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Abstract. Brush border membrane vesicles (BBMV)
maintain an initial hydrostatic pressure difference be-
tween the intra- and extravesicular medium, which
causes membrane strain and surface area expansion
(Soveral, Macey & Moura, 1997). This has not been
taken into account in prior osmotic water permeabilityPf

evaluations. In this paper, we find further evidence for
the pressure in the variation of stopped-flow light scat-
tering traces with different vesicle preparations. Re-
sponse to osmotic shock is used to estimate water per-
meability in BBMV prepared with buffers of different
osmolarities (18 and 85 mosM). Data analysis includes
the dissipation of both osmotic and hydrostatic pressure
gradients.Pf values were of the order of 4 × 10−3 cm
sec−1 independent of the osmolarity of the preparation
buffer. Arrhenius plots ofPf vs. 1/Twere linear, show-
ing a single activation energy of 4.6 kcal mol−1. The
initial osmotic response which is significantly retarded is
correlated with the period of elevated hydrostatic pres-
sure. We interpret this as an inhibition ofPf caused by
membrane strain and suggest how this inhibition may
play a role in cell volume regulation in the proximal
tubule.

Key words: Kidney vesicles — Brush border — Hydro-
static pressure — Water permeability — Volume regu-
lation

Introduction

Brush border (BBMV) and basolateral membrane
vesicles (BLMV) from kidney proximal tubule have

been widely used in water transport experiments. The
determination of permeability coefficients using these
membrane preparations are advantageous because they
are more resistant and viable than intact cells (Rigler,
Ferreira & Patton, 1985; Donowitz et al., 1987), and
because they permit the preparation of vesicles with any
chosen internal media, expanding the range of experi-
mental conditions. Further, studies of isolated vesicles
allow the composite permeability of the whole cell to be
split into its component parts and yield more precise
information about driving forces and about the main
route for water transport in the whole epithelia: transcel-
lular or transjunctional.

The experimental evidence for the existence of pro-
tein water channels in RBC (Macey, 1984; Solomon,
1989) and in renal epithelia (Verkman, 1992) are based
on high osmotic water permeability coefficients (Pf) in-
hibited by mercurial reagents, low activation energy, and
the discrepancy between osmotic and diffusional perme-
ability. High water permeability coefficients in BBMV
from rat and rabbit kidney proximal tubule were reported
(van der Goot, Podevin & Corman, 1989a; van der Goot,
Ripoche & Corman, 1989b; van Heeswijk & van Os,
1986; Meyer & Verkman, 1987; Pratz, Ripoche & Cor-
man, 1986). ThesePf values were inhibited in the pres-
ence of the mercurial sulfhydryl reagents HgCl2 and
pCMBS, an effect reversed by cysteine addition.

Later studies revealed that a 28 KDa integral mem-
brane protein, CHIP28, is the major erythrocyte water
transporter, and provides an important route for water
transport in proximal tubule and thin descending limb of
Henle (Preston & Agre, 1991). These findings support a
main transcellular pathway for water movement through
renal epithelia.
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(Pf), its inhibition by sulfhydryl reagents, and determi-
nation of the activation energy are often evaluated using
a stopped-flow technique, where the time course of water
flow that induces vesicular volume changes can be easily
followed. A typical experimental approach, used to
minimize the signal-to-noise ratio, consists in preparing
the vesicles in low osmolarity buffers (20 to 60 mosM),
in order to have larger volume changes at small gradi-
ents, a fact that slows down the time course of vesicular
volume change (Meyer & Verkman, 1987; van der Goot
et al., 1989a; van Hoek, Jong & van Os, 1990). We have
found that vesicles prepared under these conditions
maintain an initial hydrostatic pressure difference be-
tween the intra- and extavesicular medium, which causes
membrane strain and surface area expansion (Soveral et
al., 1997). This phenomena has not been taken into ac-
count in priorPf evaluations. In this paper, we calculate
Pf in BBMV prepared with buffers of different osmolari-
ties (18 and 85 mosM), and use a method of analysis
where the dissipation of both the osmotic and the hydro-
static pressure difference are considered. We find a slow
initial osmotic response which is correlated with the pe-
riod of elevated hydrostatic pressure and interpret this as
an inhibition ofPf caused by membrane strain. Finally,
we suggest how this inhibition may play a role in cell
volume regulation in the proximal tubule.

