l y  0.2 cm m wid th  and 1 cm in height)  was made  to d lumina te  the whole  
of  a m e m b r a n e  suspens ion  m the  cell. Abso rbances  (.~ ~.~sn,,,} were mea.~ured 
be fo re  and a f t e r  the  exposure .  The  resul ts  showed  a roughly  linear decrease  in 
Aa9snm of  5% per  10 min  over  a pe r iod  of  30 m m .  A 2'~ decrease  m A~,an,~, 
was obse rved  fo r  the  first  5 min ,  which  l m p h e d  t h a t  e f fec t s  of  the exposu re  on 
elastic l ight-scat ter ing da ta  could  safely be ignored for  this per iod.  In fact ,  I , ,  (~ } 
did n o t  change  wi th in  the  first  5 min  when  measu red  m 2.50 - 10 -'c~ aqueous  
sucrose a t  0 = 81 °. I n a s m u c h  as ou r  p u r p o s e  is to d e t e r m i n e  s in(0/2)  at m a x i m a  
or m i n i m a  of  sin:(O/2)I~v(O), this per iod  was suff ic ient  to ob ta in  the  value ~)f 
s in(0/2)  at one  o f  the  e x t r e m a .  Thus ,  I~(0) for  the  unb l eached  m e m b r a n e  sus- 
pens ions  was m o n i t o r e d  a t  1 ° i nc r emen t s  in the  angular  range of  63 - -73  ° and 
all the  m e a s u r e m e n t s  were  c o m p l e t e d  wi th in  5 min.  Fo r  the  b leached  mem-  
brane  suspensions ,  on the  o the r  hand ,  the  m e a s u r e m e n t s  were m a d e  over  ,~  
angular  range o f  3 0 - - 1 4 0  ° . The  same e x p e r i m e n t a l  p rocedu re s  as descr ibed 
prev ious ly  [6] were  e m p l o y e d  for  b o t h  the  unb l eached  and b leached m e m -  
branes.  The  var iabi l i ty  o f  b d e t e r m i n e d  f r o m  d i f fe ren t  s in(0/2)  values at differ-  
en t  m a x i m u m  and m i n i m u m  pos i t ions  o f  sin2(O/2)I~v(O) was e s t ima ted  in t e rms  
of  the  t w o  s tandard  dev ia t ions  to  give ' 2--5% for  each of  b leached m e m b r a n e  
suspensions.  We can infer  a similar  u n c e r t a i n t y  o f  b for  the unb leached  mem-  
branes  a l though  the  e r ror  could  no t  be  e s t ima ted  because  b was d e t e r m i n e d  
f r o m  single m a x i m u m  pos i t ion .  

Quasielast ic  l ight -sca t ter ing  m e a s u r e m e n t s  were  made  at  r o o m  t e m p e r a t u r e  
(25.1 • 0.1°C) wi th  t he  unpo la r i zed  l ight  o f  3 mW He-Ne laser (632 .8  rim; Spec- 
t ra  Physics  135).  The  same a p p a r a t u s  and p r o c e d u r e s  as in previous  studies 
[4,6]  were used;  the  single Lo ren t z i an  ha l fwid th  at ha l f  he ight  Au~,: o f  the 
sca t te red  s p e c t r u m  was o b t a m e d  as a func t ion  of  0 and D was d e t e r m i n e d  f rom 
the  s lope o f  a p lo t  o f  Au, , vs. ~2/rr where  ~ is def ined  by  Eqn.  4. The  esti- 
m a t e d  unce r t a in t i e s  of  D arising f r o m  d e t e r m i n a t i o n s  of  the  s lope by the  
least-square  analysis  wi th  S t u d e n t ' s  t -d is t r ibut ion  [12]  was +3--9% with in  the  
95% con f idence  limits.  

The  o s m o t i c  pressure  o f  suspending  m e d i u m  was var ied by changing the  con- 
c e n t r a t i o n  of  sucrose  f r o m  0 to  0.1 wt.%. An i n d e p e n d e n t l y  p r epa red  suspen- 
sion was used  for  each elastic or  quasielast ic  l ight-scat ter ing m e a s u r e m e n t .  In 
h igher  c o n c e n t r a t i o n s  (3 - -10%)  o f  sucrose,  the m e m b r a n e s  appea red  to  aggre- 
gate.  We thus  con f ined  ourselves  to  s tudy  in a relat ively low c o n c e n t r a t i o n  
region of  sucrose.  

