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Summary. Microvillous vesicles were prepared from term human
placenta by shearing, differential centrifugation and Mg?* precip-
itation. Vesicles were purified further on a sucrose density gradi-
ent producing two bands with densities of 1.16 to 1.18 g/ml (C1)
and 1.13 to 1.15 g/ml (C2). The C2 fraction, which had a 24-fold
enrichment of alkaline phosphatase and a three-fold reduction in
Na+*, K*-ATPase activity compared to homogenates, was used
to measure osmotic water (P;) permeability. P, was measured
from the time course of scattered light intensity following expo-
sure of vesicles to specified gradients of impermeant solutes. Py
decreased from 3.0 X 1073 to 0.6 x 1073 cm/sec with increasing
gradient size (65 to 730 mM; 23°C). Four possible causes of this
behavior were examined theoretically and experimentally: an un-
stirred layer, saturation of water transport, large changes in the
vesicle surface area with changes in volume and a structural
restriction to vesicle volume change. The measured dependence
of P, on gradient size and the effect of the channel-forming
ionophore gramicidin on Py fit best to the theoretical depen-
dences predicted by a structural restriction mechanism. This
finding was supported by experiments involving the effects
on P; of increased solution viscosity, initial vesicle volume, the
magnitude of transmembrane volume flow, and the effects of
gradient size on activation energy (E,) for P,. The decreased Py
resulting from a structural restriction limiting vesicle volume
change was modeled mathematically as a second barrier in series
with the vesicle membrane. F, measured using a 250-mM in-
wardly directed sucrose gradient was 5.4 = 0.6 kcal/mol (T >
27°C) and 10.0 = 0.6 kcal/mol (T < 27°C). E, above 27°C is in the
range normally associated with transmembrane passage of water
via aqueous channels. Water transport was not inhibited by p-
chloromercuribenzenesulfonate.
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Introduction

One of the most important features of placental
transfer is the exchange of water between mother
and fetus. The rate of exchange across the human
placenta has been estimated as approximately 60

ml/min in both maternofetal and fetomaternal direc-
tions [16]; however, the pathways for water trans-
port and the permeabilities of individual cell mem-
branes have not been defined. Two general
mechanisms have been proposed for transcellular
water transport. The solubility-diffusion mecha-
nism postulates that water partitions into the lipid
membrane and diffuses across between areas of free
volume created by thermal fluctuations of the lipid
hydrocarbon chains [3, 28]. The other path is via
water-filled channels, either formed as transient
pores in the lipid membrane or through *‘fixed”’ pro-
tein-mediated sites [15]. Neither the mechanism of
transcellular water transport nor its possible contri-
bution to total transplacental water flow have been
characterized.

A vesicle preparation derived from the apical
brush border (microvillous membrane) of the human
placenta was used to examine placental membrane
water permeability. Permeability coefficients and
activation energies for microvillous vesicle water
transport were determined using stopped-flow light-
scattering techniques. These techniques have been
used previously to study transport in plasma mem-
brane vesicles isolated from the kidney [35], intesti-
nal mucosa [39], stomach [27] and brain [36].

This report describes a decrease in the osmotic
permeability coefficient with increasing gradient
size resulting from a structural restriction. This
structural limitation, which was modeled mathe-
matically as a second barrier in series with the vesi-
cle membrane, has not been reported previously in
either vesicles or cells. Placental brush-border wa-
ter transport is also unique among vesicie systems
in showing a low activation energy at higher tem-
peratures (>27°C) and a higher activation energy
below 27°C. The activation energy above 27°C is
comparable to that associated with transmembrane
passage of water through aqueous channels.
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Materials and Methods

VESICLE PREPARATION

The preparation of microvillous vesicles was a modification of
methods described by Bissonnette et al. [2], Booth et al. [4] and
Truman et al. [33]. Term human placental tissue (38 to 41 weeks
gestational age) was obtained within 20 min of delivery and
placed on ice. All subsequent steps were carried out at 4°C. The
umbilical cord, amniotic and chorionic membranes and the chori-
onic plate were removed, the tissue was cut into ~1 c¢m frag-
ments and placed in 0.9% NaCl. After washing twice in 0.9%
NaCl and twice in 1.5% CacCl,, the tissue was minced in a meat
grinder. 250 g of tissue were stirred in 2 volumes of buffer A (250

" mM sucrose, 10 mm HEPES-Tris, pH 7.0) at low speed (<60
rpm) for 60 min, filtered through gauze and the filtrate centri-
fuged at 2500 x g for 10 min. Solid MgCl, was added to the
supernatant to a concentration of 12 mm and the mixture was
stirred slowly for 60 min and centrifuged at 2,500 x g to remove
the Mg?*-precipitated, nonmicrovillous membranes. The result-
ing supernatant was centrifuged at 48,000 x g for 30 min to
sediment the vesicles. The pellet was resuspended in 150 ml of
buffer A containing 20 mM NaCl and centrifuged at 48,000 x g
for 60 min to produce a crude microvillous vesicle pellet (fraction
O).

Placental homogenates (fraction H), used for determining
vesicle purification, were prepared by homogenizing minced tis-
sue in 4 volumes of buffer A in a Sorvall Omni-Mix at full speed
for 4 min. The homogenate was then filtered through gauze to
remove any gross particulate matter (<5%) and stored at —70°C.

Vesicles were purified further by sucrose density gradient
centrifugation. Initially fraction C (~75 mg protein) was sus-
pended in 9 ml of buffer A and 3-ml portions were layered on to a
28 to 42% (wt/vol) sucrose gradient containing 10 mm HEPES-
Tris, pH 7.0. The gradient was centrifuged for 16 h in a Beckman
SW 28.1 rotor at 28,000 rpm (144,000 x g). Gradients were col-
lected in 2-ml fractions, sucrose concentrations determined by
refractometry and fractions were assayed for marker enzyme
activities. In later preparations, fraction C was resuspended in 45
ml of buffer A and 15-ml aliquots were layered on 20 mi of 35%
(wt/vol) sucrose containing 10 mm HEPES-Tris, pH 7.0, and
centrifuged in the SW 28.1 rotor for 60 min at 144,000 X g. The
interfacial layer was collected and diluted to 150 ml with buffer A
and centrifuged at 48,000 X g for 30 min to produce the final
vesicle pellet (fraction C2). This fraction and that which sedi-
mented to the bottom of the sucrose gradient (fraction C1) were
resuspended in buffer A and frozen at —70°C.

