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The effects of dimethylsulfoxide, DMSO,  and mercurial sulfhydryl reagents have been studied on water and small 
solute permeability of rat renal brush border membrane vesicles. Water and solute permeability was measured by mixing 
membrane vesicles with hypertonic solutions in a stopped-flow apparatus and following osmotically-induced changes in 
vesicular volume via changes in scattered light intensity. The rate constant of the fast osmotic shrinkage is proportional 
to the osmotic water permeability, while the rate constant of the slow reswelling phase is proportional to the solute 
permeability. Using mannitol as the osmotic agent, the osmotic shrinkage of rat renal brush border membrane vesicles 
followed a biphasic time course. 80% of the vesicles shrunk with a rate constant of approx. 50 s - !  and 20% with a rate 
constant of approx. 2 s-1. D M S O  decreased dose-dependently the amplitude of the fast osmotic shrinkage, without 
affecting its rate constant. In contrast to DMSO,  HgCI 2 decreased the rate constant but not the amplitude of the fast 
osmotic shrinkage of renal brush border vesicles. Bdtween 40-50 p M  HgCI2, the inhibition of the fast osmotic 
shrinkage was completed. DMSO and HgC! z increase the activation energy of water permeation in renal membranes 
from 3 to 12-15 kca l /mol .  D M S O  and HgCI 2 did not affect the rate constant of the slow osmotic shrinkage of renal 
membrane vesicles and were also without effect on osmotic shrinkage of small intestinal brush border and pure 
phospholipid vesicles. In renal brush border membranes, H g O  2 at low concentrations ( < 10 pM)  increased by 15-fold 
the permeability to NaC! and urea but not to mannitol, an effect which precedes the inhibition of water permeability at 
higher HgCI 2 concentrations. The increase in small solute permeability was irreversible while the inhibition of water 
permeability could be reversed with cysteine and dithiothreitoL We conclude that water and small solute pathways in rat 
renal brush border membranes are completely separate entities, which are effected differently by D M S O  and HgCi z. 
These pathways for water and solutes must be membrane proteins since neither D M S O  nor HgC! 2 affect the 
permeability properties of pure phospholipid vesicles. 

Introduction 

Water movement across cell membranes is of central 
importance for living cells. For most cell membranes, 
diffusion of water through the lipid matrix is suffi- 
ciently rapid for proper cell function. A lipid-mediated 
diffusion mechanism for water permeation is charac- 

Abbreviations: pCMBS, p-chloromercuribenzenesulfonic acid; Hepes, 
4-(2-hydromethyl)-l-piperazineethanesulfonic acid; DMSO, dimethyl- 
sulfoxide. 
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terized by strong hydrophobic interactions with high 
values for apparent activation energies, typically rang- 
ing between 10 to 16 kca l /mol  [1-4]. For  some special- 
ized cell functions, water diffusion may not be adequate 
and evidence for water movement through specialized 
structures or channels has been provided [1-3]. The 
presence of channels or pores increases the velocity of 
water flow because they permit bulk flow or viscous 
flow with apparent activation energies close to 4 
kca l /mol  as can be expected for free solution viscous 
flow [2-10]. Our knowledge about the nature of water 
channels is at the moment rather superficial, which is, 
among other reasons, due to the fact that good specific 
inhibitors are not available. So far mercurial sulfhydryl 
reagents are the only known inhibitors of water chan- 
nels [3,4,7,10-16]. 
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The brush border and the basolateral plasma mem- 
brane of proximal tubular cells from the kidney most 
likely contain water channels, since the observed values 
for osmotic water permeability are the highest reported 
for plasma membranes [4,7,11], the activation energy for 
osmotic water permeation is very low [4,10] and 
mercurial sulfhydryl reagents reduce water permeability 
coefficients by one order of magnitude [4,7,11,13]. Since 
inhibitors of water movement and substances which can 
dissociate water from solute movements can be im- 
portant tools in studying the nature of water transport 
pathways, we have used brush border membrane vesicles 
from rat renal cortex to study in more detail the effects 
of dimethylsulfoxide, DMSO, and mercurial sulfhydryl 
reagents on water and solute permeation. 