Results and Discussion 

Elastic scattering profiles 
The  elastic l ight  sca t te r ing  da ta  fo r  the  u n b l e a c h e d  and b leached  m e m b r a n e s  

in aqueous  sucrose  are d i sp layed  in Fig. 2, where  sin2(O/2)Ivv(O)is p l o t t e d  
against  s in(0 /2)  c o r r e s p o n d i n g  to  x2P(x) vs. x p lo t s  in Fig. 1. As expec ted ,  the 
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Fig. 2. Plots o f  sm2(O/2)lw(O) vs. s in(0/2)  for  isolated bowne rod outer segment disk membranes m 
a q u e o u s  s u c r o s e  o f  t h e  l n d m a t e d  c o n c e n t r a t l o n s .  • ,  U n b l e a c h e d  m e m b r a n e s ,  ,~, b l e a c h e d  m e m b r a n e s .  

scattering profile for  each suspension is seen to modulate.  The extrema position 
in all the profiles appear at approximately the same set of scattering angles, 
indicating that  the major axis, b, of  the membranes is roughly the same regard- 
less of  the photochemical  state of  the membranes and the concentra t ion of  
sucrose. The correspondence of  the observed first maximum to the second 
maximum in the theoretical  profile is ascertained by trial matching of  the 
whole experimental  curve at c = 0 {pure water) to the theoretical one at p = 1 
and by obtaining a consistent radius. Once the correspondence is established, 
the initial value of  b is readily determined;  since the observed extrema positions 
appear at about  the same scattering angles for  all the suspensions, the value 
of b = 0.47 pm thus obtained at c = 0 would serve as the initial trial one for all 
cases. 

Diffusion coefficients 
The angular dependence of  Avl/2 for  the unbleached membranes in aqueous 

sucrose is displayed in Fig. 3 and the corresponding plot  for the bleached mem- 
branes is shown in Fig. 4. The data points for each photochemical  state of  the 
membranes in different  sucrose concentrat ions follow respective straight lines. 
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Fig.  3. Plots  o f  t he  spec t ra l  h a l f w l d t h  a t  ha l f -he igh t  AVl/2 vs. K2/r~ for  the  u n b l e a c h e d  m e m b r a n e s  m 

a q u e o u s  sucrose  o f  t he  i n d i c a t e d  c o n c e n t r a t i o n s .  

The translational diffusion coefficients, D, calculated from the slopes {see ref. 4 
for the significance of  intercepts) are collected in Table II together with the 
measured viscosity ~7 of each suspension. The diffusion coefficients D20.w 
reduced to the viscosity of water at 20°C by the relation, D20, w = D(~//1.00) 
(293.2/298.2), are also given in Table II. In Fig. 5, we plot D20,w against 
sucrose concentration c (in units of  wt.%); the significance of the solid curves is 
discussed below. Features of the two sets of data points may be summarized as 
follows: (1) D20,w for the unbleached membranes is essentially the same as for 
the bleached membranes in pure water (or at very small c); (2) D20,w for the 
bleached membranes increases rather sharply with c at the beginning followed 
by a gradual increase; (3) D20, w for the unbleached membranes increases very 
gradually or even appears to stay constant  until c exceeds approx. 0.02%, and 
(4) D20,w for the unbleached membranes is consistently lower (by about 10%) 
than that  for the bleached membranes at the same c except when c is very 
small. We infer from the last observation that  the membranes contract upon 
bleaching, The values of  b/pG(p) calculated with use of Eqn. 5 are given in 
Table III. Note that  when the membranes are spherical vesicles, b/pG(p) equals 
to the Stokes radius. 
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Fig. 4. Plots o f  Av I /2  vs. K 2 /~  f o r  the bleached membranes m aqueous s u c r o s e .  