BIOCHEMICAL AND MORPHOLOGICAL
CHARACTERIZATION OF VESICLES

Alkaline phosphatase, aminopeptidase M, acid phosphatase,
Nat, K*-ATPase, NADPH-cytochrome ¢ reductase and succi-
nate dehydrogenate were assayed by published methods [6, 13,
19, 29, 34]. Gamma-glutamyl transferase was assayed using a
reagent kit (Sigma Chemical Company, St. Louis, Mo.). All en-
zyme assays were carried out at 23°C. Protein concentration was
measured by the method of Lowry et al. [23] in the presence of
0.2% deoxycholate. Protease activity in vesicle preparations was
assayed by measuring the release of acid-soluble dye from azoca-
sein after incubation with vesicles for 4 hr at 37°C. Osmolarities
were measured using an Advanced Wide-Range Osmometer
model 3W2.

SDS-polyacrylamide gel electrophoresis was carried out by
the method of Laemmli [22], using reagents obtained from Bio-
Rad (Richmond, Calif.). Vesicle samples were heated to 95°C for
4 min in the SDS sample buffer. Samples (25 to 50 ug protein)
were loaded onto 1.5-mm slab gels (4.0% stacking gel; 10.0%
separating gel) which had been pre-electrophoresed at 20 mA/
slab for 60 min. The gels were run at 25 mA/slab through the
stacking gel and 35 mA/slab through the separating gel. Gels
were stained with 0.2% Coomassie Blue R-250 in 40% methanol,
10% acetic acid for 2 hr and destained through several changes of
40% methanol, 10% acetic acid. Molecular weights were deter-
mined using the standards carbonic anhydrase (29,000 daltons),
ovalbumin (45,000), bovine serum albumin (66,000), phos-
phorylaes b (97,000) and beta-galactosidase (116,000). Laser den-
sitometry was carried out using an LKB UltroScan XL densi-
tometer.

Microvillous membranes were pelleted in 1% Agarose in
buffer A and fixed in a modified Karnovsky’s fixative [21] for 2
hr. Samples were then rinsed with 0.1 M cacodylate buffer, pH
7.4, and post-fixed in reduced OsO, [ 10] for | hr at room tempera-
ture, The tissue was then rinsed, dehydrated and embedded in a
Poly-bed:Araldite mixture. Sections were examined using a
JEOL JEM 100B microscope.

STOPPED-FLOW MEASUREMENTS

Stopped-flow measurements were performed on a Dionex-130
stopped-flow apparatus (Sunnyvale, Calif.) which has a dead
time of 2 msec and is temperature controlled between 5 and 60°C.
0.1 ml of solution containing vesicles (~0.3 mg protein/ml) was
mixed with an equal volume of hypo- or hyperosmotic solutions.
The time course at 90° scattered light intensity at 500 nm was
recorded by a MINC/23 computer (Digital Equipment, Maynard,
Mass.) for subsequent analysis. No change in light scattering was
observed when vesicles were mixed with isosmotic solutions.
Where used, gramicidin was added from ethanol stock (25 mg/
ml) to give a final concentration of 10 ug/ml membrane protein.
Addition of an equivalent volume of ethanol to vesicles did not
affect the rate of water transport.

Py was calculated from the time course of scattered light
intensity by comparing single exponential time constants fitted to
the data with single exponential time constants fitted to simu-
lated curves in which P, was varied. Simulated curves were cal-
culated from the equations,

dV(t)/dt = PAS/IV )0 [Ct = 0V V() — C,] (1)
I(t) = a + b[V(1)] + c[V(£)]2 2)

where V(¢) is vesicle volume normalized to volume at ¢ = 0,8/v,
is initial vesicle surface-to-volume ratio, U, is the partial molar
volume of water, C; (¢ = 0) is initial intravesicular osmolarity, C,
is solution osmolarity, I(¢) is scattered light intensity and a, b and
¢ are constants determined experimentally (see below) which
relate scattered light intensity to vesicle volume. Equations (1)
and (2) are solved iteratively using the initial volume, V(0), ap-
propriate for the experiment.

Results

SUCROSE GRADIENT SEPARATIONS

Centrifugation of fraction C on a continuous su-
crose density gradient (28 to 42% wt/vol) produced
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Table 1. Alkaline phosphatase and Na*, K*-ATPase activities in
placental homogenates and microvillous vesicle fractions C, C1
and C2°

Fraction Alkaline Na*, K*-ATPase  Relative®
phosphatase enrichment

Homogenate 130+ 28 120 1.0 1

C 2802 + 810 13.0 = 0.2 20

Cl [550 = 551 6.2 + 0.5 23

C2 3230 = 1036 3.1 £0.8 96

2 Enzyme activities (nmol/min/mg membrane protein) are mean
+ sp for four placental preparations.

® The values for relative enrichment were obtained by dividing
the alkaline phosphatase/Na*, K*-ATPase ratio for all fractions
by the same ratio for the homogenate.

two peaks of alkaline phosphatase activity at densi-
tiesof 1.16to 1.18 g/ml (fraction C1)and 1.13to 1.15
g/mi (fraction C2). We used the nomenclature of
Truman et al. [33] to describe the sucrose gradient
bands containing the microvillous vesicles. The
fractions corresponding to these two bands of activ-
ity were collected, resuspended in buffer A and cen-
trifuged separately on 35% (wt/vol) sucrose step
gradients. The C2 fraction sedimented to the inter-
face layer while the CI1 fraction pelleted below the
35% sucrose layer, confirming the separate identi-
ties of the two fractions and the fact that they were
not interconvertible. The activities of two plasma
membrane markers were assayed in placental ho-
mogenates and vesicle fractions C, CI and C2 (Ta-
ble 1). Alkaline phosphatase is a marker for the mi-
crovillous membrane while ouabain-inhibitable
Nat,K*-ATPase is a marker for the basolateral
membrane of the syncytiotrophoblast. The enrich-
ment of alkaline phosphatase (specific activity/ho-
mogenate specific activity) in C2 was 25-fold
compared to 12-fold for the C1 fraction. The rela-
tive enrichment (alkaline phosphatase/Na* K*-
ATPase) compared to basolateral membrane was
96-fold for C2 compared to 23-fold for the CI frac-
tion.

