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ABSTRACT  Vesicle polydispersity and leakage of solutes from the vesicle lumen influence the measurement and analysis of osmotically
induced vesicle swelling and lysis, but their effects have not been considered in previous studies of these processes. In this study, a
model is developed which expressly includes polydispersity and leakage effects. The companion paper demonstrated the preparation
and characterization of large unilamellar lipid vesicles. A dye release technique was employed to indicate the leakage of solutes from the
vesicles during osmotic swelling. Changes in vesicle size were monitored by dynamic light scattering (DLS). In explaining the results, the
model identifies three stages. The first phase involves differential increases in membrane tension with strain increasing in larger vesicles
before smaller ones. In the second phase, the yield point for lysis (leakage) is reached sequentially from large sizes to small sizes. In the
final phase, the lumen contents and the external medium partially equilibrate under conditions of constant membrane tension. When fit to
the data, the model yields information on polydispersity-corrected values for membrane area compressibility, Young’s modulus, and

yield point for lysis.

INTRODUCTION

Vesicles are widely used as model systems for the study
of both passive and facilitated membrane transport phe-
nomena (Kaback, 1986). In addition, they are becom-
ing widely used for the encapsulation of DNA, drugs,
insecticides, herbicides, and food flavorants and color-
ants (Gregoriadis, 1984 ). In spite of this widespread in-
terest, and the enhanced ability to control liposome size
and composition, technical difficulties related to vesicle
polydispersity and permeability have limited the develop-
ment of quantitative information on these systems. Of
specific interest are the mechanical properties that char-
acterize membrane tension and membrane permeabil-
ity, both of which are influenced by vesicle size. There is
a great need for methodologies that support simulta-
neous (or at least parallel) monitoring of biochemical
activities and membrane mechanical properties if we are
to test hypotheses linking membrane tension, permeabil-
ity changes, or channel activities to physiological out-
comes. The combined use of dynamic light scattering
(DLS) and fluorescence self-quenching spectroscopy,
together with the ability to expressly include polydisper-
sity in the analysis of the results, allows this need to be at
least partially met.

A variety of techniques have been used in attempts to
characterize membrane vesicle elasticity (Rutkowski et
al., 1991) and permeability (Ye and Verkman, 1989).
Three groups have used dynamic light scattering (DLS)
to measure the swelling of vesicles in response to an im-
posed osmotic pressure gradient (Sun et al., 1986, Hantz
et al., 1986, Rutkowski et al., 1991). Their measure-
ments have indicated an increase in radii of no more
than 6%, and Young’s moduli of 107 to 103 N m~2, How-
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ever, interpretation of light scattering data derived from
membrane vesicle samples has been complicated by a
number of factors. Theoretical treatments of vesicle os-
motic swelling have usually been based on the assump-
tion that vesicle populations have been unilamellar and
monodisperse, though such populations are not readily
prepared. As well, previous interpretation of vesicle swell-
ing data depends on assumptions regarding the behavior
of vesicles that reach (or exceed) their elastic limit, yet
parallel measurements of vesicle swelling and lysis have
not been reported.

The preceeding article (Ertel et al., 1993) described
the preparation of osmolyte-loaded lipid vesicles suitable
for swelling and lysis measurements. DLS was used to
obtain number distributions of membrane vesicle radii,
and nuclear magnetic resonance spectroscopy was used
to determine vesicle lamellarity. DLS and fluorescence
techniques were then applied in parallel to monitor, re-
spectively, the vesicle swelling and the release of lumenal
solutes that accompanied dilution of the vesicles with
hypotonic buffer. In this paper those data are shown to
be described by a model for membrane stretching and
lysis, which encompasses the polydispersity of the sam-
ple populations. The model suggests that osmotically in-
duced lysis entails only limited equilibration of vesicle
contents with the surrounding medium and a post-lysis
vesicle size distribution that is altered by limited vesicle
swelling, but not by vesicle fragmentation. Fits of the
model to experimental data provide information on the
area compressibility, the Youngs’s modulus, and the
yield points for lysis which are corrected for polydisper-
sity.

