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Abstract. Changes in volume of intestinal brush borderintestinal mucosa repeatedly challenged by osmotic as
membrane vesicles of the European/eguilla anguilla  well as mechanical stress.
were measured as vesicles were exposed to media with  The coupling of membrane stress to transport and
different osmotic pressures. Preparing the vesicles iell volume regulation via stretch-activated channels has
media of low osmotic pressure allowed the effects of abeen inferred in numerous systems (Miyamoto & Fu-
small hydrostatic pressure to become a significant factojime, 1988; Miyamoto, Maeda & Fujime, 1988; Morris,
in the osmotic equilibration. By applying LaPlace’s law 1990). In the case of eel intestine stretch-activated Na/K
to relate pressure and volume and assuming a linear rehannels have been identified and characterized by
lation between membrane tension and area expansioGhang and Loretz (1992). These channels are activatec
we estimate an initial membrane tension at 4.02%M by hoth strong membrane depolarization and the appli-
cm™ and an area compressibility elastic modulus at 0.8%ation of small hydrostatic pressures. Membrane tension
x 10N cm*. The elastic modulus estimate falls in the generated by the applied pressure shifts the voltage de-
low range of values reported for membranes from Otherpendence of channel activity into the physiological
tissues in other species. This lower modulus quantitarange_ Chang and Loretz suggest that the channel may be
tively accounts for why eel intestinal vesicles show mea-y4t of 4 salt and water absorptive process or that it may
surable changes in volume in hypotonic media whilepg jnyolved in cell volume regulation. In any case it is
rabbit kidney vesicles do not. reasonable to clarify the connection between the osmotic

behavior of intestinal cells and their elastic properties so
Key words: Eel intestinal vesicles — Elastic properties that both applied pressures and osmotic stress can be

translated into more pertinent membrane tension.

In conventional osmotic studies in animal cells it is

Introduction common to disregard internal hydrostatic pressures be-

cause they are insignificant compared to osmotic forces.

The migration of the European eehr{guilla anguillg Hovyever, by using low osmo_larities in small radii
between fresh and salt water presents osmotic challengd§Sicles prepared from rabbit renal brush border,
that are met by the combined actions of intestinal and gillSeVeral, Macey and Moura (198)/were able to unmask
epithelia. By drinking copious amounts of sea water evidence for an internal hydrostatic pressure that could
absorbing salt and water through the intestine and theR® measured and utilized to assess elastic properties o
excreting the salt through gills, the eel manages an upth® membrane. The pressure appears to be generated b
take of water that is essential to balance other watePSmotic contributions of internal nondiffusible solutes.
losses into a hypertonic environment. Given this physi_Ewdence for its existence included: (i) the nonlinear de-

ological function it would not be surprising to find the Pendence of volume on the reciprocal tonicity, (i) the
dependence of the volume changes induced by the sam:

tonicity shocks on the preparation buffer osmolarity, (iii)
I the influx of mannitol that follows an osmotic shock, and
Correspondence toT.F. Moura (iv) a Donnan ratio that departs significantly from unity.
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These diverse effects could be accounted for quantital6.6 £ 2.7, 8.6 £ 2.3, 1.3 £ 0.04 and 0.4 + 0.09 € 16) for rabbit
tively if it were assumed that the vesicles contained im-kidney vesicles. _ _ _
permeable solutes which together with their counter- Protein content was determined using the Bradford technique

! . . . (Bradford, 1976) with bovine albumin as standard.
ions contributed around 18 meso the internal osmotic All solution osmolarities were determined from freezing point

pressure. Further, by manipulating this pressure an elagrpression on a cryometric automatic semi-micro osmometer (Knauer
tic modulus as well as a membrane tension could b&mbH, Germany). Standards of 20, 100 and 400nmwsre analyzed

retrieved that fell within the range of literature values for prior to samples, which were measured in triplicate.
red cells and liposomes.