With DMSO as well as with HgC12 we were able to 
uncouple water and solute permeation through renal 
plasma membrane vesicles, which implies that water 
and solute pathways are separate entities. In addition, 
the results of this study strongly support the contention 
that effects of mercurial sulfhydryl reagents on water 
permeability of renal brush border membranes are pro- 
tein-related phenomena. 

Methods and Materials 

Membrane preparations 
Brush border membranes of rat small intestine were 

isolated according to Hauser et al. [17]. Rat renal brush 
border membranes were isolated as described by Biber 
et al. [18]. The membrane vesicle preparations were 
washed twice in 50 mM mannitol, 2 mM MgC12 and 5 
mM Hepes-Tris (pH 7.4) and were used either freshly or 
after storage in liquid N 2 for up to 2 weeks. No effects 
of storing could be detected on water and solute (man- 
nitol, NaCl, urea) permeabilities of membrane vesicles. 
Enzymes and protein were assayed as before [4]. Purifi- 
cation factors for the relevant marker enzymes were as 
previously reported [4]. In control studies with pure 
lipid membrane vesicles, 100 mg asolectin was sonified 
in 2.5 ml solution containing 50 mM mannitol, 2 mM 
MgC12 and 5 mM Hepes-Tris (pH 7.4) for 4 × 30 s with 
a Branson sonifier at maximum output (100 W). 

Water and solute permeability measurements 
Osmotically induced changes in vesicular volume are 

followed by measuring the change in scattered light 
intensity using a stopped-flow spectrophotometer as 
previously described [4]. One of the syringes of the 
stopped-flow apparatus is filled with a membrane sus- 
pension (0.1-0.3 mg prote in/ml  storage buffer as above) 
and the other syringe with the same solution with no 
membranes but, in addition, 300 mM mannitol, 300 
mM urea or 150 mM NaC1 to establish a hypertonic 
gradient upon mixing. Stopped-flow experiments were 
performed with an Aminco Morrow stopped-flow ap- 

paratus mounted on an Aminco DW-2a spectrophotom- 
eter. Scattered light intensity was measured under 90 
degrees with the incident beam from the monochro- 
mator. The photomultiplier signal (preset at 700 V, 
high-voltage) was amplified 10-times with an Aminco 
photomultiplier microphotometer, bypassing the dif- 
ferential amplifier to eliminate signal noise from the 
chopper. The amphfied signal was processed by a 
home-built data acquisition system and signals of five 
subsequent runs under identical conditions were re- 
corded and summed using an Apple IIe. The summa- 
tion without dividing increased the signal to noise ratio. 
The data were transferred to, and analyzed on, a 
Macintosh SE/30 computer, using a non-linear least- 
squares fitting algorithm, written in turbo pascal. 

Immediately after applying a hypertonic gradient, 
water outflow occurs and the vesicles shrink. At the 
same time solute influx starts but the half-life of solute 
influx process is more than three orders of magnitude 
larger than the half-hfe of water outflow (see Results). 
Therefore, water outflow can be analyzed separately 
from solute influx. Osmotic shrinkage of the vesicles is 
fitted to either one or two exponential functions as 
before [4]. The solute influx or reswelling phase can also 
be fitted to either one or more exponential functions. 
The rate constants of the exponential functions are 
linearly related to permeability constants as previously 
demonstrated [4]. 

The data acquisition system can take in 2500 data 
points during one run. The frequency of samphng can 
be adjusted to obtain a good resolution in the first fast 
shrinking process as well as during the relatively slow 
solute influx process. The stopped-flow apparatus was 
thermostatically controlled. In experiments with the in- 
hibitor, 30 min preincubation was needed with pCMBS 
while 15 rain preincubation with HgCI 2 and 5 min 
preincubation with DMSO was sufficient. Preincuba- 
tions were performed at room temperature. The medium 
osmolarity was measured by freezing point depression, 
using equipment from Precission Systems, Inc. 

