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Electra-opticai characterization of the photorcccptor disk membrane vcsiclc 6 pcrformcd hv examining thc clccrric field and 
concentration dependence of the steady-state hircfringencs of nqucous suspcnsiona of the vcsiclc.\. The clcctric polarizahility 
anisotropy is found to be negative and of iarge msgnirudc: a, -m_= = -(I -3) i: IO _ ‘I’ cm’. The optical anix>trop>- iz dcrcmmincd 
to be also negative but of small magnitude: g, -sz = - I X IO _‘_ The specific Kerr comranr dcduccd from ihc concenrmtinn 

dependence of the Kerr constant is found fo bc vcc large: K,,, =7x IO -a c.xu. Upon dcfomling the xcsiclcs osmrrkallx from 
the spherical shell to the disk sn-ucture. the srcadv-start bircfringcncc incrcnxs by an order of mngnixudc which i* att:hutcJ 

solel_v to the increase in optical anisotropy atrcnding the corresponding change in the pcomctric ccccnrriciry of rhc vcsiclc. A 
plausible bircfringenct mechanism based on the know-n structural fcnturcz of the vcsiclc> is propovxl. which would nccnunt for 
these findings. 

1. Introduction 

We present here an electro-optical characteriza- 
tion of a novel structure arising from the osmoti- 
cally swollen vesicles of the photoreceptor disk 
membranes. Any biological membrane surface is a 
complex electrostatic entity [ 1,2] and that of a 
photoreceptor disk membrane is no exception [3]. 
Hence. a study of the static Kerr effect provides us 
with insights into the electrical and optical proper- 
ties of the membrane surface. To our knowledge_ 
this is the first time that the electro-optical char- 
acterization of a well defined biological membrane 
system has been reported_ 

The gross characterization of the disk mem- 
brane vesicles (DMV) has been effected in the past 
several years in this laboratory_ Upon isolating the 
disk membranes from the outer segment of rod 
cells of bovine retina [4]. they are swollen into 
vesicles and dilute suspensions of DMV are made 
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in hypotonic media. By elastic (total intensity) and 
quasi-elastic light scattering. it has been shown 
that a DMV is well represented by a spherical shell 
model with a radius of 450-480 nm and its size 
distribution is relatively narrow [5]_ Because of 
such a large size of the. swollen vesicles. the bilayer 
thickness of 70-80 A [6] makes a negligible contri- 
bution to the overall dimension whereby the 
spherical shell model representation is most ap- 
propriate_ By a deswelling study with the use of an 
impermeable solute, e.g., sucrose [7]. in the sus- 
pending medium. it has in turn been shcwn that 
the spherical shell deforms into an oblate shell 
with its semi-major axis dimension unchanged 181. 
Other morphological studies corroborate this find- 
ing [9]. and the conserved semi-major axis plane 
appears to be the disk plane in the native rod 
outer segment_ Thus. we are dealing with a simple 
shape of the spherical shell with an equator rim 
which differs structurally from the upper and lower 
hemispheres. A summary of these structural fea- 
tures is schematically represznted in fig. 1. 

Besides such a structural simplicity. the disk 
membranes are also singular in chemical simplic- 
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ity. The mass ratio of phospholipid to integral 
protein is nearly unity [IO.1 I] and there is only one 
kind of protein. called rhodopsin (or opsin de- 
pending on the photochemical state). which is the 
photopigment, that accounts for 90-958 of its 
integral protein component [ 12- 141. Setting aside 
for the moment how these structural and chemical 
features bear upon the photoreceptor function of 
rod disks for scotopic vision [15]. we note that the 
DMV constitutes a system of surprisingly simple 
structural entities that is amenable to a detailed 
probing of their electro-optical properties_ This 
paper focuses on that point. 

In our previous paper [ 161. we have shown that 
there exists a large field-induced birefringence for 
aqueous suspensions of DMV. The decay profile 
of the birefringence transient was found to be well 
represented by a single exponential function_ We 
proposed IO ascribe rhe birefringense rransiem IO 
the rotatory orientation of the spherical vesicles. 
since the decay time constant is in accord with the 
rotatory relaxation time of a spherical shape with 
a radius of 450-480 nm. 

