
346 B/ochmuca ct Ili,qdw~i(a ..Icta, 73 I (19,~3) ~46 ~,3 
t-:l~e~ icr 

BBA 71686 
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The osmotic response of bovine red blood cell ghosts to a series of sugars is studied by light scattering. The 
sealed and right-side-out ghosts are prepared by the procedure of Steck and Kant (Steck, T.L. and Kant, J.A. 
(1974) Methods Enzymol. 31, 172-180), swollen in a hypotonic phosphate-buffered saline solution and their 
size and shape determined by elastic and quasielastic light scattering. Different carbohydrates are then added 
to the suspending medium in order to examine the osmotic responses, and the osmotic deformation of ghosts 
is shown to be spherically symmetric. Having thus established the deformation behavior, we then rank the 
osmotic activity of a carbohydrate relative to a standard, i.e., raffinose. It is found that the osmotic response 
of the ghosts to sucrose is about the same as that to raffinose, and the response to the smaller carbohydrates 
simply follows the number of carbons in various sugars; glucose and fractose are about 1.7 times less 
effective than raffinose, and pentaerythritol and meso-erythritol are 2.3 times less effective. Glyceraldehyde, 
which is 3.6 times less effective than raffinose, is the least effective sugar analog among those that we have 
tested. 

Introduction 

In the past several decades, the red blood cells 
have been the subject of extensive research, espe- 
cially as the model case for biological membrane 
studies [1,2]. The system is well suited for mem- 
brane research because it is easily isolated by 
osmotic lysis to yield a very simple hemoglobin-free 
system, i.e., red blood cell ghost. Moreover, ghost 
membranes have been shown to preserve the same 
sidedness [3,4], the lipid composition [5,6], as well 
as the majority of the proteins [3,5] and the per- 
meability toward small solute [4], including the 
active transport system [6,7], as the native red 
blood cell. Thus, the permeability studies of the 
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ghost membranes have about the same significance 
as those on the intact red blood cell. 

In this paper we present a straightforward 
method to monitor the osmotic response of red 
blood cell membranes by determining the shape 
and size of ghost vesicles with light scattering. 
Since the ghost membranes are known to respond 
to the osmotic gradient across the bilayer, the 
vesicles behave like osmometers and the extent of 
the gradient's deformation relative to the hypo- 
tonic state is directly related to the effective 
osmolarity of a given solute that is used to vary 
the osmotic gradient. Such a scheme to measure 
the effective osmolarity and thus to probe the 
permeability of a membrane system toward a 
variety of solutes has been used earlier with bovine 
disk membranes of retinal rod outer segment [8]. 
More recently, Amis and Yu [9] have performed a 
light-scattering study with red blood cell ghosts 
prepared by the procedure of Dodge et al. [5], 
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which showed no osmotic response due to the 
expected leakiness of the resulting ghosts [4]. 

In this work, we prepare the ghost membranes 
by the procedure of Steck and Kant [4] which is 
known to produce the sealed and right-side-out 
vesicles, and show unambiguously the osmotic re- 
sponses of the membrane vesicles. 

Materials and Methods 

Materials. Fresh cow blood was received in 
a c i d / c i t r a t e / d e x t r o s e  or c i t r a t e / p h o s p h a t e /  
dextrose solution and kept at 4°C. While both 
anticoagulants preserve the blood for 3 weeks 
without affecting the osmotic response of the pre- 
pared ghosts, the c i t ra te /phospha te /dex t rose  
solution was slightly better in terms of its retention 
of osmotic response. 

Ghost membranes were prepared by the proce- 
dure of Steck and Kant [4] using 20 mosM phos- 
phate buffer (pH 8) for the hemolysis followed by 
1 h incubation with 320 mosM (isotonic) phos- 
phate-buffered saline solution, pH 8, at 37°C. 
During this period the membranes are known to 
reseal and the sealed ghosts were then washed 
three times with cold phosphate-buffered saline at 
4°C. The ghosts were stored in a small volume of 
isotonic phosphate-buffered saline at 4°C, and 
they remained good for about a week. 