Results 

The process of water outflow after mixing rat renal 
brush border membranes with a hypertonic mannitol 
solution is very rapid as shown in Fig. 1. Since the 
change in scattered light intensity is proportional to the 
change in vesicular volume [4] it can be concluded that 
80 to 90% of the total shrinking process is completed 
within 50 ms for the upper control traces (0 mM DMSO) 
at the three experimental temperatures indicated. After 
the first fast shrinking process a second more slower 
shrinking phase is observed, of which the contribution 
to the total amplitude is only 10 to 20% in control 
experiments (0 mM DMSO). 
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Fig. 1. Effect of dimethylsulfoxide on the time course of osmotic 
shrinkage of rat renal brush border membrane vesicles at three 
different temperatures. The sampling rate of the data acquisition 
system is decreased 10-fold after 400 ms and the increase in scattered 
light intensity is followed until completion (4.4 s). The vesicles are 
rapidly mixed with a hypertonic mannitol solution resulting in a 150 
mM mannitol gradient (outside > inside). The protein concentration 
after mixing is approx. 0.125 mg/ml. The traces are summations of 
five single shots under identical conditions. A double exponential fit 
through the first 4.4 s is given for all traces. The four traces at each 
temperature show the effect of increasing DMSO concentrations (0, 

100, 200 and 500 mM, from upper to lowest trace). 

Two  p h e n o m e n a  can be  read i ly  observed  in the traces 
in Fig.  1. Fi rs t ly ,  add i t i on  of  D M S O  to the m e m b r a n e  
suspens ion  seems to decrease  the amp l i t ude  of  the first  
phase ,  appa ren t ly  wi thout  much  effect on the  ra te  con-  
s tan t  of  the r ap id  phase.  This  pecu l ia r  effect of  D M S O  
is more  read i ly  observed  when exper iments  are  per-  
f o rmed  at  low t empera tu re  (Fig.  1). Secondly,  the t ime 
cons t an t  of  the second and  slow phase  seems more  
tempera ture-sens i t ive  than  the t ime cons tan t  of  the first  
r a p i d  phase.  The  inh ib i to ry  effect of  D M S O  is corn- 
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p le te ly  reversible,  since washing  the m e m b r a n e s  res tores  
the r ap id  phase  of  wate r  outf low.  

The  effect of  D M S O  on  the kinet ics  of  osmot ic  
shr inking of  renal  b rush  b o r d e r  m e m b r a n e  vesicles was 
s tudied  in more  deta i l  b y  ana lyz ing  quan t i t a t ive ly  the 
effect of  a dose- response  curve for  D M S O .  F o r  com-  
par ison,  the effect of  D M S O  on osmot ic  shr inkage  of  
ra t  small  in tes t ina l  b rush  bo rde r s  was also s tudied.  The  
result  of  this analysis  is given in Fig.  2. Increas ing  
concen t ra t ions  of  D M S O  reduce  the amp l i t ude  of  the 
fast shr inking  process  which is p re sen ted  as the per-  
centage con t r ibu t ion  of  the fast  c ompone n t ,  ASf,  to  the  
to ta l  ampl i t ude  of  the osmot i ca l ly - induced  change  in 
scat tered l ight  intensi ty ,  A S  t. In  con t ras t  to the  decrease  
in ampl i tude ,  the ra te  cons t an t  of  the fast  shr inking  
phase  is no t  a l te red  s ignif icant ly,  for  example  in this  
pa r t i cu la r  exper iment  the  k value  ranges  be tween  50 
and 30 s -1 .  The  same holds  for  the ra te  cons tan t  of  the 
second c o m p o n e n t  of  osmot ic  shrinkage.  A l t h o u g h  the 
ampl i tude  of  the slow c o m p o n e n t  increases  f rom 30 to 
90% of  the to ta l  signal  ampl i tude ,  the ra te  cons tan t  only  
decreases  f rom 2 to 1 s -1.  In  in tes t ina l  b rush  b o r d e r  
m e m b r a n e  vesicles the  r a p i d  phase  of  osmot ic  shr inkage  
is absen t  and  D M S O  has  on ly  a smal l  effect  on  the  t ime 
cons tan t  of  the shr inking  process  (Fig.  2), c o m p a r a b l e  
to the effect on  the  second  c o m p o n e n t  observed  in 
osmot ic  shr inkage of  rena l  vesicles. 