SDS/PoLYACRYLAMIDE GEL ELECTROPHORESIS

The electrophoretic patterns of fractions C1 and C2
after Coomassie Blue staining of the SDS gels were
similar but there were a number of distinct, repro-
ducible differences. Figure 1 shows typical densi-
tometry scans of the C1 and C2 fractions. Each
band was quantified as the area under the peak rela-
tive to total area. Proteins of approximate molecu-
lar weight, 37,000, 44,000, 64,000, 93,000, 104,000
and 115,000 were more abundant (20 to 50%) in Ci
than C2, whereas a protein of molecular weight
71,000 was more abundant (30 to 40%) in C2. These
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Fig. 1. Densitometric tracings of SDS/polyacrylamide gels of
protein in MVV fractions Cl and C2. 50 pg of membrane protein
solubilized from C1 and C2 was ¢lectrophoresed in 10% gels and
stained with Coomassie Blue R-250. Densitometry traces show
the intensity of the stained gel bands plotted against molecular
weight (daltons) for a typical set of Cl and C2 fractions. The
molecular weight scale was constructed using a quadratic func-
tion calculated from the positions of the molecular weight mark-
ers. Bands which showed a reproducible difference in five sepa-
rate placental preparations are marked with arrows: («) 37,000,
(h) 42,000 (c) 64,000 (d) 71,000 (¢) 93,000 (f) 104.000 (g) 115,000

findings were observed in vesicle samples from five
separate placental preparations. A number of other
changes were observed between C1 and C2 in indi-
vidual preparations which were not reproducible
across all five preparations and were not considered
relevant in the comparison.

To ensure that the electrophoretic patterns
were not modified by endogenous protease activity,
samples from the C, C1 and C2 fractions were as-
sayed for protease activity. The protease activity of
trypsin was more than 30,000-fold greater (on a per
mg protein basis) than any of the microvillous vesi-
cle samples demonstrating the absence of signifi-
cant protease activity in these fractions (data not
shown).

We chose to use the C2 vesicle fraction (mi-
crovillous vesicles; MVV) in all subsequent investi-
gations because of its greater purity as defined by
the higher alkaline phosphatase and lower Na*, K*-
ATPase activities. Approximately 30 to 45 mg of
membrane protein were obtained in the C2 fraction
prepared from 250 to 300 g of placental tissue.

MARKER ENZYME ASSAYS

Aminopeptidase M was assayed as an additional
marker for the microvillous plasma membrane,
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Table 2. Marker enzyme activities in homogenate and C2 fraction microvillous vesicles from human

placenta?

Enzyme Homogenate C2 Fraction Enrichment

Alkaline phosphatase 124 =+ 38 2911 = 536 23.5

Aminopeptidase M 1.7+ 0.1 3.6 0.3 2.1

Ouabain-sensitive 55+ 32 1.7+ 0.7 0.3
Na*, K*-ATPase

Succinate 87 =123 6 * 2 <0.1
dehydrogenase

NADPH-cytochrome ¢ 199 = 3.5 34 1.8 0.2
reductase

Acid phosphatase 7.8+ 2.2 1.2+ 0.8 0.15

2 Enzyme activities are mean * sD for four placental preparations in nmol/min/mg membrane protein
except for amninopeptidase which is measured in arbitrary fluorescence units/min/mg.

NADPH-cytochrome ¢ reductase was assayed for
the presence of endoplasmic reticulum, succinate
dehydrogenase activity was measured to determine
mitochondrial contamination of the MVV and acid
phosphatase activity was assayed as a marker for
contamination by lysosomal membranes. Table 2
shows the specific activities of these enzymes in the
homogenates and MVV from four separate placen-
tal preparations.

ELECTRON MICROSCOPY

Electron micrographs of the MVV from four prepa-
rations showed a mixed population of microvillous
vesicles and microvilli with a higher proportion of
the latter. The microvillous dimensions were in the
range 0.1 to 0.2 um diameter and 0.2 to 0.4 um in
length. Few structures (<1%) were observed which
were greater in size, showing a lack of contamina-
tion by cells, nuclei and mitochondria.

VESICLE LIGHT SCATTERING

The time course of light scattering when MVV in
buffer A (~0.3 mg/ml) were mixed with sucrose
buffer to give 250, 375 or 500 mM inwardly directed
gradients (1.9, 1.5, and 1.3 Osm™!) is shown in Fig.
2 (top). The time course represents water efflux pro-
duced by a hyperosmotic gradient. Also shown is
the best-fit single exponential for this data as deter-
mined by a least-squares fitting procedure. Similar
results were obtained by substituting urea or NaCl
for sucrose as the impermeant solute (impermeant
on the time scale of water movement). The expo-
nential time constants for water efflux were 0.084 +
0.006, 0.083 = 0.005 and 0.083 = 0.004 sec for 400
mOsm gradients of sucrose, urea and NaCl, respec-
tively (23°C; n = 6); thus water flow is independent
of the impermeant solute used. No differences were

noted between the exponential time constants for
water efflux for freshly prepared MVV (0.084 =
0.006 sec; n =6) and from MVYV which had been
frozen at —70°C (0.085 = 0.006 sec; n = 6).

RELATION BETWEEN SCATTERED LIGHT
INTENSITY AND VESICLE VOLUME

To measure osmotic water permeability coeffi-
cients, it was necessary to establish the relationship
between the intensity of scattered light and vesicle
volumes. There was a linear relationship between
entrapped vesicle volume (as measured by [*H]-glu-
cose) and inverse external solution osmolarity in
the range 1 to 6 Osm™! (data not shown), in agree-
ment with the findings of several investigators [2, 7,
9]. The change in scattered light intensity when
MVYV in buffer A were mixed with a series of hy-
perosomotic and hypoosmotic sucrose solutions is
shown in Fig. 2 (bottom). The amplitude of the
stopped-flow time course was converted to frac-
tional change in scattered light intensity by assign-
ing a value of unity to the light-scattering amplitude
of MVV mixed with isosmotic solutions. The de-
crease in fractional intensity with decreased solu-
tion osmolarity (increased Osm~!) was fitted to a
quadratic function between 1 and 4 Osm~!. Above 4
Osm™!, the decrease was approximately linear with
decreasing osmolarity but small in comparison with
that seen below 4 Osm~'. The relationship between
vesicle volume and scattered light intensity estab-
lished by these results was used in subsequent cal-
culations of osmotic permeability coefficients.