Materials and Methods

PREPARATION OF BRUSH BORDER MEMBRANE VESICLES

Renal brush border membrane vesicles were prepared from rabbit renal
cortex as described (Soveral et al., 1997). After kidney decapsulation
the whole process was conducted at a temperature of 4°C in the pres-
ence of a single buffer containing 16 mM mannitol, 2 mM Tris-Hepes
pH 7.4 (final osmolarity 18 mosM).

Other vesicle preparations with different internal solute concen-
trations were obtained by replacing the 16 mM mannitol buffer by other
mannitol buffers with different osmolarities or with cellobiose buffer
(18 or 85 mosM).

Protein content was determined using the Bradford technique
(Bradford, 1976) with bovine albumin as standard.

Enrichment in specific activity (BBMV/crude homogenate) of the
apical (leucine-aminopeptidase and alkaline phosphatase) and basolat-
eral (Na+/K+ ATPase and K+-stimulated phosphatase) enzyme markers,
as well as the contamination by the lysosomal fraction (acid phospha-
tase activity) was described in our companion paper (Soveral et al.,
1997).

The membrane preparations obtained were either immediately
used for experiments, or stored in liquid nitrogen for later use.

OSMOLARITY MEASUREMENTS

All solution osmolarities were determined from freezing point depres-
sion on a cryometric automatic semi-micro osmometer (Knauer GmbH,
Germany). Standards of 100 and 400 mosM were analyzed prior to
samples, which were measured in triplicate.

IDENTIFICATION OF THE CHIP28 PROTEIN

Western analysis was performed as described previously (Towin, Stae-
helin & Gordon, 1979) with minor modifications. BBMV prepared in
18 mosM mannitol buffer and RBC hemoglobin-free membranes (Ben-
nett, 1983) were used. After the electrophoresis through a 12% poly-
acrylamide gel containing SDS, with a stacking gel of 5%, using a
discontinuous buffer system (Laemmli, 1970), the samples were trans-
ferred to a nitrocellulose filter (BA85, Schleicher & Schuell) on a
Trans-Blot-SD (BioRad) by applying 15V–1 hr. After blockage and
washing, the blots were incubated with 0.1 ml cm−2 of affinity-purified
anti-28 KDa IgG (kindly given by P. Agre, Johns Hopkins University
School of Medicine, Baltimore, MD). The antiserum was used at a
dilution of 1/400 on immunoblots. The visualization was performed by
ECL (Amersham).

Both preparations of RBC hemoglobin-free membranes and
BBMV showed a band corresponding to a 28 KDa protein reactive to
the antiserum anti-CHIP28. These results indicate that our BBMV
preparations contain CHIP28 protein, a result also obtained by other
authors (Denker et al., 1988).

VESICLE SIZE DETERMINATION

Vesicle size of all the membrane preparations was determined by
QELS and vesicle trapped volume measurements, as described (Soveral
et al., 1997). These two methods were used to determine the equilib-
rium volumes of vesicles prepared in 18 and 85 mosM cellobiose
buffers, and subjected to several osmotic shocks. The results of both
methods were in good agreement (seeFig. 4 of Soveral et al. (1997)).

STOPPED-FLOW EXPERIMENTS

Experiments were performed on a HI-TECH Scientific PQ/SF-53
stopped-flow apparatus, which has a 2 msec dead time, temperature
controlled, interfaced with an IBM PC/AT compatible 80386 micro-
computer. Unless otherwise specified, experiments were done at 23°C.
Three runs were usually stored and analyzed in each experimental
condition. In each run 0.1 ml of vesicles (0.4 mg protein/ml) prepared
with the desired osmotic buffer, was mixed with an equal amount of
hyperosmotic mannitol or cellobiose solutions to reach different in-
wardly directed gradients of solute. The time course of 90° scattered
light intensity at 400 nm was followed for 8 sec and 0.3 sec simulta-
neously in two channels, with an acquisition rate of 0.2 and 3 KHz
respectively.