THEORETICAL CONSIDERATIONS

We propose a relatively simple model for describing the
release of the self-quenching fluorescent dye, 5(6)-car-

Biophys. J. © Biophysical Society
Volume 64 February 1993 435-442

0006-3495/93/02/435/08  $2.00 435



boxyfluorescein (CF) by vesicles that are subject to hy-
poosmotic stress. Several alternative models involving
complete release through fragmentation, total release
through complete equilibration, and partial release
through partial equilibration were considered. The only
model that was consistent with all the data was the one
involving partial release through partial equilibration.
This model is based on standard stress/strain expansion
of a spherical shell to a yield point at which pore open-
ings allow the dye concentrations of the lumen and the
medium to partially equilibrate. Once this occurs, the
vesicle is assumed to reseal at a fixed swollen size. These
assumptions will be shown to be consistent with both the
DLS and the fluorescence results. The vesicle size is
shown-to be an extremely important parameter for gov-
erning the osmotic pressure difference at which lysis oc-
curs. The model is first developed for the monodisperse
case. Polydispersity is subsequently included.

If a thin spherical shell such as a vesicle is subject to a
net internal excess pressure, the stress on the walls must
balance the resultant fluid force. Considering hemi-
spheres,

Apzr? = a2nrt (N

r
0=AP§ (2)

where o is the stress, r is the radius of the vesicle, Apis the
pressure difference between the inside and the outside of
the vesicles, and ¢ is the wall or membrane thickness. The
stress on the membrane wall is resisted by the interac-
tions between the molecules composing it and by the
effects of surface tension. The stress is related to the
strain (fractional change in surface area A) through the

relation,
-2

in which k is the stretching (Young’s) modulus. If A4 /A4
is represented by ((r + Ar)? — r?)/r? then for small

strain,
Ar
o= Zk(——r—) . (4)

The strain increases with the stress until a yield point is
reached and leakage begins, possibly through the devel-
opment of short-lived pores in the membrane. The value
of the strain, ¢*, at which this happens is represented by

e*=(£)* 5)

r

The stress, however, was shown in Eq. 2 to be a function
of the pressure gradient across the membrane. By equat-
ing the right-hand sides of Egs. 2 and 4,
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FIGURE | The increase in strain with pressure gradient (Eq. 6) de-

pends on vesicle size. The dashed lines at the lower left show that the
strain increases with vesicle radius for a fixed pressure gradient. Larger
pressure gradients are required to reach the yield point for leakage, ¢*,
(vertical dashed line on the right) from small vesicles than from large
ones.
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If the stretching modulus and the membrane thickness
are assumed to be constant, then at the yield point

Ap* = (“,—’“)e* 7)

This result is equivalent to the equilibrium condition
first obtained by Katchalsky et al. (1960) for the haemo-
lysing red blood cell. Egs. 6 and 7 indicate that as the
osmotic pressure difference across the vesicle membrane
gradually increases, the strain increases linearly to the
yield point, but the slope is inversely proportional to the
vesicle radius. As the pressure gradient Ap grows (see
Fig. 1) larger vesicles reach the yield point €* before
smaller ones. This means that during an experiment in
which the osmotic pressure difference across the vesicle
wall is gradually increased, a polydisperse population
would swell differentially with larger size particles swell-
ing more than smaller ones. Eventual leakage, or lysis of
the vesicles, should occur gradually, beginning with the
largest and progressing to the smallest sizes in the distri-
bution. This observation is the principle reason that po-
lydispersity must be considered in the interpretation of
any measurement involving osmotically induced swell-
ing and leakage of vesicles. These effects of polydisper-

436 Biophysical Journal

Volume 64 February 1993



* *
—Ke /r

100

90

80

70 MAXIMUM OBSERVABLE A

FLUORESCENCE

50

40

30

A
m
-
~
e ]
-
i

10 A 4

0 c
EXTERNAL OSMOLARITY

RS

FIGURE 2 The graphical form of Eq. 17 is shown as a function of the
external osmolarity C,,,. C? is the initial osmolarity inside and outside
the vesicles. The external osmolarity at which leakage begins and fluo-
rescence begins is C%,. The internal osmolarity at the onset of leakage
and fluorescence is shown by the hollow circle.

sity will be included at a later stage in the development of
the model.