In this paper, we shall start with the results of 
static measurelfsnts of the Kerr effect. This is 
divided into three pL -ts. We will first show that 
there exists an enormous, negative electric anisot- 
ropy in a DMV which is deduced from the field 
dependence of the steady-state birefringence. Next. 

we present the determination of the specific Kerr 
constant and optical anisotropy from the con- 
centration dependence of the Kerr constant and 
apparent saturation birefringence, respectively_ Fi- 
nally by combining the specific Kerr constant and 
optical anisotropy, we deduce another value of the 
electric anisotropy. Once these electro-optical 
characterizatiocs are effected, we show how the 
osmotic deformation affects the optical anisotropy 
by an order of magnitude but not the electric 
polarizability anisotropy. We then propose a 
plausible birefringence mechanism model based on 
the known structural features of DMV and native 
disks in rod outer segments (ROS). and conclude 
by discussing how the model can account for the 
experimental results. 

2. Experimental procedure 

-7.1. Materials 

Bovine ROS disk membranes were isolated and 
purified from dark-adapted frozen retinae 
(American Stores Packing Company, Lincoln. 
Nebraska) by a modified version [5] of the method 
originally employed by Smith et al. [4]_ The swol- 
len membrane vesicles were suspended in 1 mM 
imidazole buffer with 50 PM EGTA. The suspen- 
sion was filtered through a 2pm pore size Nucle- 
pore filter (Nuclepore Corp., Pleasanton, Cali- 
fornia) to remove dust and aggregated vesicles_ 
The filter pore size was chosen to take into account 
the vesicle size of 1 pm diameter_ In the previous 
work [16]. we used 1 pm pore size filters although 
we did not specifically state it in the paper. The 
use of t pm filters gives rise to an absolute value 

of rh\; bircfringencc nearly double that when a 
2pm filter is used. Thus. the 1 pm filter seems to 
give rise to some artifacts in the DMV prepara- 
tions. possibly inducing fracture and resealing of 
the vesicles into smaller sizes. We have since con- 
firmed that 2pm is the lower limit of a safe filter 
pore size in this respect: a large pore size filter. 
e.g.. 5 pm. does not further reduce the absolute 
value of the birefringence. In the study of medium 
osmolarity effect with sucrose, different concentra- 
tions of sucrose were added to the usual suspend- 



ing medium (1 mM imidazole. 50 pM EGTA) in 
order to bring the final sucrose concentration of 
the medium to that reported_ The concentration of 
the vesicles was determined by measuring the opti- 
cal absorbance at 633 nm which provides a mea- 
sure of the turbidity. since there is no absorption 
of membrane vesicles at 633 nm [17]. 

The apparatus for the Kerr effect measurements 
was as described in the previous work [16]. We 
used a quarter wave plate for linear detection of 
the birefringence. The output signal of a pho- 
tomultiplier tube was recorded directly on a strip 
chart recorder as well as on a digital transient 
recorder (Biomation. model SOZ). The birefrin- 
gence transient was monitored by a scope which 
displays the output of the transient recorder_ We 
could monitor the steady-state birefringence ex- 
pressed in the optical retardation, lim,_, S( t. E) 

G S,( E), as well as the transmitted light intensity 
by a strip chart recorder when the pulse duration 

was long (= 1 s) compared to the response time of 
the recorder_ The electric field was applied in a 
sequence of bipolar rectangular pulses with the use 
of a pulse generator constructed in our laboratory- 
The pulse duration was varied with field strength 
from 1.5 s at 2 V/cm to 4 ms at 2.4 kV/cm, which 
was proven to be long enough to reach the steady- 
state birefringence. The pulse generator for low 
fields was designed to supply an electric pulse of 
0. I-3.2 s duration with variable amplitude up to 
40 V and with adjustable period of 1.3-37s. It 
consists of a DC power supply and four optical 
switches operated by another pulse generator_ In 
higher field experiments, above 40 V, another pulse 
generator was used as mentioned in the previous 
paper [16]. The Kerr cell and the experimental 
conditions are the same as those described in our 
previous report_ The only difference was that 
bleached samples were used, since we had not 
found any significant difference between bleached 
and unbleached samples. 

