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Summary. A stopped-flow nephelometric technique was used to 
examine osmotic water flow across small intestinal brush-border 
membranes. Brush-border membrane vesicles (BBMV) were 
prepared from rat small intestine by calcium precipitation. Scat- 
tered 500 nm light intensity at 90 ~ to incident was a linear func- 
tion of the number of vesicles in suspension, and of the recipro- 
cal of the suspending medium osmolality. When BBMV were 
mixed with hyperosmotic mannitol solutions there was a rapid 
increase in the intensity of scattered light that could be fit to a 
single exponential function. The rate constant for vesicle shrink- 
ing varied with temperature and the size of the imposed osmotic 
gradient. At 25~ and an initial osmotic gradient of 50 mOsM, ehe 
rate constant was 1.43 • 0.044 sec i. An Arrhenius plot of the 
temperature dependence of vesicle shrinking showed a break at 
about 25~ with an activation energy of 9.75 -+ 1.04 kcal/mole 
from 11 to 25~ and 17.2 -+ 0.55 kcal/mole from 25 to 37~ The 
pore forming antibiotic gramicidin increased the rate of osmoti- 
cally driven water efflux and decreased the activation energy of 
the process to 4.51 -+ 0.25 kcal/mole. Gramicidin also increased 
the sodium permeability of these membranes as measured by the 
rate of vesicle reswelling in hyperosmotic NaSCN medium 
Gramicidin had no effect on mannitol permeability. Assuming 
spherical vesicles of 0. I/xm radius, an osmotic permeability co- 
efficient of 1.2 x 10 3 cm/sec can be estimated for the native 
brush-border membranes at 25~ These results are consistent 
with the solubility-diffusion model for water flow acr~)ss small 
intestinal BBMV but are inconsistent with the existence there of 
large aqueous pores. 
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Inlroduction 

The pathways for osmotic water flow across the 
small intestinal epithelium are not well defined. Rel- 
ative contributions of paracellular and transcellular 
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pathways to total water flow remain unsettled and 
may be influenced by the direction of flow [15]. 
Whether water traverses the brush-border mem- 
brane through aqueous channels or by dissolving in 
the lipid phase of the membrane is also unclear. 

Stopped-flow kinetic measurements of light 
scattering or absorbance have been used to study 
osmotic water flow in red blood cells [26] and in 
liposomes [24]. More recently this technique has 
been applied to membrane vesicles from epithelial 
cells [23, 30, 33]. The activation energy of water 
flow across apical membranes from gastric parietal 
cells [23], for example, is much higher than that for 
red blood cell membranes [31], which are thought to 
have aqueous pores [17], and is closer to that for 
liposomes [24], In the present study we have used 
stopped-flow nephelometry to examine osmotic wa- 
ter flow across rat small intestinal brush borders in 
the presence and absence of gramicidin A. 

Materials and Methods 

VESICLE PREPARATION 

Male Lewis rats, obtained from Charles River Breeding Labora- 
tory (Boston, Mass.), were anesthetized with ether and then 
killed by cardiac puncture. The distal 4/5 of the small intestine 
was removed and rinsed with ice-cold 0.9% NaCI. The mucosa 
was separated from the underlying musculature by scraping with 
a glass slide. The mucosa was then homogenized in a Waring 
blender for 90 sec and brush-border membrane vesicles were 
isolated by a Ca 2+ precipitation method previously described 
[I I]. The final brush-border pellet was suspended in 100 mM 
mannitol, 1.0 m• Tris-HEPES buffer (pH 7.4) and stored unfro- 
zen at 0 1o 4~ for no longer than 30 hr prior |o use. Protein 
content was determined by the Lowry method [ 16] after solubili- 
zation of the membranes in 1.0 r~ NaOH. Alkaline phosphatase 
activity was measured spectrophotometrically by the hydrolysis 
of p-nitrophenolphosphate at pH 8.5 in the presence of MgCI2 
[12]. The specific activity of the alkaline phosphatase was 13- to 
15-fold enriched in the brush-border pellet when compared to the 
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Fig. 1, Plot of 500 nm scattered light intensity at 90 ~ to incident 
versus protein concentration of brush-border membrane vesicle 
suspensions. Values on the ordinate are photomultiplier output 
voltages. Identical suspensions of vesicles were placed in both 
drive syringes of the stopped-flow apparatus, the vesicle concen- 
trations being varied to yield the desired protein concentrations. 
The suspending buffer was 100 mM mannitol, 1.0 mM Tris- 
HEPES (pH 7.4), and the temperature was 25~ 