OsMmoTIC WATER PERMEABILITY COEFFICIENT

A series of water efflux and influx curves were gen-
erated when MVYV in buffer A were mixed with hy-
per- and hypoosmotic sucrose solutions. The time
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constants obtained from the exponential fit to the
time course were used to calculate the osmotic wa-
ter permeability coefficients (Py) as described in
Materials and Methods. The surface-to-volume ra-
tio used was 3.2 X 10° cm™!, calculated assuming
microvillous dimensions of 0.15 X 0.4 um {20], in
agreement with the dimensions observed in the
electron micrographs of the MVV., The relationship
between Py and osmotic gradient size (C, — C}) at
23°C is plotted in Fig. 3.! For C, — C; < 65 mM, P,
was relatively constant at 3.0 X 1073 cm/sec; for C,
— C; > 65 mMm, Prdecreased markedly with increas-
ing gradient size.

There are several possible explanations for the
decrease in P, with increasing gradient size: 1) a
solution or intravesicular unstirred layer (USL)
forming a flow-dependent serial barrier to transport;
2) saturation of a water transport mechanism such
as a specific carrier; 3) large alterations in vesicle
surface area with changes in vesicle volume; 4) a
structural limitation which restricts the rate of vesi-
cle volume change, equivalent to a second barrier in
series with the membrane.

A number of experiments were designed to dis-
tinguish among these possibilities. The rationale
and results for these experiments are detailed be-
low. Table 3 lists the predicted outcome for each of
the mechanisms given above.

DEPENDENCE OF Py ON GRADIENT SIZE

A simple model was developed for each mechanism
to generate the predicted dependence of Pron gradi-
ent size. These curves are shown in Fig. 3 plotted
with the experimental data. For a USL it is neces-
sary to consider both transient and steady-state
USL’s. The duration of the USL transient following
solution mixing (representing the time required to
develop the full solute diffusion polarization gradi-
ent) can be estimated from t, = a,(d?/D) [1], where
Ly, 1s the half-time of the transient (sec), a, is a
dimensionless constant, d is the USL thickness
{um) and D is solute diffusion coefficient in the
USL (cm?/sec). Assuming d = 0.075 um (half the
vesicle diameter), D = 107% cm?/sec and a, = 0.38
(no volume flow), ¢, = 20 usec, more than three
orders of magnitude smaller than the shortest time

! It is assumed that all vesicle volume is osmotically active.
We have examined whether this assumption could modify the
calculated decrease in Py with increasing osmotic gradient size. If
fis the fraction of osmotically active vesicle volume, then the
C{t = 0)/V(r) term in Eq. (1) would be replaced by fCi(r = 0)/
[V() — (1 — AV(0)]. In an extreme case where fis taken to be 0.5,
calculated Pr would decrease from 6.1 X 1073 to 2.2 x 1073
cm/sec as osmotic gradient size increases from 50 to 1000 mOsm.

RELATIVE SCATTERED LIGHT INTENSITY

ol

0.8 1 L

Fig. 2. Scattered light intensity as a function of time and external
osmolarity. (Top) Time course of scattered light intensity for
microvillous vesicles exposed to a sucrose gradient. Plot of scat-
tered light intensity as a function of time for a suspension of
MVYV in buffer A after exposure at zero time to 250, 375 or 500
mM inwardly directed sucrose gradients (1.9, 1.5, 1.3 Osm™’).
The amplitudes of the stopped-flow time courses were converted
to fractional change in scattered light intensity by assigning a
value of unity to the scattering amplitude of MVV mixed with
isosmotic solutions. Also shown is the best fit single exponential
curve for the experimental traces. The exponential time con-
stants were 0.114, 0.092 and 0.068 sec, respectively. (Bottom)
Scattered light intensity as a function of Osm~!. MVYV diluted in
buffer A were mixed with an equal volume of hyper- and hypoos-
motic sucrose solutions containing 10 mM HEPES-Tris, pH 7.0.
The ordinate represents the amplitude of a single exponential
fitted to the time course of scattered light intensity. The data
were fitted to the empirical quadratic function [.02 — 0.38
[Osm~'] + 0.03 [Osm™']?

constant for water efflux. Transient USL phenom-
ena were not therefore included in the calculation of
the predicted effects of a USL on P,. The changes in
Py resulting from a steady-state USL were calcu-
lated from the expression for osmotic water flow,
modified to include the effect of the USL on the
effective external impermeant concentration at the
membrane surface during osmotic water flow such
that,

Jv = P)""SUW[CoeXp(—Jv(d/D)) - Cl] (3)
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Table 3. Predicted results of experiments to test proposed mechanisms

Experiments to test

1. Unstirred

2. Transport

3. Surface area

4. Structural

proposed mechanisms layers saturation alteration limitation
A. Prediction of the relation

between P;and gradient

size see Fig. 3 for predicted curves
B. Effect of gramicidin on

the relation between

P; and gradient size see Fig. 4 for predicted curves
C. Effect of increased

viscosity on Py Decrease Py No change No change No change
D. Effect of pre-shrinking

MVV on P No change No change Decrease Py Decrease Py

E. Effect of gramicidin
on Prin pre-shrunk
MVV

F. Effect of increased
gradient size on the
activation energy for
water transport (T > T,)

Blunted increase
in P f

Change in
E,to
~5 kcal/mol

Increase Py

Increase Py

Blunted increase

G. Effect of increased

flow on Py Decrease Py

- in Py
Increase in No change Not predictable
E, in E,
Decrease Py No change Not predictable?

2 The structural limitation mechanism may be subdivided into two categories: limitation based on the absolute vesicle volume (static
structural limitation) or limitation based on the rate of volume change (dynamic structural limitation). Under conditions of the pre-
shrink experiment (D) given in the text, the former type would show a decrease in P; whereas the latter type would show no change.
Under conditions of the flow dependence experiment (G), a dynamic structural restriction would show a decrease in Py whereas the

response with a static structural limitation is not predictable.