In the study of the sucrose osmolarity effect, 
the directions of the axes of the A/4 plate and the 
analyzer were readjusted according to the optical 
rotatory power of the sucrose solution_ Actually, 

the rotation due to the optical activity of a 20 mM 
sucrose solution amounts to no more than 1” at 
the end of a 20 cm Kerr cell_ We have therefore 
ignored the correction to be made on the variable 
polarization axis within the cell relative to the field 

direction. 

3. Results and discussion 

The electric field-induced birefringence. ex- 
pressed as optical retardation in radians. reaches 
the steady-state value S,(E) within a pulse dura- 
tion of 1.5 s for all cases reported here. In fig. 2 we 
show the dependence of So< E) on the square of the 
field strength E’ for three different number densi- 
ties of DMV. The general profile of S,,(E) versus 
E” appears to be independent of the DMV num- 
ber density N when S,(E) is normalized by N 
provided it does not exceed 10” vesicles/cm. A 
weak saturation behavior of the birefingence 
emerges at = 60 V/cm although G,(E) does not 
completely level off. In order to examine the field 
strength range where S,(E) might level off. we 
have extended the field strength range up to 2.4 
kV/cm. The steady-state birefringence 8°C E) in 
fact does nor level off but continues to rise with 
the field strength though with a much weaker 

Fig. 2. Electric field dcpcndencc of the steady-stare birefrin- 
gencc S,(E) for three different number dcnsiries of DMV. 
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Fig. 3. Electric field dependence of the steady-state birefrin- 
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dependence_ In fig. 3, we show the behavior of 
S,(E) in the fuiil range of fields examined. 2 G E =Z 
2.4 X 103 V/cm. The data are for four samples of 
two independent DMV preparations. There is only 
a very limited field regime, below 6V/cm. where 
the Kerr law, i.e., S&E) cc E ?, is obeyed as indi- 
cated by the straight line, 

In the inset, we show the three theoretical pre- 
dictions for axially symmetric bodies developed by 
O’Konski et af. [18] and Shah 1193; 

(I): 1yj =Crz. p+0. 

(Ii): ai baL1, P=Ot 

(III) : aI <a2, Iz=Q, 

where a, and (x7 are the electric polarizability 
along the symmetry and transverse axes, respec- 
tively. and p is the effective permanent dipole 
moment. The degree of orientation 4 (i = I, II, 
III) represents a quantity equivalent to the normal- 
ized birefringence as 

(2) 

where 

9, =~7#j(e,:(3 co& - 1)2rr sin BdB, 

Jkrn= +, = I for cases (1) and (II), 

= - + for case (III), (3) 

f(B) is the orientational distribution function of 
the symmetry axis with respect to the external field 
direction at polar angle 8, and a, (i = I. II, III) are 
the shift factors of E defined as 

a, = p/l-T, (4) 

aiI = (at - a,)/kT. (5) 

a$, = ( a2 - aI )/kl; (6) 

where X-T has its usual meaning. 
We shall defer the full discussion of these theo- 

retical predictions until we reach fig.4. It is suffi- 
cient here to note the following. The departure 
from the Kerr law behavior due to the saturation 
can be inferred for three different cases. The theo- 
retical curves show that complete saturation due to 
the mechanism for low-field behavior must take 
place within the field range investigated if no 
high-field secondary mechanism exists This. how- 
ever, is not the case as shown in fig3. Thus. the 
high-field behavior appears to arise from a differ- 
ent mechanism than that responsible for the low- 
field behavior, hence we shall restrict our discus- 
sion to the Iatter. below 100 V/cm. The demarca- 
tion between the bigb- and low-field regimes is 
somewhat arbitrary, since there is no clear cross- 
over point in the power-law regimes of S,C E) on E 
of the two_ 

Notwithstanding the ill-defined saturation be- 
havior of &s(E) due to the secondary mechanism. 
we shall proceed with the analysis of data in the 
low-field regime, between 3 and 100 V/cm, with 
the use of the saturation theory. We show in fig. 4 
all the data obtained at different number densities 
where [a,( E)/E2]/[S,( E)/E2]E_o is plotted 
against E’ on a semi-fogarithmic scaIe. An ad- 
vantage of such a plot is to facilitate comparison 
with various theoretical predictions by laterally 
shifting the abscissa until the best match is ob- 
tained with the experimental saturation behavior. 