Results

DEPENDENCE OF THETOTAL CHANGE IN LIGHT SCATTER

INTENSITY ON THE TONICITY OF THE OSMOTIC SHOCK

To minimize the signal-to-noise ratio (Meyer & Verk-
man, 1987; van der Goot et al., 1989a; van Hoek et al.,
1990), vesicles were prepared in low osmolarity buffers.
Figure 1 shows records of a typical stopped-flow experi-
ment where the light scatter intensity from a vesicle sus-
pension prepared in 18 mosM cellobiose buffer and sud-
denly exposed to different hyperosmotic solutions, was
followed for 8 sec. The different curves are identified by
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the tonicity of the shock,L, defined as the ratio of the
final to initial osmolarity of the outside medium, i.e.,
L 4 (osmout)`/(osmout)0. Identical results were obtained
when mannitol was used instead of cellobiose.

Figure 2 shows the nonlinear dependence of the total
change in light scatter intensity ((DI)` 4 Io − I`) with L,
obtained by analyzing the stopped flow signals of Fig. 1.
This sigmoidal curve shows two tonicity domains,L < 1
andL > 6, where the light scatter signal does not detect
any volume changes. Indeed, forL < 1, an increase in ve-
sicular volume was expected if an influx of water occurs,
whereas forL > 6 a further decrease in volume should
occur if there was no minimum volume shrinkage.

OSMOTIC BEHAVIOR OF VESICLES

In a vesicle suspension, the total concentration of solutes
inside the vesicles equals the total inner osmolarityosmin

and is the sum of the concentrations of the impermeant
species (S) used in the buffer preparation and of any
other species (NS) that remained inside the vesicles dur-
ing the preparation. If the soluteS is the only solute
species of the external medium, than its concentration
equals the medium osmolarity, (osmout 4 CSout). If
these vesicles of volumeV are subjected to an osmotic
shock with the same impermeant soluteS, then the os-
motic water flowJv that crosses the vesicle membrane
of area A can be related to the change in vesicular
volume by:

−
dV

Adt
= Jv = PfVw (

DP − DP

RT
) (1)

wherePf is the osmotic permeability coefficient,Vw is

the partial molar volume of water,DP 4 (Pin − Pout) and
DP 4 RT(osmin − osmout) are the hydrostatic and os-
motic pressure differences between the inside and the
outside of the vesicles. Substituting the inner and outer
osmolarities and considering the initial vesicular volume
asVo, then Eq. (1) can be rearranged to give:

d
V

Vo

dt
= Pf

A

Vo
Vw (~osmin − osmout! −

DP

RT
)

= Pf

A

Vo
Vw (~CS in + CNS in − osmout! −

DP

RT
) (2)

whereCSin + CNSin represents the sum of the osmolar
concentrations of impermeable solutes within the vesicle
at any time (subscriptSdenotes contribution of solutes in
the preparation buffer, whileNS denotes all other sol-
utes). Since the solutes are impermeable, it follows that
V(CSin + CNSin) is a constant equal to the total number of
internal osmoles at any time. Let the subscripto refer to
initial values. Then, using expressions forCSin and
CNSin obtained from Eq. (8) and (11) of Soveral et al.
(1997), we have

CS in + CNS in =
Vo~~CS in!o + ~CS in!o!

V

=
VoS~osmout!o +

~DP!o
RT D

V
(3)

The empirical dependence ofDP on V is also obtained
from Eq. (13) of Soveral et al. (1997) by substitutingV
for V` andDP for (DP)` i.e.,

Fig. 1. Record of a typical stopped-flow experiment where the light
scatter intensityI(t) from a vesicle suspension equilibrated in 18 mosM
cellobiose solution was suddenly exposed to different osmotic shocks.
Data acquisition was followed for 8 sec at 0.2 KHz.

Fig. 2. Total light scatter intensity (DI` 4 Io − I`) as a function of
tonicity of the osmotic shock, obtained from the records of Fig. 1.
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~DP!