45
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Fig. 3. Dependence of P;on gradient size. The predicted depen-
dences of Py on gradient size for a series of models proposed to
account for the decrease in P, with increasing positive gradient
are shown by the smooth curves. The theoretical models used to
generate these curves are taken from Eqgs. (3), (4) and (5) in the
text for the USL, transport saturation and structural restriction
mechanisms, respectively. The curve for the surface area mecha-
nism was calculated from a modification of Eq. (1) as described
in the text. The data points shown by the open circles are the
experimental values of Pycalculated from the time course of light
scattering after MVV diluted in buffer A were mixed with equal
volumes of a series of hypo- and hyperosmotic sucrose solutions
(mean * sp; n = §)

J, is the water flow (nl/sec), § is the vesicle surface
area (cm?), v, is the molar volume of water (cm?3/
mol), P/ (cm/sec) is the osmotic water permeability
coefficient in the absence of a USL, C; is the inter-
nal impermeant concentration and C,exp(—J,(d/D))
is the effective external impermeant concentration
(mol/liter). Values for P/"S0, and d/D were chosen
so that the calculated P, was equal to the measured
value for P, at the maximum gradient used experi-
mentally (730 mm). The predicted dependence of P,
on gradient size was generated iteratively by solv-
ing Eq. [3]for J, (= P¢(C, — C))) for varying C,. The
theoretical curve calculated by this method did not fit
the experimental data.

If the decrease in Pywas caused by saturation of
a symmetrical transport mechanism, the experi-
mental data should approximately fit a saturable
single-site binding model,

1??|[(jo - (2]
I[C, = Cl| + Kp

Pp=Pf + @)

where P7 is the saturable permeability, Pf — P?is a
nonsaturating permeability and Kp is the osmotic
gradient at which the saturable component is half
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saturated. The data in Fig. 3 were fitted to Eq. (4)
with P¢ = 4.4 x 1077 cm/sec, P{ = 4.2 X 1073 cm/
sec and Kp = 165 mm (Fig. 3). Although the mode]
curve fitted the positive gradient data well, the neg-
ative gradient data was not well fitted.

The effect of changes in vesicle surface area
(and hence surface-to-volume ratio; S/V) was mod-
eled by altering the calculation of P, (as described in
Materials and Methods) so that S/V, in Eq. (1) was
multiplied by (V(2)/V(0)** where V(¢) and V(0) are
vesicle volumes at time ¢ and time zero. The 2/3
exponent was used to model the isotropic contrac-
tion of a sphere or other closed structure. The curve
produced by surface area changes (Fig. 3) was plot-
ted such that at maximum gradient the value for P,
from the model was equal to that determined exper-
imentally. The surface area curve did not fit the
experimental data. Even if the multiplication factor
used was (V(¢)/V(0))3, the surface area curve did
not fit the experimental data. To fit this data would
require a unique type of surface area change such
that a small volume decrease produces a very large,
nonlinear decrease in surface area.

A structural limitation mechanism was modeled
as a second barrier or resistance in series with the
membrane resistance (1/P/"),

Py= (/P + RIC, — C])™! (35

where R is a structural resistance factor in units of
cm? sec/mol. Equation (5) can be rearranged to
give,

_ pm __ Pjr”nR[Co - Cl]
Fr=Pr = 1 Ric, — ¢ ©)

which is similar to Eq. (4) for a single-site binding
model. The dependence of P, on gradient size is
therefore the same as that of the transport satura-
tion curve at higher positive gradients. However,
structural restriction is unlikely to be symmetric
and it is probable that at some lower gradient it will
cease to be an influence on vesicle size. This is
shown by the structural limitation curve in Fig. 3
which, at lower gradients remains constant at ap-
proximately 3.0 x 1073 ¢cm/sec.

THE EFFECT OF GRAMICIDIN ON Py

In a recent report the channel-forming ionophore
gramicidin was shown to increase water permeabil-
ity in the intestinal brush border [39]. In the placen-
tal brush-border membrane Py increased from (1.8
+0.1) x 1073 cm/sec to (3.1 £ 0.2) X 1073 cm/sec
by gramicidin (10 pg/mg membrane protein) at 23°C

SATURATION

SURFACE AREA

~
STRUCTURAL ——

0 L
0 400 800 1200

GRADIENT SIZE (mM)

Fig. 4. Effect of gramicidin on Py The predicted difference be-
tween P,in the presence and absence of gramicidin (plotted as In
(Pﬁ/P/)) is plotted against gradient size (mM) for the models listed
in Table 3. The theoretical curves were calculated using Egs. (6)
and (7) for the transport saturation and structural restriction
mechanisms, and using a modification of Eq. (3) for the USL
mechanism, as described in the text. The individual points repre-
sent differences in P, values obtained experimentally from the
time course of light scattering in the presence and absence of 10
png gramicidin/mg protein (mean * sD; n = 6)

on exposure to a 250-mm inwardly directed sucrose
gradient. The difference between In (Py) in the pres-
ence In (P%) and absence of gramicidin In (£)) (In
P}’/ Ppis p{otted against gradient size in Fig. 4 along
with the predicted curves for each of the proposed
mechanisms causing decreases in P with increasing
gradient size. The differences in In (Py) rather than
in Pywere chosen for the plot to separate maximally
the predicted effects of gramicidin for each pro-
posed mechanism.

The models described above were modified to
include the gramicidin effect. To calculate Py in the
presence of gramicidin for MVV with a steady-state
USL, the P/" value in Eq. (3) was replaced by an
increased value representing P/ + P/# which, along
with the parameters P57, and d/D were adjusted to
give the same value of (P# — P/") at zero gradient
as the experimental data.

For transport saturation, the gramicidin effect
was calculated by including a nonsaturating compo-
nent for gramicidin (PJ%) in the single-site binding
model as well as the nonsaturating component pre-
viously introduced in Eq. (4),

I[C, — Cil
o Cz]| + KD

P;= Pfo' ~ Py i + Pf,’ @)

where P¢ was determined experimentally for a
small positive gradient. The values of P/, P/ and
Kp used in this calculation were those determined
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previously from the fit of the experimental data to
Eq. (4).

For the surface area effect, the fractional in-
crease in P, caused by gramicidin is independent of
osmotic gradient size. Thus P#/P; (or In P/ Pf)) is
independent of gradient size as shown in Fig. 4. For
the structural limitation mechanism, Eq. (5) was
modified to give
Pr=(1/(P]" + P§) + RIC, — C)™' (8)
where P# is defined as for Eq. (7). This model gave
the closest fit to the experimental data.