Elastic light scattering. Elastic light-scattering 
measurements were performed with the same in- 
strument as was reported earlier [9], with several 
minor modifications. For some early measure- 
ments, an Ar ion laser (Lexel Model 75-.2) was 
used as the light source. A He-Ne laser (Aerotech, 
5 mW), however, has been used in the latter part 
of the study because these measurements did not 
require an intense green light source. Despite the 
resulting scattering profile giving rise to a smaller 
number of structural features because of the longer 
wavelength of the incident source (632.8 nm), it is 
still possible to extract a sufficient number of 
modulation peaks [10] which allows us to calculate 
quite precisely the size of the vesicles. For more 
facile data acquisition and better signal to noise 
ratio, a microcomputer (Apple II) controlled 
stepper motor was installed to drive the goniome- 
ter and the photodiode was replaced by a photo- 

multiplier tube (Hamamatsu, R928). A fiber optics 
(Edmund Scientific Co., 1/16 inch diameter) was 
used to guide the scattered light from the exit 
pinhole to the photocathode of the photomultiplier 
tube. 

For the light scattering solutions, a filtered (10 
/~m Nucleopore) aliquot of the ghost stock suspen- 
sion was added to a volume of prefiltered (0.45 
#m, Gelman) suspending medium such that the 
final suspension had a well-defined concentration 
of phosphate-buffered saline. The scattered inten- 
sity was measured from 7.0 ° to 24.6 ° at 0.2 ° 
increments. 

In the osmotic deformation study, the osmolar- 
ity of the starting suspension was made to 200 
mosM phosphate-buffered saline in order to en- 
sure full expansion of the ghost vesicles since this 
has been shown to be sufficiently hypotonic such 
that the vesicles assume spherical shape. Subse- 
quently, we added appropriate volumes of a con- 
centrated solution of a given solute to the starting 
suspension in order to bring the osmolarities of the 
same solute to those reported (see below) while 
maintaining the osmolarity of phosphate-buffered 

' saline at 200 mosM. Usually 30 ~min was allowed 
for the ghost vesicles to reach the steady-state at a 
new osmolarity of any solute and the resulting 
ghost size was found to remain the same at least 
for 4-5 h. Although the ghost vesicle size de- 
termined in this way is quite insensitive to the 
vesicle concentration [8,9], we have maintained the 
vesicle concentration about the same within a fac- 
tor of 2 at different carbohydrate osmolarities of 
the suspending medium. 

As alluded to above, the size and shape of the 
vesicles are deduced from the scattering profile. 
This is effected by plotting Ivv(O).sin2(O/2) 
against sin(0/2) and noting the extrema positions, 
where Ivv(0) is the polarized scattering intensity at 
a scattering angle 0 [11,12]. 

Quasielastic light scattering. Since the quasielas- 
tic light-scattering measurement is much more sen- 
sitive to the aggregation of the scattering particles, 
a fresh sample was made for each different osmo- 
larity of solutions and filtered through a 10 btm 
Nucleopore filter once more. The experimental 
details are the same as previously reported [9]. 
And all light scattering measurements were done 
at room temperature (22 + 1 °C). 
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Results and Discussion 