Paremeters of  oblate ellipsoidal shell model 
Following the analysis scheme outlined above, we extract  b and p from the 

data of  D20, w and sin(0/2) at the extrema in the sin2(O/2)I~(O) vs. sin(0/2) 

T A B L E  II  

T R A N S L A T I O N A L  D I F F U S I O N  C O E F F I C I E N T S  F O R  I S O L A T E D  B O V I N E  R O D  O U T E R  S E G M E N T  

D I S K  M E M B R A N E S  I N  A Q U E O U S  S U C R O S E  

C o n c e n t r a -  U n b l e a c h e d  B l e a c h e d  

t i o n  o f  

s u c r o s e  D X 1 0 9  r/ D 2 0 . w  X 1 0 9  D × 1 0 9  ~ D 2 0 . w  × 1 0 9  

( w t % )  ( e m 2 / s )  ( c e n t l p o i s e )  ( c m 2 / s )  ( c m 2 / s )  ( c e n t l p o l s e )  ( c m 2 / s )  

0 4 7 7  0 . 9 2 7  4 3 5  4 . 6 9  0 . 9 1 5  4 . 2 2  

4 . 3 6  - 1 0  - 3  * 4 . 1 9  1 . 0 3  4 . 2 5  4 . 1 9  1 0 3  4 2 5  
7 . 0 0  • 1 0  - 3  - -  - -  - -  4 . 8 4  0 . 9 6 1  4 . 5 8  
1 . 0 0  1 0  - 2  - -  - -  - -  5 . 4 7  0 . 9 1 4  4 . 9 2  

2 , 0 0  1 0  -2  4 . 6 7  0 . 9 5 6  4 3 9  5 . 2 8  0 . 9 6 1  4 . 9 9  

2 . 5 0  " 1 0  - 2  5 . 0 0  0 . 9 1 3  4 . 4 9  - -  - -  - -  

3 . 5 0  " 1 0  -2  5 . 0 9  0 . 9 4 8  4 . 7 4  - -  - -  - -  

5 . 2 6  - 1 0  - 2  5 . 1 5  0 . 9 5 6  4 . 8 4  5 . 7 9  0 . 9 6 1  5 . 4 7  

7 . 0 0  " 1 0  - 2  5 . 4 3  0 . 9 2 7  4 9 5  6 . 0 8  0 . 9 6 1  5 . 7 4  

1 . 0 0  - 1 0  -1  5 . 6 3  0 . 9 7 7  5 . 4 1  6 . 1 2  0 . 9 6 0  5 7 8  

* T a k e n  f r o m  o u r  p r e v i o u s  d a t a  [ 4 , 6 ] .  
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suc rose ,  c (w t .%) ,  , ,  f o r  t h e  u n b l e a c h e d  m e m b r a n e s ,  o ,  fo r  t he  b l e a c h e d  m e m b r a n e s ,  a n d  ~ is t a k e n  f r o m  

o u r  p r evaous  d a t a  f o r  b o t h  t h e  u n b l e a c h e d  a n d  b l e a c h e d  m e m b r a n e s  [ 4 , 6 ] .  The  s o l i d  c u r v e s  are d r a w n  

w i t h  L~ = (x b = 3 .5  • 10  -5 c m  2 / d y n e  (see t e x t ) .  

curves by successive interatlons; two iterations are sufficient to deduce the final 
set of b and p for each suspension. The results are summarized in Table III. We 
first note  that  the data for  the unbleached membranes in pure water and c at 
0.02%, and 0.025%, and for the bleached membranes in pure water yield p = 1. 
Therefore,  the values of b/pG(p) and b for these suspensions are regarded, 
respectively, as the Stokes radius and the equilibrium radius of the sphermal 
vesicles. The agreement among these sets of radii (0.51--0.47 pm) confirms the 
previous findings [6] that  the Stokes radius is equivalent to the equilibrium 
radius and that  the radius of  the spherical vesicles is 0.49 -+ 0.07 pm. Secondly, 
it may be noted that  since the funct ion G(p) (Eqn. 6) is rather insensitive to 
p, particularly at larger values of  p, the precision for determinations of p values 
is poor.  Nevertheless, it can clearly be seen that,  while b stays almost constant  
(0.47--0.50 pm) p increases with increasing c or upon bleaching; m other  words, 
the membrane deformat ion  takes place in such a way that  only the minor axis 
contracts.  This anisotropic deformat ion (shown schematically in Fig. 6) sug- 
gests the existence of  a certain rim effect.  Such a rim effect  could arise if the 
structural consti tuents are different  from the rest of a disk membrane or the 
packing density of  int ramembraneous components  is greater in the equatorial 
plane corresponding to the circumference of  a native disk adjacent to the plas- 
ma membrane [ 13--15].  Thus, the anisotropic deformat ion may furnish fur ther  
information of  the membrane structure. On the other  hand, the difference 
between the value of b approx.  0.5 ~m for isolated membrane vesicles and 0.75 
gm for the radius of the native disks [8] is hard to account  for unless b can 
increase at some point  beyond  the range of  p that  we have examined. In this 
regard, the dimension of  rod outer  segment reported by McConnell [8] should 
be restudied. 