RT
=

~DP!max

RT 11 −
SVo

V Dn

cn + SVo

V Dn2 (4)

whereDPmax, c, and n are parameters that can be esti-
mated by the experimental results as indicated by
Soveral et al. (1997). Inserting (3) and (4) into (2), we
arrive at

d
V

Vo

dt
=

Pf

A

Vo
Vw 1SVoS~osmout!o +

~DP!o
RT D

V
− osmout

D
−

~DP!max

RT 11 −
SVo

V Dn

cn + SVo

V Dn22 (5)

a differential equation in the single variableV which
describes the kinetics of water transport in response to an
osmotic shock. With the exception ofPf, all of the con-
stants in Eq. (5) can be determined independently of
these kinetics. It follows thatPf can be estimated by
numerically integrating Eq. (5) with different values of
Pf and comparing the numerical results with empirical
data obtained from osmotic shock experiments. To ac-
complish this with light scattering measurements re-
quires careful calibration of scattering signal to vesicle
volume.

RELATION BETWEEN CHANGE IN VESICULAR VOLUME

AND LIGHT SCATTERING SIGNAL

The precise relation of light scatter intensity measured by
conventional stopped flow spectrophotometers to vesicu-
lar volume is complex, device dependent, and is gener-
ally approximated by some arbitrary empirical function.
Some authors arrange their setup so that the photomul-
tiplier output increases with scattered light while others
prefer to have the signal increase with vesicular volume,
and arrange for a decreased output with increased scat-
tered light. In view of the above, it is not surprising that
there is no general agreement on an optimal empirical
calibration function.

We have tried three different functions: (i) the rela-
tion used by Pratz et al. (1986) (ii) a linear relation be-
tween vesicular volumeV/Vo and output signal I (Verk-
man, Dix & Seifter, 1985a), and (iii) a linear relation

betweenV/Vo and the reciprocal of the output,1/I. In our
hands, the relation used by Pratz et al. (1986) was highly
nonlinear throughout the working range of volumes and
was accordingly discarded. The other two both fit the
calibration data within a limited but workable range (V/
Vo > 0.6), however the latter,

V

Vo
= a

1

I
+ b (6)

with a andb constant, was adopted because it gave more
consistent results when comparing data on vesicles pre-
pared in different media. These are shown in Fig. 3
where light scatter data has been taken from Fig. 1 and
the volume corresponding to the same tonicity is taken
from Fig. 4. Both sets of data (18 and 85 mosM) were
obtained from the same batch of vesicles.

Knowing that the relation betweenV and1/I is lin-
ear, allows us to obtain separate calibrations for each
stopped flow trace. For any given trace with known to-
nicity, the initial I corresponding toV/Vo 4 1, and final
I corresponding toV/Vo obtained from Fig. 4, are used to
calculatea andb of Eq. (6). Failure to account for the
nonlinear relation between reciprocal volume and tonic-
ity as shown in Fig. 4 can result in significant calibration
errors.

OSMOTIC PERMEABILITY COEFFICIENTS

Permeability coefficients were estimated as indicated
above. TheA/Vo ratio used was calculated using the di-
ameters measured by QELS for each vesicle population
(f 4 373 ± 16 and 360 ± 20 nm for the 18 and 85 mosM
respectively), assuming a spherical shape.

Figure 5 presents an example of BBMV prepared in

Fig. 3. Change of vesicular volume (V/Vo) as a function of the recip-
rocal final light scatter intensity. Vesicles prepared in 18 or 85 mosM
cellobiose buffer were subjected to different osmotic shocks.
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18 mosM buffer and subjected to an osmotic shock of
tonicity 3.3. The calculatedPf values was 3.2 × 10−3 cm
sec−1. Table 1 show the results of vesicles prepared in 18
and 85 mosM buffer.

Higher Pf values were obtained for vesicles treated
with the channel former Gramicidin A (10 and 20mg/mg
protein) as described (Worman & Field, 1985). An in-
crease of 25% to 40% ofPf control values were obtained
respectively for the lower and higher Gramicidin A con-
centration.

Pf inhibition of 52% was found for vesicles incu-
bated for 30 min at room temperature with 10 or 15 mM

pCMBS, after taking their respectiveVo/A ratio into ac-
count. However, when compared with the control value
(f 4 370 nm), a decrease in initial vesicle diameter was
observed (f 4 230 nm). This large change in initial
volume casts doubt about the condition of these vesicles
at these pCMBS concentrations.