In this paper we apply similar techniques (Soveral e
al., 19974) to relate the elastic and osmotic equilibria of
t?rUSh border membrane vesicles 'SOIate,d from the, Intes\7esicle size (initial equilibrium volume) of all the membrane prepara-
tine of the European eel. In comparison to kidneytons was determined by quasi-elastic light scatter (QELS) using a
vesicles, we find that eel vesicles have a lower elastigarticle sizer (BI-90 Brookhaven Instruments) as already described
modulus which becomes apparent in the larger range ofSoveral et al., 19%.

measurable volume Changes in hypotonic media. The equilibrium volumes of renal proximal tubule vesicles sub-
jected to several osmotic shocks with an impermeant solute, were
achieved by vesicle trapped volume measurements using an isotope
tracer (Soveral et al., 198Y.

tVESICLE SizE DETERMINATION

Materials and Methods

SropPEDFLOW EXPERIMENTS
PREPARATION OF BRUSH BORDER MEMBRANE VESICLES

Stopped flow experiments were performed on a HI-TECH Scientific
Eel intestine brush-border membrane vesicles (BBMV) were prepared”@/SF-53 stopped-flow apparatus, whicls b2 msecdead time (mix-
by a two step-M§* precipitation technique according to previously N9 time Ie;s than dead Fl_me). Three runs were stored _and analyzeq in
described techniques (Biber et al., 1981; Storell;, Vilella & Cassano,&ach experimental condition. In each run, 0.1 ml of vesicle suspension
1986). Briefly, eel (150-300 g) maintained at 4°C in controlled salinity (0-4 Mg protein/ml, in 18 or 113 mascellobiose buffer) was mixed
(50% sea water) medium, were killed and the intestines were removetith €qual amounts of hypo- or hypertonic cellobiose buffer. The time
and washed in ice-cold isotonic buffered solution (154 NaCl, 2 ma course of 90° scattered light intensity at 400 nm was followed for
Tris-Hepes pH 7.4). All steps were performed at 4°C. The intestinesdifférent time intervals at a controlled temperature (23°C). In all ex-
were homogenized in a Waring blender, low speed, 3 min, to obtain Jeriments the photomultiplier voltage was ad!usted to begin with the
ratio of 1 g of tissue to 10 ml buffer (300 m mannitol, 12 rw same con;tant value of scattered light intensity |, for the unper-
Tris-EGTA pH 7.4), and then diluted with double distilled water (1:40 turbed vesicles.
wi/vratio). A 1m solution of MgC}, was added to this homogenate until
a final concentration of 12 mwas reached. The mixture was stirred
for 15 min and centrifuged at 2,500 g for 15 min in a Beckman Results
J2-21M/E refrigerated centrifuge. The supernatant was carefully re-
moved and centrifuged at 39,000pxor 30 min. The pellet was then
homogenized with a glass teflon homogenizer (10 strokes at 1,000 rpm@SMOTIC EQuiLIBRIUM — CALIBRATION
in a buffer (1:12w/vratio) consisting of 60 m mannitol, 6 nm EGTA-

Tris pH 7.4. Once again a # solution of MgCl was added to this  E¢| intestinal brush border vesicles prepared in 18umos
homogenate to reach the final concentration of 12. ithe mixture cellobiose buffer, have a mean diametesntof 324 + 14

was stirred for 15 min, centrifuged at 5,90@and the supernatant was L
carefully removed and centrifuged at 39,00 for 30 min. This step nm as measured by QELS, a value similar to the BBMV