Ghost size. In Fig. 1 are displayed three typical 
profiles of elastic light scattering, with and without 
sucrose in the suspending medium. The top pro- 
file, without sucrose, represents the hypotonic limit 
at 200 mosM phosphate-buffered saline. The ghost 
size is determined from the profile with the spheri- 
cal shell model whereby the position of each peak 
and valley of the modulation gives rise to a partic- 
ular radius value and a set of these values is 
averaged to delineate the ghost radius in a given 
suspending medium. The radius thus determined 
at the hypotonic limit is 2.25 /~m. This is the size 
that bovine ghosts attain as the maximum, which 
remains more or less stable before the ghosts even- 
tually lyse upon further lowering of the osmolarity 
of suspending medium. We should also note that 
this maximum size is the same as the value of 
2.22 + 0.03 ffm obtained for the ghosts prepared 
by the method of Dodge et al. [5] and suspended 
in a 20 mosM medium; this is known to produce 
partially sealed, hence osmotically unresponsive 
ghosts. The bottom two profiles of Fig. 1 make it 
apparent that the extrema shift to larger scattering 
angles as the sucrose osmolarity is increased, indi- 
cating that the ghosts become smaller. 
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Fig. l. The angular profiles of elastic light scattering of red 
blood cell ghosts in a hypotonic medium, 200 mosM phos- 
phate-buffered saline (upper graph), and with added sucrose 
( +  20 mosM sucrose, middle; + 36 mosM, bottom graph). The 
incident radiation was 514.5 nm line of an argon ion laser, and 
the scattering was performed in the angle range 7-24.6 ° in 
0.2°-increments. 

The ghost vesicles, however, vary in size slightly 
with different blood samples, preparation lots and 
the preservation period after each ghost prepara- 
tion. In order to compare the ghost size in differ- 
ent suspending media, these initial variations in 
size need to be taken into account; we characterize 
the size at any other conditions relative to that at 
the hypotonic limit as the reference. The size varia- 
tion, however, rarely exceeds the precision of indi- 
vidual determinations, namely 1 S.D. (usually less 
than 3%), so that we rescale the size measurements 
relative to the common reference at 2.25 /~m. 
Progression of the ghost size as a function of the 
suspending medium osmolarity is then expressed 
in terms of this reference size. We assume for the 
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Fig. 2. The osmotic deformation profiles of red blood cell 
ghosts induced by different carbohydrates and phosphate- 
buffered saline added to the 200 mosM phosphate-buffered 
saline suspension. The ghost radius, R, is deduced from the 
elastic light-scattering profiles as shown in Fig. 1 according to 
the spherical shell model and the osmolarity of added sugars 
and phosphate-buffered saline is given in units of mM. In the 
bot tom profile, where the data for raffinose and sucrose are 
shown, the Stokes radius determined by quasielastic light 
scattering as a function of added sucrose osmolarity is also 
plotted by filled circles. 



moment that the ghost vesicles remain spherical in 
shape, hence the size is given in terms of the 
spherical shell radius. We shall shortly return to 
the issue of ghost shape. Now we are ready to 
discuss the osmotic deformation behavior. 

Fig. 2 shows the deformation profiles for differ- 
ent test solutes. The ghosts are initially swollen in 
200 mosM phosphate-buffered saline, and the size 
is plotted against the additional osmolarity of the 
test solutes. Raffinose and sucrose are almost in- 
distinguishable, and they are clearly the most ef- 
fective in producing osmotic deformation, from 
which we infer that the ghost membranes are 
practically impermeable to these two solutes. Fur- 
thermore, the membrane impermeability to sucrose 
with the resealed ghosts has been tested by mea- 
suring the release of entrapped [14C]sucrose for 
ghosts prepared by several different procedures 
[13]. In this event, the deformation profile pro- 
duced by these two sugars represents the maxi- 
mum osmotic response of ghost vesicles since the 
larger sugar (raffinose) induces about the same 
extent of osmotic response as does sucrose, hence 
no other polysaccharide is expected to more effica- 
cious in inducing osmotic deformation. Next, we 
examine the hydrolysis products of sucrose, glu- 
cose and fructose; they are almost identical in 
their effect on the ghosts, being osmotically less 
active than sucrose. Pentaerythritol and rneso- 
erythritol, branched and linear tetrols, respec- 
tively, are even less effective in producing the 
osmotic deformation. As with the previous pair of 
isomers, they are identical in producing an osmotic 

TABLE I 

REVERSIBILITY TEST OF GHOST RADIUS IN DIFFER-  
ENT SUSPENDING MEDIA 

The three different ghost samples employed are distinguished 
by A, B and C. 