ViscosSITY AND UNSTIRRED LLAYERS

When viscosity is increased in a USL (decreased
D), increased solute polarization decreases the ef-
fective osmotic gradient size resulting in a de-
creased P, In the absence of an unstirred layer,
increased viscosity will not affect P, The rate of
water efflux was measured in the presence and ab-
sence of 6% dextran which increased solution vis-
cosity > threefold. The time constant for water ef-
flux for a 500-mmM inwardly directed sucrose
gradient was 0.082 = 0.004 sec (n = 8) in the ab-
sence of dextran and did not differ significantly
from the time constant measured in the presence of
dextran (0.077 = 0.009 sec; n = 8).

EFFECT OF VESICLE PRESHRINKING ON Py

Comparison of P, determined using identical initial
osmotic gradients (identical volume flow) in normal
volume and preshrunken MVYV discriminates
among several Pralteration mechanisms as summa-
rized in Table 3. The two flow-dependent mecha-
nisms, USL and transport saturation, would not be
affected by a decrease in initial vesicle volume. In
the case of the surface area mechanism a decrease
in initial vesicle volume will result in a decrease in
surface area and a consequent decrease in Py. Struc-
tural restriction becomes increasingly important as
vesicle volume is reduced and so preshrinking is
predicted to cause a decrease in Py. This is true for
structural limitation based on the absolute volume
(static structural limitation) but not for restriction
based on the rate of volume change (dynamic struc-
tural limitation). Shrinking vesicles prior to mea-
surement of P, was carried out by suspending MVV
in hyperosmotic buffers immediately prior to the
stopped-flow experiment. P, was measured follow-
ing exposure to identical osmotic gradients for vesi-
cles at isosmotic volume and vesicles shrunken to
half the isosmotic volume. P determined for isos-

motic MVV using a 250-mM sucrose gradient was
(1.82 + 0.12) x 1073 cm/sec whereas that deter-
mined for MVV with half the volume was (1.18 %
0.09) x 1073 cm/sec. The experimental data is in
agreement with the predictions for the surface area
and static structural restriction models.

A USL or structural restriction mechanism can
be viewed as a resistance in series with the primary
membrane barrier. Modification of membrane per-
meability by addition of gramicidin decreases only
the membrane resistance. The effects of gramicidin
on P,would therefore be blunted when these mech-
anisms are operative. In MVV with initial isosmotic
volume, gramicidin increased Py (250 mm inwardly
directed gradient) from (1.82 = 0.12) to (3.06 =
0.19) x 1073 c¢m /sec. However, the effect of grami-
cidin on pre-shrunken MVV P, was blunted; Py in-
creased from (1.18 = 0.09) to (1.93 = 0.03) x 103
cm/sec. The blunted gramicidin effect supports the
predictions for either a USL or structural restriction
mechanism.

ACTIVATION ENERGY FOR WATER TRANSPORT

In the presence of a USL, an increased osmotic
gradient should increase the fractional resistance
due to the USL. The activation energy (E,) for wa-
ter transport should therefore tend toward that for
solute diffusion in aqueous solution, ~5 kcal/mol.
In the presence of a saturating water transport
mechanism, increasing the osmotic gradient size
should increase the fraction of water transport taking
place by the nonsaturable lipid-mediated pathway
and should change E, for water transport towards
that for lipid-mediated transfer (~15 kcal/mol; ref.
11). Changes in surface area due to increasing gradi-
ent size should not affect E, since the pathway
across the single barrier remains unchanged. The
effect of increasing gradient size on E, for a vesicle
with structural restriction is not predictable without
knowledge of the physical mechanism by which re-
striction takes place. Stopped-flow measurement of
water efflux was carried out using both 250 and 500
mM inwardly directed sucrose gradients at 5° inter-
vals between 10 and 50°C. The Arrhenius plots for
these data are shown in Fig. 5. The lines drawn
through these points are the best fit of a double-
connected line as determined by a four-parameter,
least-squares fitting procedure. The values for the
activation energies and the points of slope discon-
tinuity are given in Fig. 5. Below 27°C the activation
energies for 250 and 500 mMm gradients were not
significantly different and were both approximately
10 kcal/mol. Above 27°C, the activation energy for
a 500-mm gradient was significantly greater than
that calculated for a 250-mmM gradient. The increase
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in £, from 5.4 to 7.3 kcal/mol supports the transport
saturation mechanism and does not exclude the
structural restriction mechanism.

Frow DEPENDENCE OF Py

The final approach used to distinguish between
mechanisms was the measurement of P,under con-
ditions where transmembrane volume flow was var-
ied without altering the initial and final vesicle vol-
umes. P, measured in the presence of a USL,
transport saturation and dynamic structural restric-
tions would be flow dependent whereas the surface
area mechanism is not. The response of a vesicle
with a static structural restriction mechanism is not
predictable. Three groups of MVV were incubated
overnight, in 100, 200 or 300 mmMm sucrose, 10 mm
HEPES-Tris, pH 7.0 (~0.3 mg/ml) and then ex-
posed to inwardly directed sucrose gradients which
resulted in a 40% decrease in vesicle volume for
each group. Although the absolute vesicle volume
change was the same for each group, gradient size
ranged from 65 to 200 mM and thus transmembrane
volume flow varied > threefold. Py was (2.7 £ 0.3)
x 1073 (65-mM gradient), (2.6 = 0.2) x 1073 (130
mM) and (2.9 = 0.5) X 1073 (200 mm) at 23°C. These
results suggest that the mechanism operating to de-
crease Py at increasing gradient size is not a flow-
dependent mechanism.