The  effect of  HgC12 on osmot ic  shr inkage  of  rena l  
b rush  bo rde r  m e m b r a n e  vesicles is shown in Fig.  3. The  
effect of  HgC12 is d i f ferent  when c o m p a r e d  to the effect 
of  D M S O ,  since HgC12 affects the  ra te  cons tan t  bu t  no t  
the amp l i t ude  of  the r ap id  osmot ic  shr inkage.  M a x i m a l  
inh ib i t ion  of  the fast  shr ink ing  phase  is reached  at  40 to 
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Fig. 2. Effect of dimethylsulfoxide on the fast osmotic shrinkage of 
renal brush border vesicles. The time course of osmotic shrinkage is 
measured as described in the legend of Fig. 1. Every concentration of 
DMSO is analyzed from summations of five single shots under 
identical conditions. The rate constants of the fast and slow processes 
are generated by computer from a double-exponential fit through the 
first 4.4 s. e ,  kt, rate constant of the fast process, zx, k,, rate constant 
of the slow process, e ,  rate constant of osmotic shrinkage of small 
intestinal brush border membrane vesicles. L ASf/ASt, amplitude of 
the fast shrinking process (St) divided by the amplitude of the total 
osmotic shrinkage (St). This particular set of experiments has been 

done at 4°C and with an osmotic gradient of 150 mM mannitol. 
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Fig. 3. Effect of HgCi2 on the time course of osmotic shrinkage of rat renal brush border membrane  vesicles. Osmotic shrinkage is induced by a 
gradient of 150 m M  mannitol  (o > i) at 4 ° C .  After 400 ms, the sampling rate is decreased 10-fold and the reaction was followed until 4.4 s. The 
traces are summat ions  of live single shots under identical conditions and a double-exponential fit is shown. The four traces shown on the left 
represent experiments in the presence of 0, 25, 30 and 50/~M HgC12 (top to bottom). The panel on the right presents the rate constant  of the fast 

shrinking process (kf ,  • )  and the contribution of the fast component  to the total change in ampli tude (ASf /ASt ,  1). 

50 #M HgCI 2 with no effect on the second and slow 
component. This concentration also failed to affect the 
osmotic shrinkage of intestinal brush border vesicles 
(data not shown). To demonstrate more dearly the 
opposite effects of HgC12 and DMSO, we incubated 
renal brush border membranes in 200 mM DMSO and 
then studied the effect of increasing concentrations of 
HgCI 2 (Fig. 4A). In the second experiment we first 
incubated membranes in 25 #M HgCI 2 and then added 
increasing amounts of DMSO (Fig. 4B). In Fig. 4A, it is 
shown that 200 mM DMSO decreased the amplitude of 
the fast shrinking process to about 50% of the total 
amplitude. Addition of HgC12 now results in a decrease 
in the rate constant kf but not in amplitude. At HgC12 

'~ o.4E 

~ ~ J O  
01 I I 1201 L I 14101 I 

# M  H g C I  2 

B °sI  . .  
o; o.6 

L 0.2 

• • • ~ 4 0  

1 ~ ' 1 -  ~ I I  2 0  

i i t i i i l I i 

O 2 0 0  4 0 0  

m M  DM~,O 

Fig. 4. Simultaneous effects of HgCI 2 and dimethylsulfoxide on the 
time course of osmotic shrinkage of rat renal brush border membrane  
vesicles. Panel A: membranes  are preincubated with 200 m M  DMSO 
and subsequently treated with 0, 20, 40 and 50 # M  HgCI 2. Panel B: 
membranes  are preincubated with 25 # M  HgC12 and subsequently 
treated with increasing concentrations of DMSO. • ,  ASf/ASt, change 
in amplitude of the fast component  divided by the change in ampli- 
tude of the total scattered light signal. O, kt, rate constant  of the fast 
shrinking phase, zx, k,,  rate constant  of the slow shrinking phase. The 
rate constants  are generated by computer  from a double-exponential 
fit through the first 4.4 s. Traces are summat ions  of five single shots 
under identical conditions (temperature 4 ° C ,  osmotic gradient 150 

m M  mannitol). 