was repeated once, changing the ratio of pellet to transport study buffefOM rabbit kidney proximal tubule cells prepared in the
to 1:10w/v, and centrifuged at 39,000g¢for 30 min. The final brush ~ Same medium (347 + 12 nm).
border membrane vesicles were resuspended in an appropriate volume  For rabbit kidney vesicles, the scattered light inten-
of buffer (cellobiose, 1 m MgCl,, 2 mv Tris-Hepes pH 7.4; final  sjty signals were calibrated with independent volume
osmolarity 18 or 113 mag). The membrane preparations were either jmaasurements as described in (Soveral et al., 4997
used F'gmed'ate'y or stored in liquid nitrogen for later use. The same techniques could not be applied to eel vesicles
nal brush border membrane vesicles were prepared from rabb . . . .
renal cortex according to previously described techniques (Soveral eca}use their volumes We_re not S'Fable in an'lsot'onlc
al., 199%) using a buffer containing 16 mcellobiose, 2 m Tris- media over the long duration required for calibration
Hepes pH 7.4 with final osmolarity 18 moes measurement. Fortunately, their light-scattering proper-
Enrichment in specific activity (BBMV/crude homogenates®)  ties were sufficiently similar to kidney vesicles to allow
of the apical markers leucine-amino peptidase (Haase et al., 197&he use of the same calibration curve for both kidney and
Kramers & Robinson, 1979) and alkaline phosphatase (Berner &ee| vesicless{eeEqs. (3), (6), and (7) below). This simi-
Kinne, 1976; Quamme, 1990) as well as the basolateral markérs Nalarit can be seen in Fia. 1 which compares the chanae in
K* ATPase (Quigley & Gotterer, 1969; Schoner et al, 1967) afid K . y . . g p . 9 .
stimulated phosphatase (Garrahan, Pouchan & Rega, 1969; Murer él_ght Scatte_r 'nten5|ty_ S'gnal When eel mtestln_e and rabbit
al., 1976), assayed as described, were 16.7 + 1.49, 9.4 + 2.71, 0.55 kidney vesicles, equilibrated in their preparation buffer at
0.08 and 1.4 + 0.09(= 11), respectively for intestinal eel vesicles and osmolarity osm,,),, are suddenly transferred to the
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Fig. 2. Final light scatter intensityl () obtained from suspensions of
Fig. 1. Record of stopped-flow experiments where BBMV prepared eel intestinal or rabbit kidney vesicles subjected to different hyperos-
from eel intestine and rabbit kidney in the same 18 mbsffer were motic shocks, in stopped flow experiments where the initial scatter
exposed to the same osmotic shatk= (osmy,)../(0sSM), = 2.4. intensity (,) was adjusted to a constant value.
The change in the light scatter intensity Was followed until the new
osmotic equilibrium was reached.
ternal pressure decreases, tending to zero as the tonicity
rises. Equation (2) predicts that when the pressure be-
comes insignificant (i.e., for small volumes whexe =
0), a plot of A vs. 1/, yields a straight line with an
extrapolated intercept at the origin. Further, the slope of
this line is, according to Eq. (1), a linear function of
1/(osm,).- Equation (2) has been verified for kidney

same medium at osmolaritpgm,)... In this case the
new medium is hypertonic and the vesicles shrink from
an initial volume given byV, to a new volume,
V... Although the vesicles shrink at different rates (re-
flecting differences in water permeability), both traces

have the same total light scatter amplitude. This IatteR/esicIes in detail (Soveral et al., 1997the straight line
fact holds in general; Figure 2 shows that for the sameplOt of A vs. 1. became appar’ent at volumes less than
osmotic shock\ (Eq. (1)), the final light scatter intensity a critical vqumZv * = 0.96 (wherep, = 0) while the
I, of kidney and eel vesicles are indistinguishablk, i straight line plot Ef theslope Vs_ll(o";%)o yielded a
constant. _ L value forAP,/RT = 18 mosu.