original homogenate. Four brush-border preparations yielded a 
mean specific activity of 1.34 -+ 0.21 (1 SEM) units protein mg. 
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Fig, 2, Scattered light intensity (arbitrary units) as a function of 
time for a suspension of brush-border membrane vesicles main- 
tained at 30~ and exposed at time zero to a 175 mM hyperos- 
motic gradient. Also shown is the best-fitting single exponential 
function determined by the method of least squares. Scattered 
light intensity was measured at 90 ~ to incident at wavelength of 
500 nm. One drive syringe of the stopped-flow apparatus con- 
tained vesicles (concentration = 0.2 mg protein per ml) sus- 
pended in 100 mM mannitol, 1.0 mM Tris-HEPES (pH 7.4); the 
other drive syringe contained 450 mM mannitol and 1.0 mM Tris- 
HEPES. The contents of the two drive syringes were mixed in a 
1 : 1 ratio yielding a protein concentration of 0.1 mg/ml, an initial 
intravesicular solution containing 100 mm mannitol and an initial 
extravesicular solution containing 275 mM mannitol 

STOPPED-FLOW NEPHELOMETRIC MEASUREMENTS 

These were made at 90 ~ to incident using 500-nm filters (Omega 
Optical Co., Battleboro, Vt.) with a homemade stopped-flow ap- 
paratus, the construction of which has been previously described 
[9]. One drive syringe of the stopped-flow device was loaded 
with a suspension of brush-border vesicles (0.15 to 1.0 mg pro- 
tein per ml) in 100 mM mannitol, 1.0 mM Tris-HEPES (pH 7.4). 
The other drive syringe was loaded with the desired hyper- to 
iso-osmotic mannitol solution buffered by 1.0 mM Tris-HEPES 
(pH 7.4). The two drive syringes were mixed in a one-to-one 
ratio by a plunger driven by compressed air. The intensity of 90 ~ 
scattered light was measured by a photomultiplier tube and dis- 
played on a digital voltmeter and an oscilloscope. The intensity 
of scattered light versus time was stored in digital form on a 
Digital PDP 11/10 computer (Digital Equipment Corporation, 
Maynard, Mass.) and plotted using a Hewlett-Packard 7015A 
X Y recorder (Hewlett-Packard Company, Palo Alto, Calif.) Ex- 
ponential rate constants were calculated using a nonlinear least- 
squares program. A desired constant temperature was main- 
tained with a circulating water bath and monitored with a 
thermocouple probe placed in close proximity to the reaction 
cuvette. 

TREATMENT OF BRUSH-BORDER VESICLES 

WITH GRAMICIDIN 

Gramicidin was dissolved in methanol to a concentration of 3 
mg/ml and added to brush-border suspensions. The final metha- 
nol concentration was always less than 0.1%. The gramicidin- 

containing suspensions were heated to 42~ for several minutes 
to insure incorporation of gramicidin into the membranes. 

MATERIALS 

Mannitol, CaCI2, and methanol were obtained from Fisher (Fair 
Lawn, N.J.). HEPES, Tris base, p-nitrophenolphosphate, 
NaSCN, and gramicidin from Bacillus brevis were obtained from 
Sigma (St. Louis, Mo.). Commercial gramicidin (about 85% 
gramicidin A) from Bacillus brevis was used without further puri- 
fication. 