Measurement  Ghost  Osmolarity Radius 
No. sample (mosM) ( # m) 

1 A 320 2.06 5:0.03 
2 A 470 1.86 +_ 0.03 
3 A 400 1.97 5:0.04 
4 A 320 2.06 + 0.04 
5 B 280 2.13 5:0.04 
6 B 240 2.20 5:0.03 
7 B 320 2.05 5- 0.04 
8 C 170 2.25 + 0.04 
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gradient across the red blood cell ghost membrane. 
The smallest sugar analog tested, glyceraldehyde, 
falls between those of tetrols and sodium chloride, 
the principal components of phosphate-buffered 
saline which turns out to be the least effective 
species in generating the osmotic deformation 
among the solutes we have tested. Thus, the ef- 
ficacy in producing the osmotic deformation can 
be ranked as phosphate-buffered saline < 
glyceraldehyde < pentaerythritol -~ meso-erythritol 
< fructose < sucrose -- raffinose. 

It should be noted parenthetically that the ghost 
vesicle size, as determined by elastic light scatter- 
ing, is shown to be completely reversible and 
time-independent, at least up to 4-5 h, beyond 
which the scattering profile gradually deteriorates, 
presumably due to the degradation of membrane 
structure. The reversibility is documented as fol- 
lows. The measured ghost size is shown to depend 
only on the osmolarity of suspending medium and 
is independent of the path by which a given size 
has come to be through different osmolarity media. 
Such is shown in Table I, where the ghost radius 
measurements in phosphate-buffered saline are 
collected in different sequences of the osmolarity 
change for the range 170-470 mosM; the measure- 
ment numbers 1-4 are the hypertonic branch and 
5-8 are the hypotonic branch. From one measure- 
ment to the next, we allowed about 30 min for the 
ghosts to attain the new steady-state radius and 
three separate ghost samples, designated A, B and 
C, were used for this study. We find quite clearly 
the hypotonic branch reproduces the results shown 
in the uppermost part of Fig. 2. 

Ghost shape. We now return to the issue of 
ghost shape during the osmotic deformation. Since 
the modulation profile of elastic light scattering is 
most sensitive to the semi-major axis dimension of 
ellipsoidal shells, e.g., oblate or prolate shells 
[10,11], it is not possible to extract the shape of 
scattering particles from the plot such as shown in 
Fig. 1; we can at best extract the semi-major axis 
dimension upon postulating a given shape of the 
scatterer. Thus, we need another experimental 
method in order to define the shape. The quasi- 
elastic light-scattering method is precisely such a 
method. The scheme of combining the two light- 
scattering methods to characterize the membrane 
vesicles in terms of their shape and size is now well 
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documented [10]. We have performed quasielastic 
light scattering to monitor the osmotic deforma- 
tion with sucrose as the test solute. The homodyne 
autocorrelation technique was used [14]. A typical, 
normalized second-order autocorrelation function, 
g(Z)(r), is shown in Fig. 3 where the solid curve is 
drawn by fitting the data to a single exponential 
decay profile: 

g(2)(r)=Ae 2, ' , .+ B (1) 

where A, B and Fj are the three fitting parameters 
to be extracted. Sometimes it is necessary to 
eliminate the first 2-3 points out of 64 points 
which showed a faster decay, seemingly due to the 
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Fig. 3. An example of normalized second order autocorrelation 
function g(2)('r) is shown in the upper portion where g(2)(r)  is 
plotted against time r in units of ms, and the solid curve is the 
fitted single exponential decay according to Eqn. 1. In the 
bot tom portion, the corresponding residuals plot is shown, 
where the ordinate is scaled in units of the standard deviation 
of residuals, 1.4-10 -3  . The small magnitude coupled with the 
random pattern of the residuals indicate an excellent represen- 
tation of the data by single exponential decay (Eqn. 1). 