WATER TRANSPORT INHIBITION STUDIES

Because the activation energy for water transport
above 27°C was similar to that observed for carrier-
mediated water transport in the erythrocyte [11],
attempts were made to inhibit water transport using
sulfhydryl-specific reagents. p-Chloro-mercuriben-
zenesulfonate (5 mMm), mercuric chloride (0.5 mMm)
and iodoacetamide (5 mMm) were incubated with
MVYV for 20 min at room temperature. The time
constants for water efflux, determined using a 500-
mM sucrose gradient, were 0.098 = 0.012 sec
(pCMBS), 0.109 = 0.015 sec (HgCly) and 0.099 =
0.003 sec (iodoacetamide), not significantly differ-
ent from the control value of 0.093 = 0.005 sec (n =
8: 23°C). In additional experiments performed at
37°C, MVYV containing 100 mM sucrose, 10 mMm
HEPES-Tris, pH 7.0, were subjected to a 200-mm
sucrose gradient after incubation with pCMBS (5
mM) for 60 min. The exponential time constants de-
termined were 0.28 + 0.02 sec (control) and 0.18 =
0.01 sec (pCMBS). Ten mM mercaptoethanol had
no effect on the time constants. The apparent accel-
eration in water efflux due to pCMBS was matched
by an equivalent fractional acceleration in urea in-
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Fig. 5. Temperature dependence of water transport. MVV di-
luted in buffer A were mixed in a 1:1 ratio with 0.5 M (open
circles) or 1.0 M (closed circles) sucrose in buffer A. Results are
mean = sp of five and two preparations, respectively. The acti-
vation energies given in the Figure are in units of kcal/mol. The
breakpoints for the two curves were 25 * 3°C and 28 = 6°C for
the 0.5 and 1.0 M curves respectively

flux (data not shown) indicating that pCMBS had a
nonspecific effect on membrane transport.

Discussion

Two difficulties encountered in determining the per-
meability coefficients for microvillous vesicles are
vesicle size heterogeneity and contamination with
nonbrush-border membranes. In order to minimize
these problems, an isolation procedure was devised
which used the techniques of MgCl, precipitation
and sucrose density gradient centrifugation to re-
move nonbrush-border membranes and to isolate a
single membrane population (MVV-C2) as defined
by vesicle density. Comparison of the purification
achieved here with literature values is difficult be-
cause many reports give only the enrichment of a
microvillous membrane marker and omit data on
the presence or enrichment of other membranes.
The enrichment of alkaline phosphatase shown here
is comparable to the higher levels of enrichment in
several reports [2, 4, 33]. Like Booth et al. [4] we
also observed an coenrichment in aminopeptidase
M, but were unable to find any gamma glutamyl
transpeptidase activity as reported by Truman et al.
[33] in either homogenates or vesicles although it
was present in LLC-PK1 cell membranes tested si-
muitaneously. The enrichment of aminopeptidase
M was low compared to alkaline phosphatase possi-
bly because of the presence of proteins other than
aminopeptidase M in the homogenates which hy-
drolyse the substrate (L-alanine-naphthylamide) for
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the aminopeptidase M assay. The contamination by
intracellular membranes such as mitochondria, en-
doplasmic reticulum and lysosomes was low as evi-
denced by the de-enrichment of succinate dehydro-
genase, NADPH cytochrome ¢ reductase and acid
phosphatase in MVV relative to homogenate. The
major possible plasma membrane contaminant is
the syncytiotrophoblast basolateral membrane. As-
say of ouabain-sensitive Na*, K*-ATPase showed
that the basolateral membrane was depleted four-
fold relative to homogenate, reducing contamina-
tion to a greater extent than that achieved either by
Booth et al. [4] or by Whitsett and Wallick {37],
reports in which Nat, K*-ATPase activity was as-
sayed.

The separation of the crude microvillous prepa-
ration into two fractions, C1 and C2, is very similar
to that described by Truman et al. [33]. The densi-
ties determined by linear sucrose gradient centrifu-
gation and the higher alkaline phosphatase activity
in the C2 fraction suggested that our fractions were
the same. Truman et al. suggested that the two frac-
tions differed in their internal structure, the C2
fraction showing a decreased content of mem-
brane-associated (possibly cytoskeletal) proteins.
SDS/polyacrylamide electrophoresis carried out on
the two fractions supported this possibility. We
found major reductions in the 42,000, 64,000, 93,000
and 104,000 dalton bands in the C2 fraction, pro-
teins which have been suggested to be actin, villin
and alpha-actinin [5]. The increased band at 71,000
in C2 may represent either the increased alkaline
phosphatase in this fraction apparent from enzyme
assays or the structural protein fimbrin also shown
to be present in placental microvilli [5].

Because the C1 and C2 fractions were not inter-
convertible, the sucrose density gradient separates
two subpopulations of MVV. The C2 fraction was
chosen for experimental purposes because it dem-
onstrated higher alkaline phosphatase enrichment
and reduced contamination relative to the C1 frac-
tion. The homogeneity evidenced by sucrose den-
sity-gradient banding suggested that this was a sin-
gle population of intact vesicles which would be
more likely to show defined, reproducible values for
osmotic permeability parameters than the Cl1 frac-
tion. The exponential time constant for water ef-
flux for eight separate C2 preparations, for exam-
ple, was 0.094 = 0.004 sec (mean *= sp; 500 mM
sucrose gradient at 23°C).

The observation of decreased Pwith increasing
gradient size has not been reported previously. Pris
independent of gradient size in human red cells [32],
platelets [25] and renal proximal tubule cells [26].
The evidence from a series of experiments summa-
rized in Table 3 and Figs. 3 and 4 suggests that a

structural limitation causes the decrease in P at
higher osmotic gradients. The viscosity experi-
ments ruled out USL’s as a cause of the Py altera-
tions since no change was observed despite the
presence of up to 6% dextran. Experiments involv-
ing preshrinking of MVV showed that absolute vesi-
cle size was an important influence on Py since a
50% decrease in vesicle volume produced by pre-
shrinking caused a 35% decrease in Py This effect
would not occur if USL’s or saturation of a water
transport mechanism caused the alteration in Py.
The finding that P, was not flow dependent provided
further support for a structural restriction mecha-
nism.

The model used for structural limitation was
that of a second, serial barrier to water movement
which becomes increasingly important in relation to
the primary (membrane) barrier as the vesicle vol-
ume decreases. Although our data supports the ex-
istence of a structural barrier, it is not possible to
define the precise physical characteristics of the
structural limitation. The placental brush border
has a complex cytoskeletal structure which has only
been partially elucidated [5]. It is possible that the
structural barrier results from restriction to vesicle
volume change imposed by the vesicle cytoskeletal
components. Because the nature of this restriction
is unknown, it is difficult to predict the effect of
temperature on the second barrier (Fig. 5). The ob-
served increase in E, above 32°C is not consistent,
however, with a P, alteration mechanism involving
surface area changes.