concentrations with maximal effect there is only one 
slow shrinking process left ( A S f / A S  t presented as 1 in 
Fig. 4A). The opposite experiment in Fig. 4B demon- 
strates that 25 #M HgCI z has decreased the rate con- 
stant of the first phase to around 30 s - ] .  Addition of 
DMSO now results in a decrease in amplitude without 
changing the time constant of the fast component. 

The effects of DMSO and HgC12 on the apparent 
activation energy of osmotic water flow is shown in Fig. 
5. The upper trace gives the temperature dependence of 
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Fig. 5. The temperature dependence of the rate constant  of osmotic 
shrinkage of rat renal brush border vesicles, l ,  kt, rate constant  of  
fast shrinking process. O, k, rate constant  of osmotic shrinkage in the 
presence of 50/~M HgC12. o ,  k, rate constant  of  osmotic shrinkage in 
the presence of 500 m M  DMSO. Osmotic shrinkage is induced by a 
150 m M  mannitol  gradient (o > i). Rate constants  are generated by 
computer  from a double-exponential fit (control) and a single-ex- 
ponential fit (in the presence of HgCI 2 or DMSO) through the traces. 
Traces are summat ions  of five single shots under  identical conditions. 



TABLE I 

Osmotic water permeability of renal brush border membrane vesicles 

Pf values are calculated from: k = Vw.Pf . (A /Vo) . (1 - (b /Vo) ) -LAC 
(Ref. 4) in which k = rate constant  of osmotic shrinkage, Vw = molar 
volume of water, Pf = osmotic water permeability, A / V  o = surface of 
vesicles/initial volume of vesicles (Vo/A = 35 nm) and (1-(b /Vo))  
osmotic active volume of vesicle = 0.72 (Ref. 4), AC = osmotic gradi- 
ent. 

Osmotic water permeability ( cm/s )  

Pf (fast) Pf (500 m M  Pf (50 jaM 
control DMSO) HgC12) 

37 o C 0.076 0.011 0.008 
3 ° C 0.039 0.0007 0.0008 

Activation energy 
(kcal /mol)  3.1 14.5 11.5 

the rate constant of the fast osmotic shrinkage. The 
lower traces represent the rate constant of osmotic 
shrinkage after maximal inhibition of the fast shrinking 
process. In Table I, the actual values for the osmotic 
water permeability and for the activation energy are 
given, calculated from the data in Fig. 5. After treat- 
ment with DMSO or HgC12, the activation energy for 
water permeation increases to values typical for diffu- 
sion through a lipid environment. 

In the literature, p-chloromercuribenzenesulfonic 
acid (pCMBS) is often used to inhibit water movement 
through channels [1-3]. Fig. 6 shows the effect of 10 
mM pCMBS on osmotic shrinkage. The trace recorded 
at 10 ° C is given as a typical example, but the effect was 
studied between 37 and 3°C as in the studies with 
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Fig. 6. Effect of  p-chloromercuribenzenesulfonic acid on the time 
course of osmotic shrinkage of rat renal brush border membrane  
vesicles. Osmotic shrinkage is induced by a 150 m M  mannitol  gradi- 
ent. The sampling rate is decreased 50-fold after 400 ms  in order to 
follow the signal up to 20.4 s. Trace A, untreated control. Trace B is 
obtained in the presence of 10 m M  pCMBS (30 rain preincubation at 
room temperature). Both traces are summat ions  of five single shots 
under  identical conditions. A double-exponential fit is shown through 

the first 400 ms. 
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Fig. 7. Effects of DMSO, HgC12 and pCMBS on the time course of 
osmotic shrinkage and reswelling of rat renal brush border mem-  
branes. Osmotic shrinkage is induced by a 150 m M  mannitol  gradient. 
Traces are summat ions  of five single shots under  identical condit ions 
at 4 o C. The sampling rate is decreased 200-fold after 400 ms  in order 
to follow the reswelling-phase up to 80 s. A single exponential fit to 
the reswelling-phase is shown. Trace A: control, B: 40 /xM HgC12 

present, C: 500 m M  DMSO present, D: 10 m M  pCMBS present. 