Results 

USE OF LIGHT SCATTERING TO MEASURE 

OSMOTIC WATER FLOW IN VESICLE SUSPENSIONS 

The intensity of scattered light, measured at a 
wavelength of 500 nm and recorded at 90 ~ to inci- 
dent, proved linearly proportional to the concentra- 
tion of membrane protein to at least 400/ ,g/ml (Fig. 
1). When a vesicle suspension was mixed with a 
mannitol solution of higher osmolality the intensity 
of light scattering increased, taking several seconds 
to reach a new steady state (Fig. 2). Scattered light 
intensity then remained constant for at least one 
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Fig. 3. Intensity of 500-nm scattered light versus reciprocal of 
medium osmolarity for suspensions of brush-border membrane 
vesicles maintained at 25~ The values on the ordinate are the 
negative of the increase in photomultiplier output voltage above 
that seen when vesicle suspensions were in 100 mg mannitol, 1.0 
mM Tris-HEPES (pH 7.4). To obtain the desired osmotatities, 
one drive syringe of the stopped-flow apparatus.contained 1.0 nag 
membrane protein per ml of 100 mM mannitol and 1.0 mM Tris- 
HEPES (pH 7.4) and the other drive syringe contained mannitol 
at a high osmolarity and 1.0 m~ Tris-HEPES. These were mixed 
in a 1 : 1 ratio. The photomultiplier output voltage was recorded 
several seconds after the new equilibrium was reached 

minu te ,  i nd ica t ing  tha t  m a n n i t o l  does  not  r ead i ly  
e n t e r  the  ves i c l e s  s ince  m a n n i t o l  en t ry  wou ld  c a u s e  
r e swe l l ing  and  an a t t e n d e n t  d e c r e a s e  in l ight scat-  
ter ing.  T h e  i n c r e a s e  in s c a t t e r e d  l ight  in tens i ty  
cou ld  be  fit wel l  by  a s ingle e x p o n e n t i a l  funct ion .  
S c a t t e r e d  light i n t ens i ty  was  not  a l t e r ed  when  the 
ves i c l e  s u s p e n s i o n  was  m i x e d  wi th  i s o - o s m o t i c  
r a t h e r  than  h y p e r o s m o t i c  manni to l .  W h e n  ves ic les  
we re  m i x e d  wi th  1.0 mM T r i s - H E P E S  in the  ab-  
s e n c e  o f  mann i to l ,  ves i c l e s  swel led  r a the r  than  
sh rank  and  s c a t t e r e d  l ight  i n t ens i ty  d e c r e a s e d .  

C h a n g e s  in s c a t t e r e d  l ight  i n t ens i ty  p r o v e d  to 
be  l inea r ly  p r o p o r t i o n a l  to the  r e c ip roca l  o f  sus- 
p e n d i n g  m e d i u m  o s m o l a l i t y  f rom 100 to 400 m O s m /  
l i ter  (Fig.  3). A t  h igher  o smola l i t i e s  the  cu rve  devi -  
a t ed  f rom l inear i ty .  O v e r  the  l inea r  range o f  
o smo la l i t i e s ,  s c a t t e r e d  l ight in t ens i ty ,  as m e a s u r e d  
b y  the  nega t ive  o f  p h o t o m u l t i p l i e r  vo l t age ,  can  be 
subs t i t u t ed  fo r  v o l u m e  in the  B o y l e - V a n ' t  H o f f  
equa t ion ,  

V = K(1/C)  + Vo (1) 

w h e r e  V is ves i c l e  v o l u m e ,  Vo is the  v o l u m e  be low 
which  the ves i c l e s  c a n n o t  sh r ink  and  C is the  o smo-  
la l i ty .  B e t w e e n  100 and  400 mOsm/ l i t e r ,  t he re fo re ,  
t he se  ves i c l e s  b e h a v e  as sphe r i ca l  o s m o m e t e r s  and  
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Table 1. Exponential rate constant as a function of mannitot 
gradient a 

Osmotic gradient Rate constant 
(raM mannitol) (sec 1) 