Three specific limiting cases [20] stated above are 
considered for comparison with the data- In the 
inset, we again show the behavior of @; for the 
three limiting cases in a different way by plotting 
15 CDi/a:E’ against log(afE’)_ Setting aside for 
the moment whether the three chosen cases indeed 
include all possibilities, we see that case III gives 
rise to the best fit to the data as shown by the solid 
curve. In order to choose case III as the best 
match with experiment, we use the theoretical 
profiles in the intermediate region, 10’ s E’ < IO3 

Vz/cm2. as :he most sensitive criterion because 
case I decays too gently, and case II decays too 
steeply in that region in addition to having a 
maximum. 

Given the DMV structure as depicted in fig. 1. 
we can easily hypothesize that a DMV should not 
have any permanent dipole moment as long as the 
charge distribution due to photopigment molecules 
is uniform over either hemisphere. In that case, we 
need to consider only cases II and III. On the 
other hand, the saturation behavior and decay 
profile of case I shown in the insets of figs. 3 and 
4. respectively. appear rather like those of case III. 
hence we have included it here for the sake of fair 
comparison. The elimination of case I as inferior 
to case III, purely on the basis of the fit to the 

data, is easily effected according to the above 
mentioned criterion, namely the 6,,( E)/E’ decay 

profile at 10” s E’ 6 lo3 V’/cm’.-Thus, we have 
grounds beycnd physical argument to infer that 
there is no permanent dipole moment in DMV. 

Finally, we obtain cr, - a, = -2S X 10 -lo cm3 
from the shift factor given in eq. (6) and the 
best-fit curve drawn in fig.4. This is an enor- 
mously large value; we cite for comparison the 
correspcnding quantity of tobacco mosaic virus 
(TMV) which is of the order of 10 -I4 cm’ [ 1 S]. 
The four orders of magnitude difference may be 
ascribed to the entirely different kinds of induced 
dipole moment, i.e., the displacement of the photo- 
pigment for DMV (see below) and the ion atmo- 
sphere polarization for TMV [ 181. 

In the next section. we will also show how the 
anisotropy a, - a2 is determined by a totally dif- 
ferent method and that its value agrees quite 
favorably with the present value. 

Concentrating on the Kerr law regime of the 
electric field, we show in fig. 5 a plot of S,(E) 
versus E’ on a linear scale at three different 
number densities of DMV. The slopes of the 
straight lines drawn give the Kerr constant accord- 
ing to the Kerr law; 

S,(E) = (2rrLn/A,)KE’, (7) 
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Fig. 6. Concentration dependence of the Kerr constant and of 
6,(100) as a measure of the saturation birefringence 6,. The 
slopes yield respectively the specilic Kerr constant and the 
optical anisotropy 

where K is the Kerr constant, L the cell length (12 
cm), II the refractive index of the solution (1.333) 
and X, the wavelength in vacua (632.8 nm). The 
Kerr constant thus calculated is plotted against the 
number density AI in fig. 6, whereby the slope of 
the linear plot is used to deduce the specific Kerr 
constant Ksp via 

K = Kspcv = K&V, (8) 

where c, is the volume fraction of the DMV sus- 
pension and u is the volume of a DMV that is 
calculated by taking a vesicle radius of 0.46 pm as 
the best estimate from elastic light scattering_ The 
value of Ksp so obtained is 7 X 1OBJ statvolt-’ 
cm’ in es-u. or 8 X lo-” V-r m’ in SI units_ 

In fig 6. we also plot 6,(100) against N. As 
discussed in the previous section, we take 6a( 100) 
to be the apparent saturation limit of the birefrin- 
gence 8, for the primary mechanism. Though 
equating S,(lOO) with 8, might be an overestimate, 
as is apparent from fig. 3, we can proceed to 
estimate the optical anisotropy (g, - g2) from the 
slope of such a plot via 