Initially, the vesicle is assumed to have an internal
(lumen) solute concentration that is isotonic with the
external medium. Thus, the initial internal and external
concentrations can both be designated C°. As the con-
centration of the external medium, C,,, is gradually di-
luted from its initial value of C°, the vesicle radius will
increase from its initial value, r, to r*, at which point
leakage or lysis begins. The external concentration at this
leakage yield point is C %,. While the external concentra-
tion falls from C°to C %, the internal concentration falls
from C° to C*, where,

. r\* C°
c ‘CO(F) e (8)

All these concentrations are osmolarities. A fixed frac-
tion, f, of these solutes is the fluorescent dye, which is
well above its self-quenching limit at the concentrations,

Clye = SC°
Ca. = SC*. 9)

The initial dye concentration in the external medium is
zero and remains at zero until the external osmolarity
reaches the value C%, (see Fig. 2.) Below C%, vesicles
begin to leak their contents. The dye that is released to
the medium is not self-quenched, and its concentration

can readily be determined from the intensity of the fluo-
rescent signal. When release begins, the osmotic pressure
gradient across the vesicle wall is

s« () - rrcce - ez,

(10)
where R is the gas constant and T'is the absolute tempera-
ture. Writing

(11)

then,

*
* _Ke

Cr=Chu= i (12)
The concentration gradient across the membrane re-
mains fixed at this amount as the external concentration
is reduced below C %,. If C is used to designate the inter-
nal concentration in this region, then

f*

The internal concentration, C, continues to drop until
C,. reaches zero. Assuming that r* and fremain con-
stant as C,, falls, the total amount of dye released into
the medium is given by

_ 4(r*)?

-3

AC* - O). (14)

Defining the percentage of total dye released, % F, as
Y

%F = 1005;; (15)
where,
4xr3 o
Omax = 5 fC (16)

and combining Eqgs. 13, 14, 15, and 16 yields the final
expression for percent dye release as a function of exter-
nal concentration for a monodisperse vesicle system,

(1 +¢*)

%F = 100 ~—7

6*

(C* —Cy - KF) .an
This is the function graphed in Fig. 2. The intercept at
C.o = 0 corresponds to the maximum percentage of dye
that can be released from a system of intact vesicles by
dilution of the external medium. The extrapolated inter-
cept at C,; = — Ke*/r* corresponds to the difference be-
tween internal and external concentrations at all internal
concentrations below C*.

All liposome preparations are polydisperse and, as
mentioned earlier, this polydispersity leads to differen-
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tial size changes in response to changing osmotic condi-
tions. Referring to Fig. 1, there are osmotic pressure gra-
dients for which the larger vesicles of a population have
reached the yield point and assumed their maximum
radius, r*, whereas vesicles from the small size end of the
distribution have just begun to swell. The larger particles
are first to lyse as the external concentration is gradually
decreased. For a particular value of the external concen-
tration there is a corresponding critical radius for lysis,
r°, where

B r* _ Ke*
T (14 ) (C* = Cy)(1 + ¢*)

0

r (18)
Vesicles smaller than this critical size will not have
reached the yield point for lysis. As C,, decreases, the
critical radius gradually becomes smaller and smaller
until most vesicles in the distribution reach the yield
point. To incorporate this polydispersity into the model,
it is necessary to average the expression for % Fin Eq. 17
over the radius distribution function G(r). Therefore,

%BF = 100(1 + ¢*)3

fw r3G(r)(C* — Ce

Ke*
X =2

TEYoY

- (19)
Cc° f r3G(r)dr

0
The integral in the denominator corresponds to the total
volume of all the vesicles and hence all r, while in the
numerator the r are restricted to be greater than the criti-
cal radius r°. Thus,
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FIGURE 3 The expected dependence of percent fluorescence on exter-
nal osmolarity, C,,, is shown for three different distributions (m = 5,
m = 15, m = 29). The curves were all calculated using Eq. 23, in which
only m was varied.