ACTIVATION ENERGY MEASUREMENTS

The activation energy for water transport was estimated
from a plot of ln Pf vs. 1/T. Figure 6 shows two plots
with activation energies equal to 4.6 and 6.4 Kcal mol−1

for vesicles prepared in 18 mosM buffer. The higher
value 6.4 was obtained with a low tonicity shock (1.52)
that characteristically yields unusually lowPf values (see
Table 1 for 18 mosM vesicles). The other value, 4.6,
was obtained by averaging all values obtained for higher
tonicities (2.25, 2.59, 2.88, 3.22) which havePf values
that generally agree with each other.

LAG TIME IS RELATED TO THE DISSIPATION OF THE

HYDROSTATIC PRESSUREDIFFERENCE

In addition to influencing the driving force for transport,
DP appears to be related to an anomaly seen in the early
transport kinetics shown in detail in Fig. 7. Here an ini-
tial delay of osmotic shrinkage, the lag time, correspond-
ing to a very small change in initial volume is apparent.
Very small initial volume changes are also associated
with the dissipation of the initial hydrostatic pressure
(Soveral et al., 1997). In addition, both the time lag and
the internal pressure dissipation are prolonged in the
lower tonicity ranges. These correlations suggest a cau-
sal relation between the two. Further evidence is pro-
vided by the experiment illustrated in Fig. 9.

Here control vesicles prepared in 22 mosM cellobi-
ose buffer and subjected to an osmotic shock of tonicity
2.6, are compared with similar vesicles subjected to the
same final osmotic shock but given in two consecutive
steps. In the first step, vesicles are preshrunk by a first
osmotic shock (L 4 1.7)—enough to dissipate partially
or totally the hydrostatic pressure gradient. In the second
step these preshrunk vesicles are subjected to a second

Fig. 4. Equilibrium volume ratioVo/V` of BBMV subjected to osmotic
shocks of different amplitudes, as a function of the tonicity of the
shock. Equilibrium volumes were measured by trapped volumes.
BBMV were prepared in 18 and 85 mosM cellobiose buffers (data
redrawn from Fig. 4 of Soveral et al. 1997).

Fig. 5. Fit of a calibrated volume signal of BBMV prepared in 18
mosM cellobiose buffer and subjected to an osmotic shock of tonicity
3.3. The calculatedPf value was 3.2 × 10−3 cm sec−1.

Fig. 6. Activation energy determination of water transport. BBMV
prepared in 18 mosM mannitol buffer equilibrated at different tempera-
tures, were subjected to different osmotic shocks. The activation ener-
gies obtained were 6.4 Kcal mol−1 for low tonicity shocks (1.52) and
4.6 Kcal mol−1 for higher tonicities (2.25, 2.59, 2.88, 3.22).
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shock (L 4 1.55). The total change in light scatter sig-
nal obtained by the two consecutive shocks equals the
magnitude obtained by the single 2.6 tonicity osmotic
shock; both vesicle populations reach the same final vol-
ume. Figure 8 shows that the time lag, characteristic of
control vesicles (upper curve), disappears when the simi-
lar vesicles are preshrunk (L 4 1.7) and then subjected
to a second osmotic shock (L 4 1.5, lower curve). This
behavior can be explained if we consider that the dissi-
pation of the initial hydrostatic pressure difference has
already occurred during the first step.

The experiment provides evidence that this pressure
is the primary cause of the lag time. This experiment
also provides evidence that the time lag is not due to an
artifact introduced by the stopped flow-light scattering
device (e.g., unstirred layers, hydrodynamic mixing tran-
sients picked up by the photomultiplier, vibrations, etc.)
nor is it due to improper calibration of the light scattering
signal. Although the pressure and associated lag time is
seen most easily in vesicles prepared in 18 mosM buffer
they are also present in higher mosM buffer preparations.
Evidence for the same pressure volume dependence in

the 85 mosM preparation is shown in Fig. 6 of Soveral et
al. (1997). Lag times are also present in the 85 mosM
preparation but they are much shorter because the larger
absolute values of osmotic shock gradients used in these
experiments dissipates the pressure much faster.