-which applied to the case of a negative electric and 
optical anisotropy. We use eq. (9), since we have 
shown that a, -o? < 0 and that the sign of the 
birefringence is positive. The slope of the S,( 100) 
versusNI!otinfig_6yieldsg,-gg,=-1X10-’_ 
This is undoubtedly an overestimate, since we 
have used 6,(100) = 4 because the saturation of 
the primary mechanism could easily have been 
reached at E-C 100 V/cm_ 

We should emphasize here that K_, determina- 
tions are infrequently effected by measurement of 
the concentration dependence of the Kerr constant 
K. In macromolecular systems, we know of only 
two instances, PBLG [21] and NaPES 1223, where 
Ksp is so determined. More generally, Ksp is esti- 
mated from K at arbitrarily chosen E and c,., since 
Ksp depends on concentration [23,24] and the Kerr 
law does not hold even for very weak field 
strengths. It is indeed noteworthy that the specific 
Kerr constant of 7 X 10 -4 e.s.u. is remarkably 
large, and is quite comparable to that of TMV. To 
provide a better perspective on the magnitudes of 
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these quantities and a ready corirparison. we col- 
lect in table 1 some representative values of a, - 
LY,. g, -g, and K ,p_ Unlike the K., value. the 
optical anisotropy of a DMV was found to be very 
small compared to those of others in table 1. This 
also is enrirely expected for DMV because of its 
nearly spherically symmetric body. 

Now that we have on hand the specific Kerr 
constant and the optical anisotropy, it is possible 
to deduce the electric polarizability anisotropy with 
the use of these two quantities according to 

a1 -a2 = (15nZ/2m)[k7-/(g, -g_)&. (10) 

This gives a, - az = -1.2X 1O-‘o cmf which is 
comparable to the value of - 2.5 X 10 -lo cm3 
obtained in the previous section. While the two 
differ by a factor slightly larger than 2. it is a 
remarkable agreement when we consider the dis- 
parate methods employed to deduce the two. The 
smaller (negative) value comes from the ratio 
K,, /( g, - g, ) which combines I& from the Kerr 
law regime with g, - gr from the saturation esti- 
mate of the Frimary mechanism, i.e.. 8, = S,(lOO). 
hence it could easily be greater than the above 
estimate if the true value of 8, were used to obtain 
g, -g,. The larger (negative) value, on the other 
hand. is arrived at by comparing the experimental 
profile of the field dependence with the saturation 
theory for the entire field range supposed to be 
responsible for the primary mechanism, 3 =G E 6 
100 V/cm_ Thus. a discrepancy by a factor of 2 is 
to be expected_ We feel confident that the true 
value of a, - a2 should lie in the range -(l-3) X 
10 -lo cm3_ This concludes our electro-optical 
characterization of DMV. 

3.3_ Osnloric defomzation effect 

As we have stated earlier that sucrose is an 
impermeable solute to DMV 171, it can thereby be 
used to raise the osmolarity of the suspending 
medium which will in turn cause DMV to undergo 
osmotic deswelling from the spherical to the oblate 
shell with its equatorial rim dimension intact [S]. 
We have performed two experiments designed to 
examine how such deformations affect the bire- 
fringence. We show sequentially the results of two 
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Fig. 7. Sucrose conccntmtion depcndencc of S,,( 100) divided by 
the number density of DMV. 

experiments and subsequently take up the discus- 
sion of their significance_ The results of the first 
set of experiments are displayed in fig. 7 where the 
number density normalized apparent saturation 
birefringence So(iOO)/N (at E= 100 V/cm) is 
plotted against sucrose concentration in suspend- 
ing medium. A total of 19 samples from three 
independently prepared DMV are used and they 
are distinguished by different symbols. The dotted 
curve is drawn merely to aid the eye such that the 
overall trend of the osmotic deformation effect 
may be gleaned_ The plot makes it quite clear that 
the birefringence increases dramatically, by an 
order of magnitude, with increasing concentration 