Lack of information on the exact nature of the
second barrier prevents us from accurately predict-
ing the effects of gramicidin on P, (Fig. 4). Never-
theless, the prediction based on a simple structural
limitation model is the one which best fits the exper-
imental data. The predictions of the structural limi-
tation model also fit the measured dependence of Py
on gradient size (Fig. 3). The curve corresponding
to the predictions of the structural limitation model
in Fig. 3 has been shown as a constant Pr of 0.003
cm/sec below a 65-mm gradient and decreasing
above 65 mM according to the predictions of Eq.
(6). This is based on the assumption that structural
limitation is unlikely to be symmetric and that at
some lower gradient size it will cease to restrict
vesicle size change and hence P, The point at
which the structural limitation curve becomes con-
stant was arbitrarily chosen to fit the data in the
light of the other evidence suggesting that this is the
mechanism by which Py is affected. The more than
four-fold changes observed in P, with variation in
gradient size suggest that measurement of P, in
membrane vesicle systems should be carried out
over a range of gradient sizes so as to detect the
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presence of structural barriers and that the true
membrane P, should be based on an extrapolation
of data to zero osmotic gradient.

In comparison with other bilayer membranes,
the placental microvillous membrane has a low os-
motic water permeability.? The P,for MVV at 37°C
is 4.8 X 1073 cm/sec compared to 7.7 X 1073 cm/sec
for human platelets [25], 11 X 10% cm/sec for rabbit
renal brush-border vesicles [35], 18.3 X 107* cm/sec
for rat brain synaptosomes [36] and 27 x 1073 ¢cm/
sec for erythrocytes [27]. The P, for MVV is higher
than that normally found for synthetic bilayer mem-
branes which have osmotic permeability coeffi-
cients in the range 0.6 to 1.0 x 107? cm/sec [11].
Addition of gramicidin increased the permeability
of MVV but the fractional increase in P, was less
than that observed by Worman and Field in the rat
intestinal brush border [39]. They observed an in-
crease in Py from 1.2 x 1073 to 4.8 x 1073 cm/sec
after gramicidin treatment (175 mM mannitol gradi-
ent, 23°C). The absolute change in P, for MVV us-
ing a 250-mOsm sucrose gradient was similar in
magnitude, from 3.0 X 1073 t0 5.5 x 1073 at 23° after
treatment with gramicidin. Gramicidin appeared to
introduce an incremental P, of ~0.003 cm/sec.

The Arrhenius plots for water transport (Fig. 5)
are notable in two ways. The first is the low activa-
tion energies (E,) for water transport measured us-
ing a 250-mM hyperosmotic sucrose gradient (E, =
4.7 = 1.1 kcal/mol, T > 27°C; E, = 7.3 = 1.7 kcal/
mol, T < 27°C). The second is the discontinuity
observed in the activation energy for water trans-
port at 26 = 3°C and 28 + 6°C for curves measured
using 250 and 500 mM sucrose gradients. Activation
energies in the range of 4 to 5 kcal/mol have been
observed previously in mammalian erythrocytes
[12] and in rabbit cortical collecting tubules in the
presence of vasopressin [14]. These values are the
same as that for the self-diffusion of water and are
generally associated with mediated processes for
water transport such as specific carriers or trans-
port via aqueous pores or channels. The low E, for
water transport above 27°C in MVV may be associ-
ated with passage of water through an aqueous
channel. In the erythrocyte, water transport is 90%
inhibited by pCMBS and a number of other organic

2 Wilbur et al. [38] have estimated a whole organ filtration
coefficient of 2.0 x 107¢ liter/sec - mm Hg. Assuming that P, =
P, (diffusional water permeability coefficient), and using a value
for total trophoblastic surface area at term of 67 m? [31], we
calculated a value for P, from this filtration coefficient of 4.9 x
10-3 cm/sec, which is similar to the value we determined experi-
mentally of 4.8 X 1073 ¢m/sec. Because of the uncertainties in
these estimates, it is difficult to determine whether the primary
route for water transport is transcellular.

mercurial sulfhydryl reagents [24]. Attempts to in-
hibit MVV water transport with HgCl,, pCMBS
and iodoacetamide proved unsuccessful. It is possi-
ble, however, that placental brush border contains a
protein-mediated water channel which is unlike that
of the erythrocyte and which is insensitive to sulfhy-
dryl modification reagents. Another possibility
which might account for the low E, above 27°C is
nonspecific water transport, taking place at the in-
terface between protein and lipid, as suggested by
Carruthers and Melchior [8]. The higher E, ob-
served below 27°C is more consistent with a lipid-
mediated transport pathway for water [3], either by
a solubility-diffusion mechanism or via transient
pores [15]. Seeds et al. [30] reported values less
than 5 kcal/mol for the activation energy of diffu-
sional water transport across human amnion and
chorion, and concluded that transport took place
primarily via extracellular water-filled channels.
The data reported here suggest that this interpreta-
tion is not necessarily the correct one.

The discontinuity in the Arrhenius plot of water
transport has two possible interpretations. The
presence of serial permeability barriers is consistent
with decreased E, above the temperature of the dis-
continuity, where permeabilty is most restricted by
the barrier with lower E,. As the osmotic gradient
size increases (0.5 to 1 M), E, above the transition
temperature increases from 5.4 to 7.3 kcal/mol,
consistent with a change in the physical characteris-
tics of the nonmembrane permeation barrier.

Alternatively, the biphasic Arrhenius plot is
consistent with the presence of a thermotropic
membrane lipid phase transition which may alter
the properties of water transport through lipid or at
the protein-lipid interface. This possibility is sup-
ported by a similar discontinuity in the Arrhenius
plot of MVV urea transport at 27 = 2°C [18], and in
the Arrhenius plots of Na*/H* transport (28 * 2°C)
and the activities of several brush-border enzymes
(alkaline phosphatase, 28 * 1°C; aminopeptidase
M, 31 = 3°C, ref. 17). There is strong additional
evidence obtained from fluorescence lifetime heter-
ogeneity analyses of cis- and trans-parinaric acids,
which show transition in lipid phase from solid to
fluid centered at 27°C. Differential polarization
measurements of the limiting anisotropy of
diphenylhexatriene (DPH) support the presence of
a thermotrophic phase transition in the temperature
range 24 to 29°C in these vesicles [17]. Thus altera-
tions in lipid-packing dynamics may modulate the
transmembrane passage of water. Further definition
of the nature of the placental water pathway will
require chemical modification of the membrane
phospholipid and protein structure, and target size
determination by radiation inactivation.
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