% F = %(1 + e)3(C* — Cyy)

0 rO
X f r3G(r)(1 - —) dr. (20)
r0 r

In previous studies (Hallett et al., 1991a) we have
found that extruded vesicles in the 50- to 100-nm radius
range are characterizable by the distribution function (in
unnormalized form),

G(r)=rrn—m!exp(—r(m:_L l)) (21)

The mean of the distribution is determined by 7 and the
width by m. Both parameters can be obtained by DLS
(Hallett et al., 1991a) or freeze-fracture electron micros-
copy (Hallett et al., 1991b). Using this expression for
G(r) in Eq. 20 yields,

m+3 i rO m+ l m+2 i
%F = xe‘y( s %—;(———) S %) (22)

i=0 m+ 3/ 3
or
m2im+ 3 -0\ y
= -y e emsmmm &
BE = xe é,( mT3 )i!' (23)
This expression can also be written,
i ey S (M3 Y
»E "(‘ ) §( ) e
where,
100(1 + ¥)3(C* - C,,
y = AL ELLCT ~ Co) (25)
and (see Eq. 18),
_r’(m+1) Ke*(m+ 1)
Y T U r e -G Y

Fig. 3 shows curves calculated from Eq. 23 for fixed 7and
several values of m. It is clear that polydispersity affects
the intercepts and the shape of the curve at high external
concentrations. The slopes of the linear regimes are de-
termined only by the value of ¢* and are, therefore, the
same for all three cases shown. Increasing 7 or decreasing
m lead to projected intercepts with the % F = 100 line,
which are closer to the origin. Once values of m and Fare
found independently from DLS measurements on the
vesicle preparation under isotonic conditions, then the
critical radius, r° of the radius distribution above which
leakage occurs can be obtained from Eq. 26. Eq. 23 can
be calculated as a function of C;. This requires knowl-
edge of K, ¢*, and C*. The value of ¢* can be obtained
from the slope of the linear region, while the remaining
parameters can be obtained from the functional form of
the polydispersity corrected intercepts of the straight line
segment of Eq. 23. To see this, note that at the small y
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limit, which occurs when C,,, approaches the asymptotic
and artificial limit of —co, then the second term of Eq.
24 can be dropped and,

%Fsmally: X(l - ) (27)

m+3

or

%Fsma.lly= _lcov_?(l + é*)3

Ke*(m + 1)

O e

) . (28)
The polydispersity-corrected extrapolated intercept
corresponding to % F = 100 occurs when

Ke*(m + 1)

o= T W eyrm +3)°

(29)
which corresponds to the monodisperse intercept multi-
plied by (m + 1)/(m + 3). The % F = 0 intercept of the
straight line segment occurs when

Ke¥(m + 1)

* _ vk
w = C (1+e)Fm+3)°

(30)
As a result, K, €*, and C* can be obtained by fitting a
straight line to the linear section of % F data measured
using the appropriate range of C,,,. Since good estimates
of ¢, the membrane thickness, are available from inde-
pendent x-ray diffraction studies, then the modulus, k,
can be determined from K.

The effects of polydispersity can, therefore, be specifi-
cally included in the model. It is clear that for very
narrow distributions, the equations converge to their
monodisperse counterparts. In a later section the model
is successfully applied to the swelling and leakage of a
fairly narrow distribution of lipid vesicles. It would have
been ideal to test the model on broader distributions as
well, but it has proven difficult to prepare broader distri-
butions without a significant fraction of the vesicle popu-
lation being multilamellar. The alternate approach is to
extend the model to include multilamellar vesicles. This
is presently being attempted.