50 1.43 -+ 0.044 
150 1.71 -+ 0.150 
175 1.74 -+ 0.061 
250 2,31 -+ 0.320 
350 3.00 -+ 0.062 

a Rate constants were determined at 25~ by a nonlinear least- 
squares program on a PDP ll/10 computer. Values are means 
_+ I SE for three vesicle preparations, each derived from intes- 
tines of three rats and each tesled at least three times. Initial 
mannitol concentration was 100 raM. 
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Fig. 4. Arrhenius plot of the exponential rate constants for os- 
motic water efflux from brush-border membrane vesicles 
(BBMV) with (O-O-�9  and without ( 0 - 0 - 0 )  pretreatment 
with gramicidin (10 ~g per mg membrane protein). Conditions 
were the same as those indicated in the legend to Fig. 2, The data 
for the gramicidin experiments are from two batches of BBMV, 
each tested at least three times at each temperature. Standard 
errors at each temperature are not shown but were less than 6% 
of the mean 

c ha nge s  in the  i n t ens i ty  o f  s c a t t e r e d  l ight can  be 
u sed  to  m e a s u r e  c ha nge s  in ves i c l e  vo lume .  

The  r a t e  c o n s t a n t  for  ves ic le  sh r inkage  and  the 
a m p l i t u d e  o f  v o l u m e  c h a n g e  we re  func t ions  o f  the  
ini t ial  o s m o t i c  g rad ien t .  D a t a  for  ra te  cons t an t s  a re  
s h o w n  in T a b l e  1. Ra te  c o n s t a n t s  for  a pa r t i cu l a r  
o s m o t i c  g r a d i e n t  va r i ed  l i t t le  f rom one  ves ic le  p rep -  
a r a t i on  to  ano the r .  

T h e  ra te  c o n s t a n t  for  ves ic le  sh r inkage  was  a lso  
a func t ion  o f  t e m p e r a t u r e  as s h o w n  by the  A r r h e -  
nius p lo t s  in Fig .  4. T h e r e  is an a p p a r e n t  b r e a k  in 
the  s lope  at  a b o u t  25~ wi th  l inea r i ty  at  h igher  and  
l o w e r  t e m p e r a t u r e s .  Va lues  for  the  ac t i va t i on  ener-  
gies  o f  o s m o t i c  w a t e r  f low a b o v e  and  b e l o w  25~ 
a re  g iven  in T a b l e  2. 
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Table 2, Activation energies of osmotic water efflux in small 
intestinal brush-border membrane vesicles ~ 

Additions Temperature range Activation energy 
(~ (Kcal/mol) 

- -  11-25 9.75 _+ 1.04 
- -  25-37 17.2 + 0.55 
Gramicidin (10/zg/mg) 11-37 4.51 -+ 0.25 
Gramicidin (4 ~g/mg) 11-25 7.70 
Gramicidin (4 ~g/mg) 25-37 13.00 

a Values are means -+ 1 SD for the slopes of the least-squares 
regression lines shown in Fig. 4. Values from three vesicle prepa- 
rations, each derived from intestines of three rats, were obtained 
for control conditions and from two preparations for gramicidin 
at 10 ~g/mg membrane protein. One vesicle preparation was 
tested for gramicidin at 4/~g/mg. Each vesicle preparation was 
tested at least three times at each temperature. A 175-ram manni- 
tol gradient (275 mM outside and 100 mM inside) was employed. 

EFFECT OF GRAMICIDIN 

ON OSMOTIC WATER FLOW 

When the brush-border vesicles were treated with 
gramicidin (10 /~g/mg protein), the rate of vesicle 
shrinkage due to osmotic water efflux increased. 
The effects of gramicidin on the rate constants for 
water efflux and on the activation energy are shown 
in Fig. 4. In addition to increasing the rate of water 
efflux at each temperature, gramicidin also de- 
creased the activation energy of the process to 
4.51 _+ 0.25 kcal/mole (Table 2). The apparent break 
in the plot at 25~ seen with native brush-border 
membranes disappeared with gramicidin treatment. 
One batch of vesicles was treated with a lower dose 
of gramicidin (4/~g/mg protein). The break in the 
Arrhenius plot was still apparent at this concentra- 
tion of gramicidin with activation energies slightly 
lower than those of native membranes (Table 2). 
Treatment of the vesicles with methanol at 1% by 
volume, a concentration of l0 times greater than 
that used to dissolve the gramicidin, had no effect 
on the rate of water efflux. 