LAG TIME CORRESPONDS TO ALOWER

PERMEABILITY COEFFICIENT

During the lag time the vesicular volume responds very
slowly despite the presence of a significant difference in
chemical potential of water across the membrane. This
implies that the water permeability is reduced during this
time. We have shown that the time lag is (i) present
when the inferred hydrostatic pressure is present, and (ii)
disappears when the pressure is removed. Further, both
pressure and lag time are more prominent at lower to-
nicities. Thus, it is reasonable to propose that the inter-
nal hydrostatic pressure inhibits vesicular water perme-
ability.

To pursue the labile water permeability, we have
reanalyzed the data assuming two discrete permeabili-
ties: during the lag timePf 4 Pfslow and beyond the lag
timePf 4 Pffast. Transition from one permeability to the
other is assumed to occur whenV reaches a critical vol-
umeVcrit. Values ofPfslow, Pffast, andVcrit, optimized to
give best fits to the data (seeFig. 9), are shown in Table
2 for shocks that are large enough to completely dissipate

Table 1. Pf values obtained in vesicles prepared in 18 and 85 mosM
buffer. Pf is expressed in cm sec−1 × 103

18 mosM 85 mosM

L Pf (cm sec−1 × 103) L Pf (cm sec−1 × 103)

1.41 1.7 1.244 3.62
2.055 2.30 1.291 3.62
2.722 3.99 1.464 4.4
3.277 3.99 1.541 3.95
3.666 3.55 1.732 4.29

Fig. 7. Record of a typical stopped flow experiment where the light
scatter intensityI(t) from a vesicle suspension equilibrated in 18 mosM
cellobiose solution was suddenly exposed to different osmotic shocks.
Data acquisition was followed for 0.3 sec at a frequency of 3 KHz.

Fig. 8. Light scatter signals obtained with BBMV prepared in 22
mosM cellobiose buffer and subjected to different osmotic shocks. In
the upper trace, where a ‘‘lag time’’ can be observed, control vesicles
were subjected to an osmotic shock of tonicity 2.6. In the lower trace,
vesicles were first preshrunk by an osmotic shock (L 4 1.7) sufficient
to dissipate the initial hydrostatic pressure difference and were then
subjected to a second osmotic shock with a magnitude that would cause
the vesicles to reach the same final vesicular volume as the non pre-
shrunk vesicles (L 4 1.55, lower trace). In this curve, the ‘‘lag time’’
completely disappears. They axis has an offset.
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the hydrostatic pressure. In Table 2, the values ofPftotal

were obtained from the 8-sec curves, ignoring the exis-
tence of the lag time and assuming a singlePf value.

Data presented in Table 2 show that the values of
Pffast and Pftotal are similar for the different files ana-
lyzed, and should correspond to a permeability where the
contribution of activated channels is maximum. ThePf-

slow values are different. For expediency, we have as-
sumed an abrupt transition in permeabilities at some
critical volume. However if hydrostatic pressure is in-
deed responsible for the lowering of water permeability
we would expectPf to be some continuous function of
pressure starting at a minimum value limited by lipid
bilayer permeability, where no channels are active,
reaching its maximum value,Pffast, asymptotically when
all the pressure has been dissipated. In this casePfslow

may represent some weighted average of different states
of channel activation. Perhaps the simplest example of
the continuum is provided by the case where channel
inhibition decays exponentially with permeability i.e.,

Pf = Pffast − kS1 − e
S−l

DP

RT
DD (7)

wherePffast, k and l are constants to be determined by
curve fitting. WhenDP 4 0, thenPf 4 Pffast (same as
before). Figure 10A andB compares this simple example
of a continuum with the discrete transition assumption.
It shows curves fit to the data points: (A) the permeability
jump atVcrit, and (B) the continuous increase ofPf with
the decrease of the hydrostatic pressure. Both ap-
proaches give similarPffast. However, as expected, the
Pfslow value obtained by the permeability jump approach
is higher than the minimumPf value (Pf min 4 0.43 ×

10−3 cm sec−1) obtained with the continuous permeabil-
ity approach.

Discussion

Vesicle preparations containing the water channel pro-
tein CHIP28, show a nonlinear behavior of the total
change in light scatter intensity with the tonicity of the
osmotic shock (Fig. 2). Similar nonlinearities were ob-
served for the dependence of volume ratioVo/V with L
(Fig. 5). These are presumed to be due to an imbalance
of nondiffusible solute osmolarity across the vesicle
membrane which is counterbalanced by a hydrostatic
pressure difference that maintains the membrane under
strain (Soveral et al., 1997). When confronted by a hy-
pertonic shock the vesicle shrinks and dissipation of the
hydrostatic pressure can be anticipated.