EXPERIMENTAL METHODS

The preparation of dioleoylphosphatidylglycerol (DOPG)
vesicles is described in detail in the companion paper
(Ertel et al. 1993). The samples for lysis (50 mg/mL
DOPG in 20 mM sodium 3(N-morpholino)propane
sulfonic acid (NaMOPS) were extruded through poly-
carbonate filters of pore radius 50 nm. In addition, 100
mM 5(6)-carboxyfluorescein (CF, the self-quenching
fluorescent probe), and 600 mM sodium chloride were
added to the medium prior to the freeze/thaw cycles. At
this concentration the fluorescence of the dye is almost
totally self-quenched. The total osmolarity of the solu-

tion in the vesicle lumen is 1500 mosM plus the addi-
tional osmolarity due to the 20 mM NaMOPS. The free
probe remaining in the medium was removed from the
probe-loaded vesicles by gel filtration chromatography.
The chromatographing solution used for this purpose
was the isotonic solution containing 750 mM NacCl plus
the 20 mM NaMOPS. The lysis experiments were per-
formed by diluting the external medium with a solution
containing 20 mM NaMOPS only. The sample was di-
luted by making step-wise additions of this hypoosmotic
buffer and allowing the sample to stir for 5 min at each
step before fluorescence readings were taken. Since the
20 mM NaMOPS was always present at the same con-
centration inside and outside the vesicle, it did not play a
role in establishing the osmotic pressure gradient and
was not included in the computation of internal and ex-
ternal osmolarities.

The relative loss of 3'P signal (RLOS) in the presence
of Mn?* (Bergelson and Barsukov, 1977) provides a
measure of the average number of lipid bilayers per vesi-
cle. The samples extruded as above and used in this
study demonstrated a RLOS of 53.7 + 2.4%. This is con-
sistent with samples being essentially 100% unilamellar.

The fluorescent probe 5(6)-carboxyfluorescein (CF)
was obtained from Sigma Chemical Company (St.
Louis, MO) in purified form. This dye is known for its
strong self-quenching ability at higher concentrations
(Weinstein et al., 1977; Chen and Knutson, 1988). De-
tails on the preparation of this dye and the fluorescence
measurements are included in the companion paper (Er-
tel et al. 1993). Fig. 4 shows the fluorescent intensity of
CF at relatively low dye concentrations. Prior to the on-
set of lysis, the dye concentration in the external me-
dium was essentially zero. As lysis proceeded, dye was
released as the solution was diluted. As a consequence,
every fluorescence measurement corresponded to a dye
concentration of less than 1 uM and was well within the
linear region of the fluorescence vs. concentration curve.
The fluorescence measurements were performed on a
Hitachi F-2000, using an excitation wavelength of 479
nm and an emission wavelength of 520 nm.

The dynamic light scattering experiments used to de-
termine vesicle size distributions have been described in
detail earlier (Hallett et al., 1989, 19914). A model 125A
helium-neon laser (Spectra Physics, Mountain View,
CA) was focused into a thermally jacketed scattering
chamber. The light scattered by the vesicles was detected
by an EMI 9863 photomultiplier (EMI Electronics Ltd.
Hayes, England) and photon discrimination and count-
ing was performed using a quantum photometer (Model
1140; Princeton Applied Research, Princeton, NJ). The
correlator used was a Langley-Ford Model 1096 (Lang-
ley-Ford Instruments, Amherst, MA) and the resulting
correlation functions were analyzed using Rayleigh-
Gans-Debye form factors for hollow spheres in a dis-
crete Laplace inversion routine.

Hallett et al. Osmotic Swelling and Lysis
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FIGURE 4 The fluorescence of CF as a function of concentration. The
solid line is a splines fit to the experimental data points (solid dots).
Self-quenching is apparent even at dye concentrations as low as 3 uM.
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FIGURE 5 The DLS results (histogram) obtained from a discrete La-
place inversion of the light-scattering and the best fit distribution
(smooth line) with the same average radius as the histogram (50.4 nm)
and with m = 29, calculated using Eq. 21.