Justification for using the same calibration curve for Now consider the calibration. In Soveral, Macey

bhOth vesd|pl_es |sfg|ven p?(bthe fO:JOI\IN'ng: First, conS|d_er and Moura (1990), the volume of kidney vesicles was
the conditions for equilibrium following an osmotic ¢ 140 be a linear function of lLf.e.,

shock. Introducing dimensionless variables by using the
initial volumeV, and initial medium osmolarityosm,,),

I
as normalizing factors, we define V)=(1-by IL: + by forv<v,* 3)
v =V/V,
A = (0SMy,,)../(0SMy )6 @ wherel,, and b, are constants which define the linear

relation and the subscrigt refers to kidney vesicles.
Note thatl,, is simply the light scattering signal of the
unperturbed vesicle; i.e., when )., = 1,1, = I, From
Eqg. (2), wherp,, = 0, we also have®).. = (1 +p,)/A.
Combining this with Eq. (3) gives

p = AP/(RT(0sm,,),)

where AP is the hydrostatic pressure across the mem
brane andRTis the gas constant times the absolute tem
perature. Then a simple application of Van't Hoff's law

(Soveral et al., 199 yields 1_A-b) o, b 4)
1+p, AT (1+po) e (1+p)
A= v. P @

Applying the same arguments to eel vesicles we have

wherep, represents the initigd, andp,, andv,, represent
the final equilibrium values ob andv. Hydrostatic pres- i - (1-by |g>+ be
sure within the vesicles arises when there are nondiffusA  (1+pgy) le (1 + pgo)
ible internal solutes that are not balanced by the osmo-

larity in the external medium. When the vesicles arewhere the subscrip now refers to eel vesicles and the
exposed to a hypertonic shock, they shrink and the in€onstantd, andl., define the calibration curve for the

®)
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Fig. 3. Change of final vesicular volumev() as a function of the ~ Fig. 4. Record of stopped flow experiments where the light scatter
reciprocal final light scatter intensity (1) obtained when BBMV were  intensity|(t) from a vesicle suspension prepared in 113 mosllobi-
subjected to different osmotic shocks in a stopped flow apparatus. 0se buffer was exposed to different osmotic shoeKs (

volume of eel vesicles (a linear function ofid/ In all  librium volumes for osmotic shocks with < 1 as
experiments (both eel and kidney vesicles) the photomulshown.

tiplier voltage is adjusted to arrive at the same constant

value,l = |, for the unperturbed vesicles, i.e., we ket

= I, = |, Further the results df, vs.A in Fig. 2 show ELASTIC PROPERTIES

that for any givenA over its entire range, the light scat-

tering signals of eel and kidney vesicles are indistin-The membrane tensian created byAP is governed by

guishable; i.e.]o = I, = |. Using these equalities and Laplace’s law. Letting denote the vesicle radius
equating the right hand sides of Egs. (4) and (5) leaves

APr  RT(osm,,) 1+p
(1-b)ly b (1-b)ly by ) ":T:TM)[A‘<TO r (8)

(1+Peg | (14Ped (14D | (1P
. . . . where the last equality is obtained by use of Egs. (1) and
But, t'hese. two Ilnlear functions Oﬂ:M_”" be equal if and (2). Assuming the vesicles maintain a spherical shape
only if their coefficients are equal, i.e., for all p,, > 0, all quantities on the right hand side are
b b (1-b) (1-by measurable so thatcorresponding to eaaly, (orr.,) can
= k| e - K be calculated from the experiments described above.
(1+Peo)  (1+pyo) (1+Peo)  (1+pyo) (7) On the other hand, assuming a linear relation be-
tween membrane tension and area expanidnfor
It follows thatb, = by, peo = Py @nd the same calibra-  small Ar (Evans, Waugh & Melnik, 1976) we have
tion applies to both vesicles. It also follows from Eq. (1)

e

that AP, = AP, AA  2Ar r=ron
The final equilibrium volumey,, for the 18 mos eel o = kT = kT =2 -
vesicles were taken directly from the kidney data since " . min
both vesicles were prepared in the same medium. For = (2k ° >__ 2k (9)
the 113 mos eel vesicles, volumes were obtained by use F'min/ To