DMSO and HgC12. The results with pCMBS resemble 
those found with 50 /~M HgC12 on the rapid water 
outflow process at temperatures between 37 and 20 o C. 
Below 20 o C, pCMBS was less effective than HgC12. In 
addition, pCMBS markedly increased the rate constant 
of reswelling of the vesicles, indicating that the influx of 
mannitol was accelerated. In two experiments we com- 
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Fig. 8. Effect of HgCI 2 on urea permeability of rat renal brush  border 
membrane  vesicles. Osmotic shrinkage is induced by a 150 m M  urea 
gradient (o > i). The sampling rate is decreased 10-fold after 100 ms 
and again 30-fold after 2.1 s in order to follow the resweUing-phase 
untill completion. Traces are summat ions  of five single shots under  
identical conditions at 10oC.  Trace A: control, B: 10 / tM HgCI 2 
present, C: 10 p M  HgCI 2 preincubation followed by 1 m M  dithic~ 
threitol, D: 100/~M HgCI 2 present, E: 100/~M HgCI 2 preincubation 
followed by 1 m M  dithiothreitol. Exponential  fits to the shrinkage 

and reswening-phases are shown. 
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TABLE II 

Effects of  HgCl 2 on water, NaCl  and urea permeabilities of  rate renal 
brush border permeabilities 

Rate constants k t for fast osmotic shrinkage and k for solute influx 
are generated by computer from exponential fits through the traces A 
to E as shown in Fig. 8. Mean values of two experiments at 10 o C are 
given, n.a., not analyzed since the amplitude of the osmotic response 
was too small. Osmotic gradients: 150 mM urea, 75 mM NaCI. 

Conditions Rapid shrinkage Reswelling 
(water outflow) (solute influx) 

NaCI urea NaC1 urea 
kf (s -1) kf (s -1) k (s -1) k(s -1) 

a. Control 49.0 57.0 0.05 0.16 
b. 10 ttM HgCI 2 52.0 58.0 0.86 1.9 
c. 10 #M HgCI 2 

+ 1 mM DTT 53.0 62.0 0.79 1.8 
d. 100 #M HgC12 3.6 3.1 n.a. n.a. 
e. 100 #M HgCI 2 

+ 1 mM DTT 45.0 40.0 0.69 2.0 

pared the effects of DMSO, HgC12 and pCMBS on 
reswelling of renal brush border vesicles in mannltol 
solutions. In both experiments, neither 500 mM DMSO 
nor 40 #M HgC12 could change mannitol permeability 
(rate constant for mannitol influx around 6 . 1 0  -4 s - l ) .  
Only 10 mM pCMBS increased the rate constant for 
mannltol influx to 35 • 10 -4 s -1 (Fig. 7). 

Using NaC1 or urea instead of mannitol as the 
osmotic agent, it could be shown that HgC12 at low 
concentrations dramatically increased the rate constant 
of solute influx. In Fig. 8, a series of experiments in 
which the effect of HgC12 on urea influx into renal 
brush border membrane vesicles is shown. In Table II, 
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Fig. 9. Time course of osmotic shrinkage and reswelling of phospho- 
lipid vesicles induced by NaCI (upper trace) and urea (lower trace) 
gradients. Osmotic shrinkage is induced by a 150 m M  urea or a 75 
m M  NaC1 gradient. Traces are summat ions  of four single shots at 
10 ° C. Exponential fits are shown through the shrinkage and reswell- 
ing-phase. The rate of sampling is decreased 100-fold after 100 ms. 

The vesicle density after rapid mixing was 0.5 mg asolectin/ml.  