RESULTS

The DLS size distribution results from vesicle samples in
isotonic medium are shown in histogram form in Fig. 5.
Even though it is shown as being discrete, the histogram
is completely space filling and represents the smooth
number distribution of vesicle radii present in the sam-
ple. The average size of the vesicles in this distribution is
50.4 nm. The solid line plotted in Fig. 5 corresponds to
the distribution function given by Eq. 11, with 7 set at
50.4 nm and m = 29. The value of m was chosen to
minimize the least squares differences between the theo-
retical function and the experimental function from
DLS. While the agreement is not perfect, the function
represents the experimental results remarkably well.
Fluorescence data from three identical lysis experi-
ments are shown in Fig. 6. The amount of dye released at
each dilution is expressed as a percentage (% F) of the
maximum releasable dye as obtained by treatment of the
maximally diluted sample with Triton X-100. All three
data sets demonstrated the overall characteristics pre-
dicted by the model described earlier, and approached
straight line behavior at lower concentrations of C,,
(higher dilutions). A least squares fit of a straight line to
this linear section of the data yielded a % F = 0 intercept
of 820 = 40 mosM, a % F = 100 intercept of —470 + 50
mosM and C,; = 0 intercept of 63.7 + 1.8%. The inter-
nal concentration at which lysis begins C* is determined
(see Fig. 2) to be 820 + 470 = 1290 mosM. This quantity
is independent of the vesicle size. That is, lysis begins
when the internal concentration reaches this value, re-
gardless of the vesicle size. The slope of the straight line
section yields a value for the maximum swelling, ¢*, of
0.05 £+ .01. This corresponds favorably with the DLS

results taken from equivalent vesicle preparations (see
Fig. 7 and Ertel et al., 1993 Table 3). The plateau region
correlates with the linear segment of Fig. 6, and provides
further corroboration of the model, namely that no fur-
ther swelling occurs once the yield point for leakage is

100 T T

80 |- n

70 n

50

20

10

0
-500 0 500 1000
EXTERNAL OSMOLARITY (mosM)

FIGURE 6 The fluorescence data from three identical runs (circles,
triangles, and squares) per Ertel et al., 1993, Fig. 7, together with the
straight line (solid line) which best fits the linear segment of the data
below 600 mosM. The dashed line is the theoretical function, calcu-
lated using Eq. 23 (m = 29 and average radius 50.4 nm) which best fits
the linear segment of the data.
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reached by all the vesicles in the population. Other
groups (Rutkowski et al., 1991) have reported similar
amounts of swelling, but did not correlate the swelling
with lysis. The curved section of the fluorescence data
(Fig. 6) near C%, is broader than that expected from the
theoretical curve (Fig. 3) for m = 29 and 7 = 50.4 nm.
This may be due to the fact that the yield point is not
actually single valued. The reasons for this are not un-
derstood but it is possible that the yield point is curvature
dependent. Alternatively, fluctuations in the membrane
structure might lead to premature changes in membrane
permeability and relieve the excess pressure sooner than
expected. However, these effects do not affect the deter-
mination of the slope of the straight line section and the
corresponding intercepts.

Egs. 11 and 29 allow the calculation of mechanical
properties with corrections for polydispersity. Using ¢* =
0.05, 7= 50.4 nm, m = 29, and the % F = 100 intercept of
Ciot = —470 mosM yields a value for the area compressi-
bility (kz) of 0.34 N m~!. Assuming a membrane thick-
ness (£) of 4.2 nm (Rutkowski etal., 1991) Young’s mod-
ulus, k, is determined to be 8.2 X 107 N m™2. Table 1
shows this result compared to values from other groups
for similar lipid systems. In the case studied here the
vesicle distribution is quite narrow and the correction
factor for polydispersity ((m + 1)/(m + 3))is 0.94. The
correction factor could differ significantly from unity for
a broader distribution of vesicle sizes.

The analysis indicates that the yield point for lysis in
the DOPG vesicles occurs when the strain reaches a
value, €*, of 0.05 or 5%. This is consistent within experi-
mental error to the limiting strain as measured by DLS

(see Fig. 7) of about 6%. While this is a rather small
change in radius, the corresponding change in area, A4/
A, (see Egs. 3 and 4) is double this or about 10%. An
increase in surface area per lipid molecule of 10% could
well lead to significant structural perturbations, and pore
formation may be one manifestation of these structural
changes.