of the linear portion (i.e., foA = 1.2) of Eq. (2) where
V., = (1 + pog/A. The value ofp,, (= 1.16 for 113  wherer,,, is the radius wherdP ando vanish and is
mosv vesicles) was calculated using the above value othe area compressibility elastic modulus (N¢jn Thus,
AP /RT = 18 mos. for p., > 0, the plot ofc vs. 1, should yield a straight line
Figure 3 shows a plot of., vs. 1/, for 113 mom wherek can be determined from the slope and intercept.
vesicles (mean diameter 320 + 10 nm). The data points  Figure 5 shows the results whenis obtained from
were restricted to osmotic shocks with= 1.2 except experimental data via Eq. (8). Note that both sets of data
for the isotonic data point. For each equilibrium volume (18 and 113 mas) were used in the plot. All the data
the corresponding L/ (taken from Fig. 4) was plotted points resolve into a single plot as required by theory.
and a straight line was fit to the data. This line wasThe value ofk is 0.87 x 10° N cmi* while the initial
extrapolated fow., > 1, in order to obtain the final equi- membrane tensionr, = 4.02 x 10° N cm %,
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Fig. 5. Change of membrane tensiom)(as a function of vesicular gy ¢ Equilibrium volumes for different hypotonic shocks calculated
radius Ir,). The data were rearranged according to Eq. (8) and wer€yith gifferent methodsv,© are the equilibrium volumes (for the hy-

) ) ~ 3
fit to Eq. (9) forr > Iy, The estimated values weke= 0.87 x 10 potonic shocks of Fig. 4) calculated from the fit of Eq. (3) to data points

N cm™ andry,;, = 0.98 (corresponding to a critical volume* = in Fig. 3.v..* andv,.2 were calculated by Egs. (2), (8) and (9) using the
0.94, which compares well with the value 0.96 found for kidney .qiimated values (0.87 and 0.81 x TON cm™%, respectively)v. > was
vesicles). calculated from Eq. (2) witlp, = p,. = O.

2. The kinetics of swelling in hypotonic media
show no evidence of solute leakage. Volume changes
were assessed with stopped flow light scattering which
In our studies with kidney vesicles, we were not able toallows the final volume to be measured within 10 sec of
detect any volume change when the vesicles were exhe osmotic shock. Examination of the hypotonic swell-
posed to hypotonic solutions (Soveral et al., 1897 ing curves (Fig. 4), shows that within this time period the
Presumably the builds up very quickly to compensate asymptotes are flat. If leakage of any consequence was
for the osmotic imbalance before any appreciable vol-occurring during this time we would expect to see the
ume change takes place. In contrast, the eel vesiclessymptotes returning toward the original volume. There
showed small, but measurable volume increases in hyis also no evidence of leakage during the transient which,
potonic media. This reflects the low&rfound in eels when analyzed, yields an osmotic permeability constant
which dictates a larger volume increase for the samehat agrees with the permeability constant obtained from
increment in pressure. hypertonic shock data (Alves et al., 1999).

The fact that volume increases could be detected Our estimate fokk = 0.87 x 10% N cm™ from
with eel vesicles prompted us to include the 113 mos equilibrium data agrees with an independent estinkate
vesicles in this study so that data could be obtained with= 0.79 x 10% N cm* obtained by analysis of osmotic
larger osmotic gradients. However, the use of strongransients (Alves et al., 1999). These figures fall in the
hypo-osmotic gradients raises the issue of whether théow range of values reported for membranes from other
vesicles leak solute in hypotonic media, and whether thigissues in other species. In red blood cells values range
leakage, rather than the buildupmfwas responsible for from 0.95 x 10°to 5.6 x 10° N cm™* (Evans et al.,
the very small volume change seen in hypotonic medial976; Waugh & Evans, 1979; Hochmuth & Waugh,
We do not believe that this is the case for the following1987). In liposomes, three laboratories report values
reasons: from 3.4 x 10°t0 6.3 x 103N cm™ (Hantz et al., 1986;