Volume and surface area contractions 
Once the values of b and p are determined,  we can calculate the volume V 
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Spherical Shell 

in water  

sucrose 

Oblate Ellipsoidai Shell 

unbleached 

bleached 

b > a > a '  

Fxg. 6. S c h e m a t m  p r e s e n t a t i o n  of  o s m o t l c a l l y ~ m d u c e d  a n d  p h o t o - r e d u c e d  d e f o r m a t i o n s  o f  b o v i n e  r o d  
o u t e r  s e g m e n t  d i sk  m e m b r a n e s ,  b a n d  a (or  a ) d e n o t e ,  r e spec t i ve ly ,  t he  m a j o r  a n d  m i n o r  s emi -axes  of  
o b l a t e  e l h p s o l d a l  shell .  

and the total surface area A of the membrane vesicles by the following expres- 
sions for the oblate ellipsoid of  revolution: 

V =  4 3 p - 1  ~Trb (7) 

I 1 1 + x / l -  p-21 
A=27rb 2 l + 2 p  2 x / ~ _ p _ 2  l n i _ x / ~  (8) 

The values of V and A so calculated are listed in Table III. At the same concen- 
tration of sucrose (0.02%~< c ~< 0.1%), the volume of the vesicles contracts 
upon bleaching by 30--45%. This photo-induced volume decrease is more pro- 
nounced than that  (12--15%) observed by Heller et al. [16] for frog rod outer 
segment. The photo-induced decrease in A on the other hand, amounts to 
10--20% in the range of 0.02 ~< c ~ 0.1%, indicating that  an average distance 
between a pair of nearest neighbors of intramembraneous components  decreases 
by 5--10% upon bleaching. This decrease is compared favorably with the 
decrease of 5--9% in the average distance between two adjacent photopigments 
found by Blasie [17] by the X-ray diffraction with isolated frog rod outer seg- 
ment  disk membranes. 

We have previously reported that  D for the membranes in 5% aqueous Ficoll 
increased upon bleaching [4]. The photo-induced decreases in V and A were 
evaluated by assuming that  the shape of the vesicles was spherical either in the 
unbleached or bleached state. However, the present analysis shows that  any iso- 
tropic contraction (with the spherical shape intact) does not  occur in aqueous 
sucrose. Since Ficoll is a polymer of sucrose, an anisotropic deformation similar 
in sucrose would be expected for the vesicles in aqueous Ficoll. Therefore, the 
previous estimates of  the photo-induced changes in volume and surface area 
must be accepted with reservation until detailed information of the shape in 
Ficoll becomes available. 

O s m o t i c  behaviors 
We have demonstrated that  the isolated rod outer segment disk membranes 
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deform and contract  as the concentration of sucrose, c, in the suspending 
medium is increased. The deformation takes place while the major axis remains 
unchanged. A remarkable difference of the osmotic behaviors in the unbleached 
and bleached states is that  the axial ratio in the bleached state increases steeply 
at small c while that  in the unbleached state increases very gradually or even 
stays at uni ty until c exceeds 2 • 10-2%. Beside this qualitative difference, the 
vesicular volume in either the bleached or unbleached state does not follow a 
simple functional relationship with respect to c such as c -1 dependence; this can 
be seen easily from the data collected in Table III. One might have expected 
such a dependence if the membranes were perfectly flexible and the osmotic- 
ally active solutes within the intravesicular space remained conserved while c 
was varied such that  the vesicles would deform (and contract) until there 
existed no osmotic pressure across the membranes, i.e., the chemical potential 
of the sole, permeable component  (H20) equalized. We find from the data in 
Table III that  the progression of vesicular deformation is less sensitive than c -1 
incremental change. We, therefore, suspect that  the membranes are capable of 
sustaining a finite osmotic pressure H, at any c away from the isotonic condi- 
tion. Such situations would arise if the membranes are not  completely flexible 
and II, the pressure gradient across them, is compensated by the surface ten- 
sion. In the following, an a t tempt  is made to interpret the osmotic behaviors in 
terms of a simple model. The task is to find an explanation of the observed 
qualitative difference between the two photochemical states and to explain the 
vesicular volume dependence on c in their respective photochemical states. 