DISCUSSION

A simple model that describes osmotically-induced swell-
ing and lysis has been developed and tested. The ap-
proach allows the determination of the mechanical pro-
cesses and membrane properties associated with the
swelling and lysis. Membrane stretching moduli and
yield points for lysis can be routinely obtained. Three
key regions in the swelling/lysis properties are identified.
At external solution concentrations above C¥, the ten-
sion in the membrane is increasing, but no lysis is occur-
ring. At concentrations approaching C%, the polydisper-
sity becomes important as vesicles in the size distribu-
tion reach the yield point differentially. This is
manifested as curvature in the % F profiles. At concen-
trations well below C¥, the % F curve becomes linear,
even in the presence of polydispersity. This is because all
vesicles have reached their respective yield points and
are leaking their contents. Throughout this linear region
the tension in the membrane remains unchanged. Ex-
perimenters with interests in following processes that are
thought to be sensitive to changes in membrane tension
should confine their studies to the region between C°
and C%,. The experimental procedures described in the
companion paper and the analytical approach described
herein should provide powerful means for selectively de-
termining the mechanical and permeability properties
brought about by the insertion of substances into or onto
the vesicle membrane. Such substances might include
various lipids, including cholesterol, peripheral, or inte-
gral membrane proteins that ate, or are not, expected to
sense or respond to membrane strain, and solvent addi-
tives, including membrane stabilizers such as trehalose.
These approaches may also permit characterization of
the membrane structures through which solutes leak
when membranes reach their mechanical yield point.
Our observations (Ertel et al., 1993 and this paper)
may have important implications with respect to mem-
brane stabilization in biological systems. In our carefully

TABLE 1 Comparison of mechanical properties of DOPG
vesicles

Area Young’s

compressibility modulus

Author Sample (Nm™ (Nm?)
Rutkowski et al., 1991 DOPG (150 mM KCl) 0.220 52 %107
Rutkowski et al., 1991 DOPG (250 mM sucrose) 0.165 3.9 x 107
This work DOPG 0.34 8.2 X 107
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constrained experimental system, large transmembrane
osmotic gradients were tolerated as the membranes be-
came strained. The limiting osmotic pressure gradient
was then maintained through limited solute leakage
without significant perturbation of gross vesicle struc-
ture. Other work (for example, that reported in Fig. 4 of
Ertel et al., 1993 and summarized by Rutkowski et al.,
1991) suggests that larger vesicles and/or vesicles with
differing lipid compositions may become much more
structurally labile during osmotic swelling. The imposi-
tion of membrane strain, like variations in temperature,
causes an increase in the surface area per lipid and may
potentiate changes in lipid phase behavior that, in turn,
destabilize vesicle structure.

Cells and organelles are membrane-bounded struc-
tures that are much larger and have much more complex
compositions than the extruded DOPG vesicles used in
this study. It is generally believed that cell walls serve as
scaffolding structures that limit the swelling of cells and
organelles, thereby preventing lysis. Cells and organelles
may also possess mechanisms, analogous to the solute
leakage phenomenon demonstrated here, which limit
transmembrane osmotic pressure gradients and thereby
stabilize membrane structure. Proteinaceous channels
that would respond to membrane strain and open to per-
mit limited solute efflux and thereby maintain trans-
membrane osmotic pressure gradients below those in-
ducing lipid structural perturbations, could well be used
for this purpose. Previously accumulated K* ions and
betaines are known to be lost rapidly from bacterial, ani-
mal, and plant cells as their medium osmolarity is re-
duced (Booth et al., 1988; Garcia-Perez and Burg,
1991), and mechanosensitive ion channels have been
identified in many biological membranes (Morris,
1990). Searches for roles of mechanosensitive ion chan-
nels in somoregulation and for mechanosensitive chan-
nels that mediate fluxes of non-ionic solutes are sug-
gested by these concepts.
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