E (V/cm) 
020 40 6o 8. 100 
n, , I I 1 I I 
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Fig. 8. Electric field dependence of the steady-state bircfrin- 
gence divided by S,C 100) for four samples with different con- 
centrations of sucrose. 



of sucrose and this effect ceases at 13 mM sucrose. 
The second set of experiments examines the field 
dependent of birefringence at different extents of 
DMV osmotic deformation at E =G 100 V/cm_ The 
results are shown in fig. 8 where three sucrose 
concentrations in addition to the blank (without 
sucrose) are shown by different symbols_ It is 
obvious that there exists no discernible difference 
in the field dependence of birefringence with 
sucrose concentration. at least up to 8 mM. 

Turning to the significance of the first experi- 
ment, we can state unequivocally that the osmotic 
deformation of a DMV results in an increase in its 
birefringence by an order of magnitude and it 
reaches a well-defined saturation limit. This turns 
out to be quite consistent with another experiment 
recently concluded in this laboratory Extending 
the range of sucrose concentration beyond what 
had been examined earlier 181, Amis [27] has shown 
that the osmotic deformation of DMV by sucrose 
ceases at = 12 mM and the shape of DMV has 
reached the disk shape limit at that concentration 
of sucrose_ This must mean that the birefringence 
scales with the geometric eccentricity (axial ratio 
of oblate) of DMV and eventually attains the 
limiting value when DMV can no longer deform 
beyond the disk shape. Thus, the entire profile 
displayed in fig. 7 represents the effect of geomet- 
ric eccentricity of Di?4V from the spherical shell to 
the disk shape which may correspond to that of 
the native disks in the retinal rods. The results 
collected in fig. 8, on the other hand, demonstrate 
that there is hardly any change in the electric 
anisotropy with the eccentricity, at least up to 
8 mM sucrose because the field dependence is seen 
to be alike for all sucrose concentrations_ Combin- 
ing these two findings, we finally reach the conclu- 
sion that the geometric eccentricity of DMV af- 
fects only the optical anisotropy while it scarcely 
influences the electrical anisotropy. A negative 
sign of the optical anisotropy is to be expected_ 
since a flat disk must have a negative sign as Shah 
has shown for a disk-shaped clay, bentonite [19]. 
Since the birefringence is positive, this should re- 
sult in a negative electric anisotropy. 

3.4. Quadrupolar field effect 

A Kerr cell with its electrode configuration 
modified for use in a quadrupolar field was con- 
structed. The electrode configuration is depicted in 
fig. 9, which shows a cross-sectional view of the 
cell. The electric field is applied in such a way that 
the pair of platinum wires is at the opposite elec- 
tric pole relative to the pair of Pt plates. Nitro- 
benzene was used as a test liquid to check the 
working of the quadrupolar electrodes which were 
found to be satisfactory_ Upon application of dif- 
ferent quadrupolar fields, a birefringence of equal 
or slightly smaller magnitude was detected at the 
same applied potential as in the case of a dipolar 
field. 

With DMV suspensions in the Kerr cell, how- 
ever, we were #lot able to observe any birefringence 
signal in the quadrupolar mode. A given suspen- 
sion which gives rise to a steady-state birefrin- 
gence of 10 -’ rad at = 5 V/cm in the dipolar 
mode (either across the plates or the wires) does 
not produce any detectable birefringence signal in 
the quadrupolar mode. This observation will be 
invoked as supporting evidence for the birefrin- 
gence model presented below. 

3.5. Model of the birefringence mechanism 

Before we come to proposing a model for the 
birefringence mechanism of DMV. it might be 
helpful to review the structural features of DMV 
based on light-scattering results [5.8] and other 

Fig. 9. Electrode configuration for the application of a 
quadrupolar field: electrodes A. A* are ar one porentiai and B. 
B’ at the other porenrial in the quadrupolar mode. 