Our model is entirely based on the assumption that  in the intravesicular 
space of the membrane there exist osmotically active ions which contribute to 
the chemical potential of  water. For simplicity, we take these ions to be Ca 2÷ 
and univalent anions whose concentration equivalence to Ca ~÷ is maintained by 
electroneutrality.  We further assume that  the membrane in the unbleached 
state is impermeable to Ca 2÷ with negligible leakage, whereas Ca ~÷ permeability 
in the bleached state is completely symmetric across the membranes. These 
assumptions are based on Hagins' model [10] which supposes that  the Ca 2÷ 
efflux from intradiskal to extradiskal direction is photo-induced [18--23]. 
Thus, our system is composed of the membrane vesicles, sucrose, H20, Ca 2÷, 
and the accompanying anions. The membranes are assumed to be impermeable 
to sucrose [1,2] and the concentrations of sucrose and ions are such that their 
activity coefficients are assumed to be unity.  With this decription of the model, 
we can readily find the expressions for the osmotic pressure. 

In the unbleached state, 

0 -2c  10-3 rn) II = R T \  M~ 3 • 

= R T ( I O - 2 c  3 . 1 0 - ~ n )  

\ M~ V / 

and in the bleached state, 

( 10-2c  10-3 Am) II = R T \  ~ 3 • 

(9) 

(9a) 

(1o) 
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where  R T  has the  usual  mean ing ,  M s is the  molecu la r  w o g h t  of  sucrose,  c is 
sucrose  c o n c e n t r a t i o n  in un i t s  o f  weigh t  pe r cen t  in water ,  rn and n are, respec- 
t ively,  the  m o l a r  c o n c e n t r a t i o n  and the  mo le  n u m b e r  of  Ca 2÷ wi th in  a vesicle in 
the unb l eached  s tate ,  V is the  c o r r e s p o n d i n g  vesmular  v o l u m e  m cm ~, and Am 
is the  mo la r  c o n c e n t r a t i o n  d i f fe rence  of  Ca 2÷ be tween  the ones  inside and out-  
side o f  a vesicle in the  b leached  state.  In arriving at  Eqns.  9 and 10, we assumed 
the  dens i ty  of  wa t e r  to  be 1 g /ml  and  m a d e  use of  an a p p r o x i m a t i o n ,  In( 1 X2 

--X2 when  X2 ( ~  1, since sucrose  and  ionic c o n c e n t r a t i o n s  (see below} are 
all small enough .  With these  t w o  equa t ions ,  we are n o w  able to  p rov ide  explan-  
a t ions  fo r  the  d i f f e r en t  f ea tu res  of  the  o smot i c  behaviors  in the  two  pho to -  
chemica l  states.  