Evidence for the existence the internal hydrostatic
pressure was provided in our earlier paper (Soveral et al.,
1997) where it explained: (i) the influx of mannitol that
follows an osmotic shock, (ii) the nonlinear dependence
of volume on the reciprocal tonicity, (iii) the dependence
of the volume changes on the preparation buffer osmo-
larity, (iv) a Donnan ratio that departs significantly from
unity. More importantly, the inferred hydrostatic pres-
sure led to an estimate of an elastic modulus which
agreed with those cited in the literature for similar sys-
tems.

In the face of a hypertonic shock there is a signifi-
cant lag time before the maximal vesicular volume re-
sponse (dV/dt) sets in. The lag time does not appear to
be an artifact introduced by the stopped-flow device or
its associated optics. In addition, it cannot be due to
heterogeneities in the permeability or the size of the
vesicle population. If it were, then the early trace of the
volume curve would have a positive curvature; in fact it
is negative. We conclude that the lag time corresponds
to a period of reduced water permeability. This reduc-
tion is related to the inferred hydrostatic pressure be-
cause the time lag is present when the pressure is present
and disappears when the pressure is removed.

A variable water permeability complicates the
analysis of osmotic shock data. The naive, and perhaps
most prudent, approach is to examine the data piecewise,
assuming an average constant permeability during the
slow lag, along with a separate constant permeability
following the lag. The data is easily fit by this simple
strategy. More likely the water permeability is a con-
tinuous, but unknown, function of pressure. Assuming a
simple exponential dependence ofPf on pressure, also
fits the data. In either case, following dissipation of
pressure, our permeability estimates yield similar perme-
ability values of the order of 4 × 10−3 cm sec−1. This is
somewhat lower than values reported in the literature for
BBMV and requires discussion.

Fig. 9. First second of volume change in BBMV prepared with 18
mosM cellobiose buffer and subjected to four different osmotic shocks.
The values ofPfslow, Vcrit, andPffastwere obtained fitting the data to Eq.
(5). Data shown by dots and fitted curves by solid lines.
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Values ofPf ranging all the way from 7.3 to 60.0 ×
10−3 cm sec−1 have been reported by a variety of labo-
ratories (Verkman et al., 1985a,b; van Heeswijk & van
Os, 1986; Pratz et al., 1986; Verkman & Ives, 1986;
Meyer & Verkman, 1987; Pratz, Ripoche & Corman,
1987; van der Goot et al., 1989a,b; Sabolic et al., 1992).
Methods of data analysis have varied; some authors fit
their data to a single exponential, others to a double
exponential. Single exponential fits have a theoretical
basis provided that the volume perturbation is small, a
criterion that is technically difficult to fulfill when work-
ing with vesicles as small as BBMV. Double exponen-
tial fits may reflect two populations, or it may simply
obscure the basic nonlinearity that occurs in larger vol-
ume perturbations. Still other authors have estimated
permeability from a single initial derivative of the light
scattering signal, a procedure that we have not found
successful, especially in the face of a lag time. Only one
laboratory appears to have taken the entire volume curve
into account, retrieving their parameters from fitting a
basic theoretical model to the data without approxima-
tions. Their reported permeability value for rabbit
BBMV is 7.3 × 10−3 cm sec−1 at 23°C (11 × 10−3 cm
sec−1 at 37°C) (Verkman et al., 1985a; Meyer & Verk-
man, 1987). They did not report a nonlinearity in the

calibration curve ofV vs. 1/L nor did they introduce
hydrostatic pressure into their kinetic model. It is not
clear whether this would account for the difference.