small fragments of the membrane. Contrary to the 
results of the ghosts prepared by the procedure of 
Dodge et al. [5], the three-parameter single-ex- 
ponential analysis performed in this way is better 
than the double-exponential fit [15]. We also tried 
the second-order cumulant analysis [16]. From the 
bottom half of Fig. 3, we surmise that the single 
exponential, Eqn. 1, represents an excellent fit to 
the experimental data, as shown by a small stan- 
dard deviation and random pattern of the residu- 
als. From the decay constant E E of g(2)(r), we 
deduce the translational diffusion coefficient D 
through F~ --Dq 2, where q is the scattering wave 
vector. After repeating the F t determination at 
several different scattering angles and confirming 
its q~ dependence, we deduce the Stokes radius of 
the ghosts from D by use of the Stokes-Einstein 
equation. These Stokes radii are then compared 
with those obtained by elastic light scattering. This 
is shown in the bottom plot in Fig. 2 where the 
Stokes radii are given by filled circles. Within 
experimental uncertainty, the two sets of the ghost 
size are the same. We can, therefore, conclude that 
the ghost shape remains spherical up to about 40 
mosM sucrose; otherwise, we should have ob- 
served different sets of the radii, and the Stokes 
radius should have been the smaller of the two for 
any symmetric deviation from the spherical shape. 
Since the deformation probed by the Stokes radius 
covers about the full range of the size variation 
and the nature of the deformation is presumed to 
be purely osmotic, it seems plausible to expect that 
what we observe with sucrose should prevail with 
other solutes. Under such circumstances, we reach 
the striking conclusion that spherical red blood 
cell ghosts at the hypotonic limit deform isotropi- 
cally by the osmotic gradient across the membrane 
bilayer. In other words, the osmotic deformation 
of red blood cell ghosts takes place by isotropic 
contractions of the spherical shells. 

Ghost volume and effective osmolaritv. Displayed 
in Fig. 4 are such volume-contraction profiles. All 
the curves showed the expected sigmoidal decrease 
in volume. Having taken raffinose as the reference 
and shifting horizontally the other curves by a 
certain factor to the left to coincide with the 
raffinose profile, we obtain a single curve for all 
solutes as displayed in Fig. 5. The striking univer- 
sality of the deformation profiles demonstrates 
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Fig. 4. The ghost volume calculated from R in Fig. 2 is plotted 
against the osmolarity of added carbohydrates and phosphate- 
buffered saline. The starting suspending medium was 200 mosM 
phosphate-buffered saline. In the inset, the ghost volume is 
plotted against the relative reciprocal osmolarity of phosphate- 
buffered saline, Co~C, where C o is the isotonicity, 320 mosM, 
and C is the total phosphate-buffered saline osmolarity at other 
states. The chained line at the right in the inset indicates the 
hypotonic limit of ghost volume, 48/xm 3. 

that there exists a single factor which scales the 
osmotically effective concentration of each solute 
relative to the reference. These factors by which 
the test solutes are ranked relative to raffinose are 
listed in Fig. 5. Thus, the effective osmolarity 
toward the red blood cell membrane system is 
represented by the parameter, o. For example, 1 
mosM raffinose has the same effect as 3.6 mosM 
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Fig. 5. Universal osmotic deformation profile obtained by 
rescaling the osmolarity of added sugars and phosphate-buffered 
saline, C', according to the effective osmolarity parameter, a, 
relative to raffinose. 
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glyceraldehyde in inducing the osmotic contrac- 
tion. In order to account for this behavior, the 
osmotic nonideality of the solute in question may 
need to be considered in computing the effective 
osmolarity. If we calculate the osmotic contribu- 
tions due to the second virial term using the data 
of Kozak et al. [17], we find its contributions to be 
negligibly small. For example, 50 mM raffinose, 
which has the largest second virial coefficient 
among the carbohydrates tested, shows a contribu- 
tion of no more than 2.5% over the Vant  Hoff  
ideal osmolarity. Thus, we can conclude that the 
nonideal contribution to the osmotic pressure 
amounts to a small addition to the effective osmo- 
larity; hence, we neglect these terms in expressing 
the solute osmolarity. 