Eqn.  9 indmates  t h a t  (1) the  i so tonic  cond i t i on  across the m e m b r a n e s  is c* = 
0.3 Msm and (2) I] b e c o m e s  negat ive  when  c decreases  be low c*. In such 
instances ,  the  chemica l  po t en t i a l  o f  H20  in the  ex t raves icu la r  so lu t ion  is greater  
t han  in the  in t raves icular  so lu t ion  which  will resul t  in fu r the r  swelling of  the 
vesicles b e y o n d  the  d imens ion  at  the  i s o t o m c  cond i t i on  unt i l  the  chemica l  
po t en t i a l  equal izes .  This  can t ake  place  on ly  if the  m e m b r a n e s  are s t re tchab le  
w i t h o u t  l imit .  The  obse rved  c o n s t a n c y  of  the  vesicular  v o l u m e  and preserva t ion  
o f  spher ical  shape  fo r  0 ~< c ~< 0.02% (within  the  e x p e r i m e n t a l  u n c e r t a i n t y )  are 
clear ly c o n t r a r y  to  this e x p e c t a t i o n .  Thus ,  we h y p o t h e s i z e  t ha t  the  vesicles 
r ema in  at  the i r  m a x i m u m  e x t e n t  o f  swelling for  0 ~< c ~< 0.02% and any decrease  
in c be low  c* wou ld  e i ther  induce  burs t ing  of  the  vesicles or  have no  e f fec t  on 
the  size and shape.  Increase  in c b e y o n d  c*, on the  o the r  hand ,  resul ts  in defor-  
m a t i o n  o f  the  spherical  vesicles in to  the  ob la te  el l ipsoidal  shells. On this basis, 
we can calcula te  the  m o l a r  c o n c e n t r a t i o n  of  Ca 2÷ wi th in  a vesicle in the  un- 
b leached  state.  F r o m  the  i so tonic  cond i t ion ,  m = c*/0 .3  M~, we find m = 2 • 10 .4 M 
if c* = 0.02%. F r o m  the  value o f  vesicular  vo lume  at  c*. n m Eqn.  9a  can be cal- 
cu la ted  as 10 -19 mol ,  co r r e s pond i ng  to  6 • 104 c a l c m m  ions per  m e m b r a n e .  

In the  b leached  s tate ,  Eqn.  10 indica tes  t ha t  the  i so tonic  cond i t i on  depends  
on  the  m o l a r  c o n c e n t r a t i o n  d i f fe rence  of  Ca 2~ be tween  inside and outs ide  of  a 
vesicle Am.  Since the  chemica l  po t en t i a l s  o f  Ca 2÷ and the  a c c o m p a n y i n g  uni- 
va len t  an ions  m u s t  be  equal ized  in the  b leached  s tate  while the  ext raves icular  
so lu t ion  v o l u m e  is a b o u t  100-fo ld  o f  the  in t ravesicular  vo lume ,  we can safely 
wr i te  Am ~ 0 if we accep t  m being o f  the  o rder  of  10 -4 M. Then ,  Eqn.  10 is 
a p p r o x i m a t e d  as 

cRT 
IJ ~ . . . .  (b leached)  I l l  } 

102Ms 

The  l s o t o m c  s ta te  given by  this  e q u a t i o n  is c* = 0. Thus ,  the  s tar t ing  po in t  o f  
d e f o r m a t i o n  prof i le  o f  the  b leached  m e m b r a n e s  requires  no  crit ical sucrose 
c o n c e n t r a t i o n .  This  wou ld  expla in  the  d i f fe rence  in qual i ta t ive  fea tures  of  the  
p lo t s  shown  in Fig. 5. 

We n o w  turn  to  the  d e f o r m a t m n  behawor s  of  the  vesicles wi th  respec t  to  c. 
We s tar t  by  regarding the  m e m b r a n e  surface  to  be a two-d imens iona l  con- 
t i n u u m  with  p h o t o p i g m e n t s  d i s t r ibu ted  u n i f o r m l y  over  the  ent i re  closed sur- 
face.  The  focus  is to  re la te  the  observed  axial ra t io  p to  the  i n d e p e n d e n t  vari- 
able c. The  p rev ious  discussions on the  i so tonic  cond i t i on  and the  vesicular  
shape  can be c o m p a c t l y  s t a t ed  as p = 1 for  FI ~< 0. A t  the  o the r  e x t r e m e  of  the  
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nat ive disk shape,  Hel ler  e t  al. [1]  f o u n d  tha t  the  disk v o l u m e  in f rog rod  ou t e r  
s egmen t  increased in inverse p r o p o r t i o n  to  solute  c o n c e n t r a t i o n  of  the  suspend-  
ing m e d i u m .  This  m e a n s  t h a t p  c~ II  f o r p  > >  1 because  V ~  p-1 ( f rom Eqn.  7 at  
c o n s t a n t  b) and  l] ~ c. C o m b i n i n g  the  t w o  limits,  we a rnve  at  

p = l + a H  for  H~> 0 (12) 

where  a ,  f o rma l ly  given b y  (Sp/SII)T, m a y  be regarded as cons t an t  fo r  a small 
range o f  I1 and can be t aken  as a measure  o f  the  m e m b r a n e  st iffness.  I f  the  
m e m b r a n e  b i layer  th ickness ,  l, is n o t  a f f ec t ed  by the  o smo t i c  pressure  o f  
ba th ing  m e d i u m ,  as f o u n d  b y  K o r e n b r o t  e t  al. [3] ,  (ap/bI])T can be re la ted  to 
the  compres s iona l  m o d u l u s  7 o f  the  m e m b r a n e  by  

v T p(p + 2) 7' 

where  v is the  shell v o l u m e  per  vesicle and given by  

v=4zr lb(b+2a)  ( b / > a > >  l) (14) 