1. Hypertonic data, where no solute leakage occursRutkowski et al., 1991; Hallett et al., 1993), although one
can be used to predict the volume response to hypotoni@boratory finds thak ranges from 0.15at2 x 103 N
shocks by assuming no leakage in the hypotonic mediacm™ (Li et al., 1986). In brush border vesicles Miya-
If the hypotonic data are omitted from the plot of Fig. 5, moto et al. (1988) estimate values for rat intestine rang-
the value ofk changes very little (from 0.87 x I&to  ing from 1.6 b 8 x 10° N cm™%, and Soveral et al.
0.81 x 103). Using these values &f the volume change (1997) find k = 2.8 x 10° N cm* for renal brush
in hypotonic mediay..%, can be readily predicted from border vesicles.

Egs. (2), (8) and (9). The results illustrated in Fig. 6 The apparently low value of the basic membrane
show good agreement between the predicted?) and  elastic modulus in eel intestine may be relevant to the
measured \(,°) volumes (from calibration), in contrast interpretation of stretch-activated channels. For ex-
with the values calculated from Eq. (2) considermg= ample, the threshold pressure required to activate Na/K
P. = 0 (v..5). channels in eel intestine is lower than the threshold found

Discussion
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for similar channels in the urinary bladder (Chang & Haase, W., Schafer, A., Murer, H., Kinne, R. 1978. Studies on the

Loretz, 1992). This would be anticipated if the elastic orientation of brush border membrane vesicl8ochem. J.

modulus of intestine is also lower than in the urinary 17257-62 _ _

bladder. This can be seen by the following argument; Hallett F.R., Marsh, J., Nickel, B.G., Wood, J.M. 1993. Mechanical

. properties of vesicles. Il. A model for osmotic swelling and lysis.

It is reasonable to assume that rather tidh the Biophys. J.64:435-442

more fundamental.vanable is membrane stress and that ntz, E., Cao, A., Escaig, J., Taillandier, E. 1986. The osmotic re-

stress t_hrEShOId will be reached wheneaches a critical sponse of large unilamellar vesicles studied by quasielastic light

value given byo = o*. The dependence of correspond-  scatteringBiochim. Biophys. Act862:379-386

ing pressure thresholiP* on o* can be found by solv-  Hochmuth, R.M., Waugh, R.E. 1987. Erythrocyte membrane elasticity

ing Eq. (8) forr, substituting the result into Eq. (9) and  and viscosityAnn. Rev. Physio#9:209-219

then solving Eq. (9) foAP, i.e., Kramers, M.T.C., Robinson, G.B. 1979. Studies on the structure of the
rabbit kidney brush bordeEur. J. Biochem99:345-351

20" Li, W., Aurora, T.S., Haines, T.H., Cummins, H.Z. 1986. Elasticity of

Fonin k synthetic phospholipid vesicles and submitochondrial particles dur-
AP* = " (10) ing osmotic swellingBiochemistry25:8220-8229

G_ +k Miyamoto, S., Fujime, S. 1988. Regulation by*Caf membrane elas-

2 ticity of bovine chromaffin granules=EBS Lett.238:67-70

Miyamoto, S., Maeda, T., Fujime, S. 1988. Change in membrane elastic

Equation (10) is a monotonic increasing functionkof modulus on activation of glucose transport system of brush border

Hence, given the same protein channel (with the same membrane vesicles studied by osmotic swelling and dynamic light
o*), the membrane with the loweewill have the lower scatteringBiophys. J53:505-512
threshold (provided that the local radius of curvature 0fMorris, C.E. 1990. Mechanosensitive ion channgldVlembrane Biol.

the membrane is the same). 113:93-107
Murer, H., Ammann, E., Biber, J., Hopfer, U. 1976. The surface mem-

5 . . . . brane of the small intestinal epithelial cell. 1. Localization of adenil
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