What is remarkable about the plot in Fig. 5 is 
that the parameter o appears to be unique to a 
given size of sugar. Whether there indeed exists a 
simple correlation between the size of a sugar and 
its effective osmolarity remains to be examined in 
detail in the future. For now it suffices to note that 
our finding shown in Fig. 5 can be explained 
neither by the kinetic permeability concept [2] nor 
by the equilibrium osmosis model [18,19]. At the 
same time, it is crucial to note the distinction 
between our finding and the results of previous 
studies on red blood cell ghosts. In a given sus- 
pending medium, we find a well-defined spherical 
shape for the ghosts which does not change with 
time, at least up to 4-5 h, and reversible relative to 
changes in the osmolarity of suspending medium. 
Hence, we call the observed size parameter the 
steady-state quantity simply because we cannot 
confirm its time asymptotic value, presumably due 
to phospholipid oxidation and other chemical 
complications; otherwise, we would have called it 
the equilibrium quantity. In most of the previous 
studies, either the ghost volume is determined be- 
fore the passive flux of a solute across the mem- 
brane bilayer has begun [20] or at some point after 
the flux starts but before the imposed osmotic 
gradient is essentially abolished by solute trans- 
port [6,21]. To the best of our knowledge, there 
exists no report of the steady-state volume of red 
blood cell ghosts as we are reporting here. The 
issue of time-dependence of ghost volume was first 
raised by Kwant and Seeman [20], but they did 
not note any steady-state volume; we infer from 
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their statements that once the ghost volume is 
established by water transport there follows subse- 
quent volume changes due to passive solute trans- 
port. We will return to this point later. In addition, 
there is a clear difference in the experimental 
methods in deducing the volume. Our method 
relies on separate experiments to determine the 
vesicle radius and to confirm its spherical shape. 
On the other hand, a vast majority of the osmotic 
deformation studies to date depends on a cell- 
counting scheme, such as Coulter counter, to de- 
duce the mean cell volume upon calibrating it 
against certain standards. Another  common 
method is to determine the cell number density 
first by a separate method and measure the total 
cell volume with use of hematocrit tubes. It is, 
therefore, rather obvious that ours is a more direct 
and absolute method because it probes the 
scatterers (ghosts) in situ microscopically with visi- 
ble wavelength and deduces the average size and 
shape in a given suspending medium without rely- 
ing upon separate standardization procedures. It, 
however, is also restrictive to the extent that the 
features in the elastic scattering profiles can only 
be seen with a fairly narrow distribution of the 
ghost size. Had the distribution been broader, we 
could not have measured the radius with the same 
precision. The scattering methods by nature re- 
quire that the scatterers remain stable during the 
measurements which take time to perform, about 
30 min for elastic scattering and a few minutes for 
quasielastic scattering. Hence, our method is not 
appropriate for transient size determinations. 