Thus ,  the  p a r a m e t e r  a is inversely p r o p o r t i o n a l  to  the  compress lona l  m o d u l u s  
7 at  a given axial ra t io ;  the  smal ler  is a ,  the  s t i f fer  the  m e m b r a n e .  By substi-  
t u t ing  Eqn .  12 in to  Eqn.  9a wi th  n = 10 -19 mol  and b = 4.9 • 10 -s cm for  V =  
41rb3/3p (Eqn.  7), we ob t a i n  

1 + IO-2M- / laRTc  
p - for  c/> 0 .02% (unb leached)  (15) 

1 + 6"  1 0 - 7 a R T  

for  the  u n b l e a c h e d  state.  C o m b i n i n g  Eqns.  11 and 12, we c o m e  to  

p = 1 + IO-2M~labRTC (b leached)  (16) 

where  qb refers  expl ic i t ly  to  the  b leached  state.  These  equa t ions  r ep resen t  the  
desired re la t ionsh ips  b e t w e e n  the  e x p e r i m e n t a l  q u a n t i t y  p to the  i n d e p e n d e n t  
var iable  c, and  wi th  the  aid o f  t h e m  we can p e r f o r m  s ing le -paramete r  analysis  
o f  the  d e f o r m a t i o n  behaviors  o f  m e m b r a n e  vesicles a t  the i r  respect ive  p h o t o -  
chemica l  states.  With the  da t a  o f  p and c in Table  I I I ,  we first  ca lcula ted  a = 
(3 -+ 1) • 10 -s and  ab --- (4 -+ 1) • 10 -s cm2/dyne ,  respect ive ly ,  for  the  unb l eached  
and b leached  s tate .  In view o f  unce r t a in t i e s  associa ted  with  d e t e r m i n a t i o n s  o f  
p,  we can scarcely claim these  values  to  be d i f fe ren t .  Thus ,  wi th in  the  exper i -  
men t a l  u n c e r t a i n t y  o f  o u r  m e a s u r e m e n t s ,  the  m e m b r a n e  st iffness is conc luded  
to  be  a b o u t  the  same in the  u n b l e a c h e d  and b leached  state.  With a = ab = 3.5 • 
10 -s c m 2 / d y n e ,  we can n o w  rela te  the  p r i m a r y  e x p e r i m e n t a l  quan t i t y  D to  c 
because  D is a f unc t i on  on ly  o f  p (given t ha t  b is cons t an t ) ,  as given in Eqn.  5. 
The  prof i les  o f  D with  r e spec t  to  c thus  ca lcu la ted  are d rawn in Fig. 5. The  
e x p e r i m e n t a l  da t a  are well r ep re sen t ed  b y  these  curves.  The  d i f f e ren t  behaviors  
o f  D20.w fo r  the  u n b l e a c h e d  and  b leached  m e m b r a n e s  are to  a large ex t en t ,  
a c c o u n t e d  fo r  by  Ca 2÷ e f f lux  a t t e n d a n t  d i f fe rence  in the  o s m o t i c  pressure .  
T h o u g h  n o t  shown  here ,  a n o t h e r  set  o f  a values  (a = 3 • 10 -s and ab = 4 • 10 -5 
c m 2 / d y n e )  gave a b e t t e r  a g r e e m e n t  b e t w e e n  the  e x p e r i m e n t  and the  single para-  
m e t e r  p red ic t ion .  This  m i g h t  be  t aken  as an ind ica t ion  t ha t  the  m e m b r a n e s  in 
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the unbleached state are stiffer than those in the bleached state at a given value 
of p. Such a definitive analysl~, however, seems inconsistent in the context  of 
the present work. We might add parenthetically that  the eompressional modu- 
lus of 10 s dyne/cm'-, estnnated from the a value is to be compared with the 
Young's modulus of 10"- 107 dyne/cm 2 for crosshnked rubbers [24]. 