morphological studies of the native disks in ROS. 
From the csmotic deswelling experiment of fully 
swollen, spherical shell-shaped DMV [5]. it was 
found that a DMV deforms into an oblate shell 
with its semi-major axis unchanged [S]. Thus. it 
was concluded that there must be a structural 
feature within a DMV that resists the osmotic 
deformation, hence is different from the rest of the 
membrane constitution_ We call this the equatorial 
rim as shown in fig. 1. Furthermore, we think it 
quite probable that the equatorial rim in a DMV is 
the same structure that Sjoestrand and Kreman [9] 
find around the disk edge of ~0.2 pm in width 
which is thicker than the rest of the disk and 
contains particles on the cytoplasmic surface in 
the native disks of ROS. Complementary to this 
finding is the observation by Papermaster et al. 
1281 that a large protein with molecular weight of 
290000 dalton is localized around the disk edge in 
native ROS. Thus. from these three separate 
observations. the rim may be characterized as a 
structurally distinct entity dividing at the equator 
the two hemispheres within a DMV. We therefore 
attribute the source of the optical polarizability 
anisotropy to the rim; that is. it is slightly more 
polarizable along an axis within the rim plane 
(transverse axis) than along the symmetry axis 
normal to the rim plane by virtue of the observed 
small and negative anisotropy. i.e., g, -g, 50. 
From the known phospholipid topology and com- 
position of disk membranes [29] and the partial 
amino acid sequencing of the photopigment. 
rhodopsin [30]. it is entirely reasonable to assume 
that some of the polar heads of phospholipids and 
photopigment molecules are anionically charged at 
pH 7 with ionic strength in the mM range. In 
addition, the electrophoretic mobility of a DMV 
under such conditions is used to assign = 10” as 
the electrokinerically active electronic charges per 
DMV [31]. Further, it is well established that 
photopigment molecules undergo lateral diffusion 
on the disk surface with a coefficient of = lop9 
cmz/s [32-341. 

We therefore postulate that photopigment 
molecules execute field-induced displacements 
within each hemisphere of a DMV but cannot 
cross the equatorial rim because it acts as a dis- 
placement barrier: hence the rim separates one 

hemisphere from the other as the displacement 
do-main of a given photopigment molecule. By a 
field-induced displacement, we mean a very slight 
perturbation from the unperturbed uniform distri- 
bution of photopigments whose mean nearest- 
neighbor distance is estimated to be = 33A and 
there are = S X 10” photopigments per DMV [ 171. 
Prior to application of an external electric field, 
there exists a uniform distribution of photopig- 
ments on both hemispheres and a random orienta- 
tion of the rim plane relative to the laboratory 
axes. With the field on, the photopigment distribu- 
tion is perturbed from the uniform one. resulting 
in excess negative charges around the equatorial 
rim toward the positive electrode. This gives rise to 
a slowly induced dipole moment in the equatorial 
plane which is not yet aligned with the field. The 
dipole moment so induced in turn exerts torque on 
a DMV so as to orient its rim plane parallel to the 
applied field direction. Thus, the rim plane align- 
ment with its preferential optic axis results in the 
observed birefringence. When the field is off, the 
photopigment distribution returns to the unper- 
turbed one whereby the slowly induced dipole 
moment is gradually lost and the rim plane align- 
ment returns to the random orientation_ Thus, the 
recovery process manifests itself in the global re- 
orientation of a whole DMV with a time constant 
characteristic of the rotatory diffusion of a sphere 
with radius of 450-480 nm. This we have demon- 
strated to be the case [ 161. Our proposed mecha- 
nism thus contains several ingredients. some of 
which will be addressed below_ We do not. how- 
ever, purport to have proven the validity of the 
model. We claim only to have sought its plausibil- 
ity. 