TABLE III 

Effects of  DMSO, HgCI 2 and p C M B S  on water NaCI and urea 
permeabilities of asolectin oesicles 

Rate constants (in s-1)  are generated by computer from exponential 
fits through traces as shown in Fig. 9. Mean values of two experi- 
ments are given. 

kwater kurea kNaCI 

Control 1.8 2.8.10- 2 8.9.10- 7 
500 mM DMSO 2.1 2.7.10 -2 8.0.10 -7 
40 #M HgC12 2.3 3.2-10 -2 8.8-10 -7 
10 mM pCMBS 1.9 2.8.10- 2 9.0-10- 7 

the rate constants are given for osmotic shrinkage and 
reswelling induced by NaC1 and urea. It is clear that 10 
/~M HgC12 increases urea and NaC1 permeability by 
more than one order of magnitude while water permea- 
bility is not yet affected. At higher HgC12 concentra- 
tions the rate of water outflow is also decreased. A 
striking observation is the reversibility of the inhibition 
of water flow by dithiothreitol compared to the irre- 
versibility of the effect on solute influx. DMSO had no 
effect on the permeability for NaC1 and urea, since the 
k values for both solutes were 0.04 and 0.14 s -1, 
respectively, in the presence of 500 mmol at 10 °C  (see 
Table II for control values). 

The effects of DMSO, HgC12 and pCMBS were also 
studied on the permeability of pure phospholipid vesicles 
to investigate whether the inhibitors used affect the 
lipid structure. Fig. 9 shows the increase in scattered 
light intensity when asolectin vesicles are subjected to a 
hypertonic osmotic shock of 150 mM urea or 75 mM 
NaC1. The osmotic shrinking process is much slower 
than that of renal brush border membrane vesicles. The 
phospholipid vesicles also proved to be rather imper- 
meable to NaC1 since, at the time scale indicated, no 
reswelling due to NaC1 influx could be observed. The 
presence of 500 mM DMSO, 500 #M HgC12 or 10 mM 
pCMBS did not influence the traces in Fig. 9 (see Table 
III), indicating that these compounds do not influence 
water and solute permeability of pure phospholipid 
membranes. 

Discussion 

The interaction of DMSO, HgC12 and pCMBS with 
water and solute permeability of brush border mem- 
brane vesicles from rat renal cortex was studied by 
measuring the kinetics of changes in scattered light 
intensity upon rapid osmotic perturbation using 
stopped-flow spectrophotometry. Osmotic water trans- 
port in these membranes has been reported previously 
to be functionally heterogeneous, consisting of two dis- 
tinct vesicle populations with different water transport 
properties [4,13,23]. Two distinct rates of osmotic water 



flow were again observed in the present study. At low 
temperatures, the two rates of osmotic shrinkage are 
distinguished much more easily than at 37 ° C, because 
the fast component is less temperature-sensitive than 
the slow component. The second and slow component 
reflects water permeation through a lipid environment 
and has a higher activation energy than water permea- 
tion through a water environment (Fig. 5). At 5 ° C, the 
rate constants of the fast and slow processes are almost 
two orders of magnitude apart (Table I). Since there are 
no break points in the Arrhenius plots given in Fig. 5, 
we conclude that the mechanism of water permeation is 
not changed by lowering the temperature from 37 to 
5 ° C. For this reason, most of the experiments in this 
study have been performed at 5 °C  to increase the 
reliability of fitting the observed traces to two exponen- 
tial functions. 

In the present study around 80% of the osmotic 
shrinkage of renal membrane vesicles is fast, compared 
to 50% in a previous study [4]. This difference was 
introduced by the fact that in the present study, 3-5- 
month-old rats were used instead of 2-month-old ones 
previously. The biexponential kinetics of osmotic 
shrinkage can only be explained by a heterogeneity in 
the vesicle preparation, i.e., 80% containing water chan- 
nels and 20% contamination with membranes lacking 
such structures. This heterogeneity is typical for renal 
cortical plasma membrane preparations and is not ob- 
served in plasma membrane vesicles from small in- 
testine or colon, membranes which lack water channels 
[4,19]. 