In summary, the dependence of D on sucrose concentration for each photo- 
chemical state can be explained quantitatively by the simple model based on 
Hagins' hypothesis for native disks [10]. This indicates that the data of D for 
the isolated membranes are consistent with Hagms' model, although the ions 
assumed in the present analysis does not necessarily have to be Ca "-+. Our non- 
trivial assumption for the existence of certain ions which, upon bleaching, 
efflux from the intravesieular space is, however, to be verified experimentally. 
An investigation to estimate the concentration of such ions {actually Ca -~÷1 ~ 
now in progress m this laboratory. 

Appendix 

In this appendix, we calculate the particle scattering function P(x) for an 
oblate ellipsoidal shell. Assuming that  the scattering elements are optically iso- 
tropic and distribute uniformly over the surface of the ellipsoid, P(x) is given 
by [25]. 

= const. ,  f Q2 d ~  ( A-1 ) P(x ) 

with 

Q= fl e ~k-'z dr (A-2) 
surface 

where g is the scattering vector whose magnitude is given by Eqn. 4 and £ is 
the vector from a point  on the surface to the origin of the coordinate which is 
fixed at the center of mass of the ellipsoidal shell. The integral in Eqn. A-2 
must be performed over the surface of the ellipsoid in a given orientation ~2 
and the integral in Eqn. A-1 refers to the average over all the possible orienta- 
tion of the ellipsoidal shell. For convenience, we choose the direction of ~ as 
the z-axis m the laboratory-fixed Cartesian system (x, y, z) and define a coordi- 
nate system (~, ~1, ~) fixed in the ellipsoidal shell so that  the direction of the 
semi-minor axis, a, is in the ~ axis. Letting a and ~ be, respectively, the angle 
between z and ~* axes and the angle between } axis and the projection of the 
z-axis on the 77-} plane, Eqn. A-2 can be rewritten in terms of the coordinate 
system (}, ~7, ~') as 

surface 

The surface integral of this equation is bounded by the relation 

- - + - - + - - = 1  
a 2 b 2 b 2 

(A-3) 

(A-4) 
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for the ellipsoid of revolution with the semi-major axis, b, and the semi-minor 
axis, a. Writing ~ = aX, 77 = b Y, and ~ = bZ, we have 

V = a b  2 f f f etX[p-lxsmo~cos~+ Yslno~slnfi+ Zcoso~] d X d Y d Z  (A-5) 
X2+ y 2 + z 2 =  1 

with the axial ratio p (= b/a) and x defined by ~b (Eqn. 3). Transforming the 
(X, Y, Z) coordinate system into the polar coordinates with the aid of  Poisson's 
formula [26],  i.e., 

[ f(a cos 0 + b sin 0 cos ¢ + c sin 0 sin ¢) sin 0 de]dO 
0 0 

1 

= 2TO f f(~/a 2 + b 2 + c2x) dx  
- - 1  

We can evaluate the integral in Eqn. A-5 as 

Q = 47tab2 sin[x(1 - - q  cos2a) 1/2 ] 
x(1 - -  q COS20~) I/2 (A-6) 

where q ls defined by  Eqn. 2. Finally, substitution of Eqn. A-6 into Eqn. A-l ,  
followed by normalization, yields Eqn. 1. When p = 1, Eqn. 1 reduces to the 
correct limit of  spherical shell 

(sin x )  2 
P(x) = (A-7) 

\ X / 

Eqn. 1 also holds for the prolate ellipsoid shell model  if q and x are replaced by 
--q and ~a, respectively. We might add that the integral of  Eqn. 1 can be evalu- 
ated exactly by expanding the integrand in a power  series of x. The result is 

P(x) x/~ ~ (--1)"x 2" 1. a. = -~,-~, 2 ,=0 F ( n + ~ ) F ( n + 2 )  2Fl(--n ,  q) (A-8) 

where F and 2F~ denote,  respectively, the Gamma function and the hypergeo- 
metric function [27].  This equation is useful, however, only for small values 
o f x .  
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