Our model first of all can account for the 
observed large and negative electric polarizability 
anisotropy. The model ca!ls for the ‘accumulation’ 
of negatively charged photopigments around the 
rim at one pole of DMV and the ‘depletion’ at the 
other pole when the field is applied. Hence, the 
electric polarizability is gr -ater along the trans- 
verse axis, lying in the rim plane, than along the 
symmetry axis. The large magnitude of the ani- 
sotropy, = lo-*’ cm3 compared to = lo-” cm3 of 
tobacco mosaic virus, can also be explained easily 
if one takes into account the size of DMV. Sup- 



pose the charge imbalance on the DMV surface at 
the steady state with the field on is one umt 
(electronic) charge at each pole. then the DMV 
would have an apparent induced dipole moment 
of 4.8 X IO4 debye due to its diameter of 1 pm. In 
other words, the sheer size of DMV coupled with 
the total numer of photopigments per DMV can 
well explain the magnitude of the electric ani- 
sotropy without invoking substantial perturbation 
of the uniform photopigment distribution at the 
field-free state. Thus, our model discounts any 
contribution from field-induced optical anisotropy 
to the total steady-state birefringence. This should 
be true only in the low-field regime to which our 
model is restricted_ Direct support of this conten- 
tion is provided by the negative observation in the 
quadrupolar field. If there were any field-induced 
optical anisotropy contributing to the birefrin- 
gence, we should have detected the signal in the 
quadrupolar mode because photopigment dis- 
placement should occur in this field configuration 
as easily as in the dipolar mode. The absence of 
the birefringence signal is due to lack of alignment 
of the rim plane relative to the laboratory axes 
because contrary to the dipolar mode there exists 
no torque acting on DMV to orient its rim plane 
in the quadrupolar mode. Hence. the intrinsic 
optical anisotropy afforded by the rim structure 
and its alignment with respect to the laboratory 
axes alone are responsible for the observed bire- 
fringence. 

We now come to the osmotic deswelling experi- 
ment with sucrose. That the optical anisotropy 
depends strongly on the geometric eccentricity. 
i.e., the axial ratio of the oblate shell. does not 
require further justification, for it must reach the 
limiting negative value at the disk-shaped state 
much like that of the bentonite particle as Shah 
has shown [ 191. The increase by an order of magni- 
tude of g, -g, is not unreasonable when we con- 
sider the DMV shape to change from a spherical 
shell to disk shape with its semi-major axis con- 
served_ The relative constancy of the electric 
polarizability anisotropy with respect to the geo- 
metric eccentricity, however. requires some e’x- 
planation in terms of our model. Note that the 
surface area decrease from the spherical shell to 
the disk limit amounts to a factor of two. i.e.. 4rrr’ 

to 2r?r’. Since the photopigment number on each 
hemisphere of a DMV must be conserved 
throughout the osmotic deswelling. the field- 
induced displacement at the same field strength 
should moderate as the surface area of DMV 
decreases with increasing axial ratio because the 
surface area per photopigment at = 40 nm’ [ 171 
decreases by a factor of two. The projection onto 
the rim plane of the net displacement on each 
hemisphere amounts to a measure of the electric 
polarizability along the transverse axis. While the 
net displacement decreases with increasing axial 
ratio of the DMV. its projection onto the rim 
plane could remain relatively the same. resulting in 
the constancy of the electric anisotropy as DMV 
deswelling proceeds from the spherical shell to the 
disk shape limit Again. we present this argument 
as plausible but not without equivocation_ 

The foregoing are presented to provide some 
credence to our proposed model. However. we 
recognize that a good deal of testing must be done 
before the model is said to be proven. We must 
parenthetically remark that we have ignored the 
contribution of counterions either to the orien- 
tation mechanism or to the resulting birefringence. 
Whether that is justified remains to be tested by 
varying ionic strengths. More important is a cru- 
cial testing of the model relative to the photopig- 
ment displacement in terms of the dynamic Kerr 
effects. We have recently reported such a study 
[35]. At the risk of repetition we reiterate that our 

model is applicable in the relatively weak electric 
field region, possibly below 100 V/cm_ When the 
field exceeds this limit. it is quite possible that 
another mechanism would be elicited such as di- 
electric deformation of the DMV away from its 
spherical shell shape. similar to that which O’Kon- 
ski has proposed for artificial phospholipid vesicles 
[36]. In the high-field regime. we have in fact 
observed several faster components in the birefrin- 
gence decay profile other than the global orienta- 
tion mechanism il6]. Such a high-field-induced 
mechanism by itself is also an interesting problem 
which may be related to the high-field pulse- 
induced changes in the membrane permeability 

]371. 
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