EFFECTS OF GRAMICID|N 

ON NA + AND MANNITOL PERMEABILITIES 

When vesicles equilibrated with 100 mM mannitol 
were exposed to a solution containing 100 mM man- 
nitol and 150 mM NaSCN, they initially shrank as 
indicated by the rapid increases in scattered light 
intensity shown in the first two tracings in Fig. 5. 
Thereafter, scattered light intensity gradually de- 
creased to its baseline value. This secondary and 
much slower change in scattered light intensity 
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Fig. 5. Changes in scattered light intensity (photomultiplier out- 
put voltage) with time for control (upper recordings in sections A 
and B) and gramicidin-treated (lower recordings in each section) 
brush-border membrane vesicles mixed with hyperosmotic solu- 
tions of NaSCN and mannitol. In section A, syringe 1 of the 
stopped-flow apparatus contained 0.45 mg/ml membrane protein 
in 100 mM mannitol and 1.0 mM Tris-HEPES (pH 7.4), and sy- 
ringe 2 contained 300 aM NaSCN, 100 mM mannitol and 1.0 mM 
Tris-HEPES (pH 7.4). The contents of the syringes were mixed 
in a 1 : 1 ratio yielding an initial intravesicular solution of 100 m~ 
mannitol, 1.0 mM Tris-HEPES, and an extravesicular solution of 
150 mM NaSCN, 100 mM mannitol, and 1.0 mM Tris-HEPES. 
The gramicidin-containing vesicles had been preincubated with 
10 t~g gramicidin per mg membrane protein. Temperature was 
maintained at 25~ In section B, syringe 1 contained 0.43 mg/ml 
membrane protein in 100 mM mannitol and 1.0 mM Tris-HEPES 
(pH 7.4), and syringe 2 contained 540 mM mannitol and 1.0 mM 
Tris-HEPES (pH 7.4) and temperature was maintained at 30~ 

measures vesicle reswelling as NaSCN enters the 
intravesicular space and water follows osmotically. 
When pretreated with gramicidin (10 /~g/mg pro- 
tein), the vesicles reswelled more rapidly than un- 
der control conditions (compare first and second 
tracings in Fig. 5). This can be attributed to the 
gramicidin-induced increase in Na + permeability 
since SCN-, a lipid-soluble anion, readily traverses 
the membrane and is not rate-limiting for solute en- 
try. The bottom two tracings in Fig. 5 show changes 
in light scattering after the vesicles were exposed to 
275 mM mannitol. Little reswelling took place indi- 
cating little permeability to mannitol. Furthermore, 
reswelling was not detectably faster in gramicidin- 
treated membranes, indicating that gramicidin did 
not produce a nonspecific increase in membrane 
permeability to all small aqueous solutes. 
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System Activation energy Reference 
(kcal/mole) 

Human polymorphonuclear leukocytes 
Small intestinal brush border (25-37~ 
Human chronic leukemic lymphocytes 
Mouse ova, unfertilized 
Gastric plasma membrane vesicles 
Calf lymphocytes 
Mouse ova, fertilized 
Sea urchin ova 
Chicken red blood cells 
Small intestine brush border (11-25~ 
Lecithin liposomes 
Lecithin liposomes 
Small intestinal brush border + gramicidin (11-34~ 
Bovine red blood cells 
Canine red blood cells 
Human red blood ceils 

18.4 Hempling, 1973 [8] 
17.2 Present study 
16.3 Hempling, 1973 [8] 
14.5 Leibo, 1980 [13] 
t3.9 Rabon et al., 1980 [23] 
13.1 Hempling, 1973 [8] 
13.0 Leibo, 1980 [13] 
13-17 McCutcheon & Lucke, 1932 [19] 
11.4 Farmer & Macey, 1970 [5] 
9.75 Present study 
8.6 Cohen, 1975 [3] 
8.25 Reeves & Dowben, 1970 [24] 
4.5 Present study 
4.0 Farmer & Macey, 1970 [5] 
3.7 Vieira et al., 1970 [31] 
3.3 Vieira et al., 1970 [31] 