Some credibility is lent to our results by considering
activation energies. Our value of 4.6 kcal mol−1 com-
pares very favorably with the 4–5 kcal mol−1 reported for
water channels in red cells and for diffusion and bulk
flow of water in water (Wang, Robinson & Edelman,
1953; Farmer & Macey, 1970; Vieira, Sha’afi & Solo-
mon, 1970; Foster, 1971; Macey, Karan & Farmer,
1972). The estimate of 6.4 kcal mol−1 for low osmotic
tonicity shocks is also reasonable. In these vesicles the
lag time, where channel permeability is low, occupies a
greater proportion of the shrinkage curve. Thus the con-
tribution of water transport with a large activation energy
through lipid pathways plays a more prominent role and
skews the measured energy toward higher values.

Other estimates of activation energies are not as easy
to interpret. Meyer & Verkman (1987) reported a bipha-
sic response, with a sudden break atT 4 33°, yielding
EA 4 2.8 kcal mol−1 for T < 33° andEA 4 13.7 kcal
mol−1 for T > 33°. Van Heeswijk & van Os (1986) claim
an activation energy of 1.0 kcal mol−1. These estimates
are significantly below activation energies of water in-
teracting with water in bulk flow or diffusion and would

Table 2. Lag time, critical volume and respectivePf values for the fast and slow components
of the shrinking curves, andPftotal calculated from the total trace (8 sec)

Tonicity
(L)

Lag time
(msec)

Vcrit Pfslow

(cm sec−1 × 103)
Pffast

(cm sec−1 × 103)
Pftotal

(cm sec−1 × 103)

2.6 133 0.989 0.81 4.6 4.1
2.9 98 0.983 1.27 4.46 4.0
3.3 73 0.985 1.45 4.86 3.9

Fig. 10. Pf and hydrostatic pressure dependence on the vesicular volume for vesicles prepared in 18 mosM cellobiose buffer subjected to a 2.6
tonicity osmotic shock. Both panels show the curve fit to the data points by (A) a hypothetical permeability jump atVcrit, and (B) a hypothetical
continuous increase ofPf , with the decrease of the hydrostatic pressure. Data shown by dots and fitted curves by solid lines.
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seem to imply a truly catalytic action of the channels on
water transport, an interpretation we are not inclined to
pursue. Further, the apparent break in the Arrhenius plot
obtained by Meyer & Verkman (1987) cannot be inter-
preted as due to a composite of water channels with the
lower (2.8 kcal mol−1) activation energy, and lipid path-
ways with the higher energy showing up more promi-
nently at higher temperatures. If we assume any reason-
able ratio of channel to lipid permeability and construct
a plot resulting from sum of the two processes with as-
sumed activation energies of 2.8 and 13.7 kcal mol−1, we
arrive at a figure which is fairly linear with no apparent
break and with the slope in the higher temperature region
less than required for a 13.7 kcal mol−1 process. If we fit
a two process model to their data we arrive at two acti-
vation energies; one is much smaller than 2.8, the other
considerably larger than 13.7 kcal mol−1.

The low permeabilities as well as the pressure inhi-
bition of water transport were unanticipated. Estimated
values of the pressure may also seem high, but, for a
given surface tension, this results from their small radius.
As shown in Soveral et al. (1997) the strain and area
expansion of these vesicles at the point of rupture is
similar to that measured in other larger cells. It is likely
that the more direct cause of the inhibition of water trans-
port arises from pressure induced membrane strain.
Thus larger intact cells would be subject to similar inhi-
bitions even though the pressure that initiate the strain is
hardly discernible.

The physiological significance of these findings, if
any, is probably connected with the huge fluid reabsorp-
tion in the proximal tubule which accompanies transport
of essential solutes. Because solute reabsorption is so
massive, small fluctuations of transport rates between
brush border and basal lateral membranes could lead to
large intracellular accumulations of fluid. A low perme-
ability of the apical membranes which will tend to shunt
water reabsorption through extracellular transjunctional
pathways would make cellular volume transients easier
to regulate. If fluid does accumulate within the cell, it
could lead to increased membrane strain which would
inhibit apical membrane water flux. Because of geo-
metrical differences there is no reason to assume the
same strain would appear in the basolateral membrane,
and assuming an equivalent inhibition of the basolateral
membrane does not occur, then the cell volume would
diminish. Thus the presence of water channels in the
apical membrane with distinct properties could serve as
a volume and/or pressure regulator. The credibility of
these speculations will require similar studies on both
apical and basolateral membranes under more physi-
ological conditions as techniques evolve.
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