Nature of osmotic deformation. We conclude this 
report by pointing out the issues that our results 
raise relative to the references in the literature 
concerning the properties of red blood cell ghosts. 
Kwant  and Seeman [20] concluded that human red 
blood cell ghosts behave like 'perfect  osmometers '  
if the ghost volume in response to the imposed 
osmotic gradient is measured before any solute 
flux across the membrane takes place, in particular 
within 30-60 s. A perfect osmometer  in their 
context means that (1) the membrane is strictly 
semipermeable, i.e., permeable only to water and 
impermeable to all solutes, and (2) it poses no 
resistance to contraction or expansion such that 
osmotically active ghost volume V,, adjusts to 
equalize the interior osmolarity to the exterior one, 

that of the suspending medium, C. If so, they 
argue. V,C should be constant for the entire range 
of C at a given temperature, and the constant can 
be determined through a chosen reference state, 
such as the hypotonic hemolysis condition. It fol- 
lows that the total ghost volume V, which exceeds 
~a by a small cell volume V~, should be propor- 
tional to C i. This is the behavior of ghost volume 
changes they have observed~ and from this they 
claim that the 'perfect  osmometer '  behavior is 
established. We now offer our critique of this 
claim. In so doing, we will avoid any reference to 
the quality of ghost preparations, which appears to 
have improved greatly since 1970 [4]. According to 
their model, the ghost volume change arises en- 
tirely from the water transport across the mem- 
brane bilayer. Once a requisite amount of water is 
effluxed or influxed to equalize the osmolarity 
across bilayer, the equilibrium should now be 
established and no more water transport must take 
place until another osmotic gradient is imposed. If 
the same solute as in the hemolysis medium, e.g., 
NaCI, is used to impose the osmolarity gradient, 
then the ghost volume should remain the same 
even if the membrane is permeable to the con- 
stituent ions because the driving chemical poten- 
tial gradients due to all permeable components are 
abolished at this point. Clearly this was not the 
case when Kwant and Seeman [20] had to measure 
the volume within 30-60 s. More recently, Jausel- 
Htisken and Deuticke [13] have observed the ghost 
volume changes lasting as long as 4 h. Thus, it is 
not even clear whether the driving chemical poten- 
tial of osmotic deformation is understood, let alone 
the quantitative behavior of a 'perfect  osmometer ' .  
Secondly, the perfect osmometer  should pose no 
resistance to contraction of ghost volume, hence 
the hypertonic limit of ghost volume must be so 
small as to account for only the volume of mem- 
braneous materials, 1-2% of the total ghost volume 
according to Kwant and Seeman [20]. On the other 
hand, Weed et al. [6] found a substantial limiting 
volume at the extreme hypertonicity. Our finding 
with bovine red blood cell ghosts is in accord with 
the latter. This is shown in the inset of Fig. 4 
where a plot of V vs. I / C  is displayed for phos- 
phate-buffered saline, which is chosen because the 
same solute is used for hemolysis and suspending 
media for the osmolarity gradient. Here we call 



attention to three distinct observations: (1) the 
total volume V is proportional to 1/C; (2) the 
hypertonic limiting volume, V (1/C ~ 0), is as 
large as about 12-15 /~m 3, amounting to 33-41% 
of the total isotonic volume; and (3) there is a 
well-defined hypotonic limiting volume, V (1/C 

oo), at 48 pm 3 (marked by the chained line), 
beyond which the ghost volume no longer expands 
but reaches the ultimate strength whereby ghosts 
burst on further lowering of the osmolarity. The 
limiting upper and lower volumes are suggestive of 
a finite resistance to deformation due to the mem- 
brane stiffness, and in such an event the linear 
dependence of V on 1/C seems hardly a necessary 
condition for the perfect osmometer behavior. A 
number of recent studies on the elastic continuum 
property of human red blood cell membrane sug- 
gests [22] that the equivalent three-dimensional 
modulus is of the order of l 0  4 dyn/cm 2, which is 
scarcely a negligible quantity, and a material with 
such a magnitude of modulus cannot possibly be 
regarded as having no resistance to deformation. 
Taking these discordant results together, we feel 
compel to propose that a systematic study of the 
steady-state behavior must be undertaken. Why 
such behavior of the red blood cell ghosts of any 
mammalian origin has not been reported is a great 
mystery to us. Our immediate task is to effect a 
similar set of measurements with human red blood 
cell ghosts. This will be the subject of our next 
report. 
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