Discussion 

Although the increases in light scattering with time 
after exposure of brush-border vesicles to an os- 
motic gradient could be fit to a single exponential, 
the curve in Fig. 2 most likely represents a mean 
function for a group of vesicles that are somewhat 
heterogeneous with respect to size and permeabil- 
ity. Nonetheless, with the help of a few assump- 
tions, we can estimate the average osmotic permea- 
bility of rat small intestine brush-border membrane 
vesicles. Farmer and Macey [5] have shown that for 
small osmotic gradients, the hydraulic conductivity 
Lp is related to the exponential time constant for 
cell swelling or shrinking by the equation 

(1 - b)Vo zr- 2 (2) 
-c = RTCoLpA 

where r is the exponential time constant for cell 
shrinkage, Vo the initial cell volume, Co the initial 
osmolality, A the cell surface area, ~- the ratio of 
final to initial osmolality, and b the fraction of cell 
volume that is not water. For initially spherical ves- 
icles that maintain a relatively constant surface area 
during osmotic shrinkage, and neglecting (1 - b), 
Eq. (2) reduces to 

Xr~ (3) 
RTLp - 3Co 

where X is the exponential rate constant (1/~) and ro 
is the initial radius. Kedem and Katchalsky [10] 
have defined the hydraulic conductivity Lp, which 
they related to the commonly used permeability co- 
efficient Pf by the equation 

RTLp (4) 
es= 9m 

where V,~ is the molar volume of liquid water (18 
cm3/mole). If we use the value of k for the smallest 
osmotic gradient in Table 1, and if we assume 
spherical brush-border vesicles with an average ra- 
dius of 0.1 tzm in 100 mM mannitol [11], the esti- 
mated value of Pf for small intestinal brush-border 
vesicles is 1.2 • 10 -3 cm/sec at 25~ This value 
may represent somewhat of an overestimate since 
we have neglected (1 - b), which may be significant 
due to the presence of brush-border core material, 
and have assumed spherical vesicles, which have 
the smallest surface-to-volume ratio. The value is 
less than that of 4.4 • 10 -3 cm/sec obtained for 
lecithin liposomes at 25~ [24] and less than I0% of 
that obtained for mammalian red blood cells at 25~ 
[5, 26]. 

The mechanism and pathway for osmotic water 
flow across the brush-border membrane is sug- 
gested by the activation energies of osmotic water 
flow found in the literature for various biological 
and artificial membrane systems (Table 3). Activa- 
tion energies in the range of 4 kcal/mole were only 
seen with mammalian red blood cells. Values be- 
tween 4 and 5 kcal/mole have been determined for 
the activation energy of the viscosity of water and 
for the diffusion of 3H20 in bulk water [32], and are 
consistent with transmembrane water flow through 
large aqueous pores [3, 7, 17, 22, 31]. In mammalian 
red blood cells, considerable evidence exists, other 
than the low activation energy, for aqueous pores as 
the predominant pathway for water transport [17]. 
In synthetic lipid bilayer membranes, which do not 
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contain large aqueous pores, values for the activa- 
tion energy of osmotic water flow between 11 and 
14 kcal/mole have been reported [22]. These higher 
values are also seen in most biological membrane 
systems as well as synthetic liposome vesicles and 
are consistent with the so-called solubility-diffusion 
model for water translocation across membranes [3, 
22, 24]. In the solubility-diffusion model, the activa- 
tion energy for transmembrane water flow is deter- 
mined by the energies required for water molecules 
to break hydrogen bonds with their neighbors in the 
aqueous phase on one side of the membrane, dis- 
solve in the membrane, diffuse across it, and form 
hydrogen bonds again on the opposite side of the 
membrane. The values for the activation energies of 
osmotic water flow across small intestinal brush- 
border membranes are consistent with the solubil- 
ity-diffusion model for transmembrane water flow 
and suggest the absence of large aqueous pores. 

The effects of gramicidin A also support the 
hypothesis that transmembrane water flow through 
large aqueous pores yields an activation energy for 
the process around 4 kcal/mole similar to that for 
the viscosity and diffusion of bulk water [17, 31, 
32]. Gramicidin A forms transmembrane pores that 
are able to act as channels for some cations [29] and 
for water [25], and has been shown to increase the 
osmotic water permeability of synthetic liposomes 
[3] and black lipid membrane [25]. It also has been 
shown to decrease the activation energy for osmotic 
water flow in phospholipid liposomes from its usu- 
ally high value down to about 4 kcal/mole [1]. In 
these liposome preparations the apparent break in 
the Arrhenius plots of water flow, that is normally 
seen at the lipid phase transition temperature, also 
disappeared when gramicidin was incorporated [1]. 
The value of 4.51 kcal/mole seen after treatment of 
intestinal brush-border vesicles with gramicidin (10 
p~g/mg membrane protein) suggests that, under 
these conditions, almost all of the transmembrane 
water flow occurs via large aqueous channels cre- 
ated by gramicidin A. Gramicidin (4 tzg/mg mem- 
brane protein) reduced the activation energy seen in 
the native membranes from 17.2 to 13 kcal/mole at 
temperatures above 25~ suggesting that interme- 
diate activation energies for water flow can be seen 
when both solubility-diffusion through the proteo- 
lipid bilayer and flow through aqueous channels are 
quantitatively significant. Gramicidin incorpora- 
tion (10 p~g/mg membrane protein) also abolished the 
break in the slope of the Arrhenius plot for water 
flow that was seen at 25~ in native brush-border 
membrane vesicles. The beginning of a broad low- 
enthalpy lipid phase transition has previously been 
reported to occur at about 25~ in rat small intesti- 
nal brush-border membranes [2], and the occur- 

rence of a break in the Arrhenius plot of osmotic 
water flow in brush-border vesicles at the same tem- 
perature suggests that when water crosses a mem- 
brane by the solubility-diffusion mechanism, the dy- 
namics of the membrane lipids affects the water 
permeability properties. In the presence of large 
aqueous transmembrane gramicidin channels, how- 
ever, the state of the membrane lipids does not ap- 
pear to influence brush-border membrane water 
permeability as suggested by disappearance of the 
break in the Arrhenius plot of water flow. 

The experiments in vesicle reswelling (Fig. 5) 
indicate that gramicidin forms channels for Na + and 
water in the membrane but does not introduce per- 
meability to other normally excluded solutes, such 
as mannitol. Thus gramicidin does not appear to 
have a nonspecific detergent-like effect on the mem- 
brane. 

Fr6mter and Diamond [6] originally proposed 
that in intact leaky epithelia such as the small intes- 
tine and gallbladder, transepithelial water flow oc- 
curs primarily via a paracellular route through the 
tight junctions, and that in tight epithelia, water 
flow occurs primarily via a transcellular route. This 
hypothesis has subsequently been questioned by 
Diamond [4] and also has been challenged by van 
Os, Wiedner and Wright [20] and by Spring and co- 
workers [21, 28], who claim that in the gallbladder, 
solute-linked water flow occurs primarily by a 
transcellular pathway. Although it is tempting to 
use the present measurements of brush-border vesi- 
cle water permeability to predict what the pathways 
are for transepithelial water flow in the intact small 
intestine, such extrapolations are hazardous. First 
of all, we are uncertain as to what effects the isola- 
tion procedure, particularly the calcium precipita- 
tion step, may have on the permeability of the na- 
tive membranes. Second, our measurements on 
brush-border membrane vesicles do not reflect the 
apical membranes of cells in the intestinal crypts, 
which could differ in permeability appreciably [18]. 
Third, old literature values [14, 27] for the osmotic 
permeability of the intact intestine are not corrected 
for an unstirred layer subsequently shown to affect 
measurements of water permeability in leaky epi- 
thelia (see Diamond [4]). Finally, surface amplifica- 
tion factors (villus surface, for example) have not 
been considered. From the present experiments, we 
can conclude that the value of Pf for small intestinal 
brush-border membranes prepared by the calcium 
precipitation method is close to 1.2 x 10 -3 cm/sec at 
25~ and that water crosses these membranes by 
the solubility-diffusion mechanism. The extent to 
which these properties of the isolated brush-border 
membranes contribute to overall water flow across 
the intact small intestine remains to be determined. 
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