We report for the first time that DMSO blocks water 
movement through channels in renal membranes. Since 
DMSO decreased the water permeability without affect- 
ing the rate constant of water movement, DMSO de- 
creases the number of vesicles contributing to the fast 
shrinking process. This means that DMSO closes all the 
channels in some vesicles, the number of which in- 
creases in a dose-dependent manner. 

From the effects of HgC12 on osmotic water permea- 
bility of renal membranes, we postulate a different 
mechanism of inhibition by mercurials. HgC12 de- 
creased the rate constant without lowering the contribu- 
tion of the fast component to the total change. This 
implies that HgC12 does not close all the channels in 
some vesicles but rather some channels in all the vesicles 
and thus decreases the rate constant of osmotic shrin- 
kage by reducing the mean osmotic water permeability 
of the vesicles. In other words DMSO may act in an 
'all-or-nothing' fashion by blocking all channels in one 
vesicle, while HgC12 seems to close one channel in all 
the vesicles in an 'all-or-nothing' fashion. The absence 
of effects of DMSO and HgC12 on the water permeabil- 
ity of small intestinal brush border membrane vesicles 
and asolectin vesicles strongly supports the view that 
the target of these inhibitors of water permeability in 
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renal brush border membranes is a specific protein 
rather than the lipid matrix. 

Since DMSO is added in rather high concentrations 
alternative explanations for its effects have to be dis- 
cussed. A decrease in amplitude of the fast component 
could also result from a reduced intravesicular to ex- 
travesicular osmotic gradient. To test whether DMSO 
interfered with applied osmotic gradients we followed 
vesicular volume upon application of a DMSO con- 
centration gradient. In several attempts we were unable 
to observe vesicular shrinkage after rapid mixing with 
DMSO containing solutions. Therefore we conclude 
that the reflection coefficient of DMSO is not different 
from 0 and DMSO is not capable of modifying the 
applied mannitol gradients. 

HgC12 and DMSO increased the apparent activation 
energy of water permeation from values typical for 
water movement through a water environment to values 
typical for water movement through a lipid environ- 
ment (Fig. 5). This result strongly supports the conclu- 
sion that b o t h  agents close the water channels in the 
membrane, leaving the diffusive pathway through the 
lipid matrix as the only mechanism for water permea- 
tion. 

In the studies with intact renal tubules or vasopres- 
sin-responsive amphibian epithelia, there seems to be a 
preference for using pCMBS as the water channel in- 
hibitor [7,20,21]. In our vesicle study, pCMBS was not 
as effective as HgC12, especially at lower temperatures. 
In addition, pCMBS has to be used in rather high 
concentrations which, in our study, induced non-specific 
solute leaks; for example, pCMBS induced an increase 
in mannitol permeability while HgC12 did not. 

The sensitivity of the water channel in proximal 
tubule brush border membranes for HgC12 found in the 
present study is comparable to the HgC12 sensitivity 
reported for the red cell water permeability (K  D -- 0.02 
mM) [3]. The water permeability in vasopressin-induced 
endocytic vesicles from toad urinary bladder was far 
less sensitive for HgC12 [22]. The lower inhibitory 
potency of HgC12 in t o a d b l a d d e r  endocytic vesicles 
compared with proximal tubule vesicles suggests that 
the vasopressin-responsive water channel is different 
from the water channel in proximal tubules. Despite 
this difference in inhibitory potency of HgC12, inhibi- 
tion of the water channel by HgC12 was reversible in 
both preparations [22]. 

When NaC1 or urea was used instead of mannitol, we 
observed that HgC12 at very low concentrations in- 
creased the permeability for NaC1 and urea 15-fold. 
This increase in solute leak preceded the inhibition of 
water permeability. Since the increase in leakage of 
small solutes could not be reversed by cysteine or 
dithiothreitol, we suggest that, at low concentrations, 
HgC12 destroys the tertiary structure of membrane- 
spanning proteins, other than those are responsible for 



210 

the high water permeabilities. A n  observation in sup- 
por t  of  this suggestion is that  HgC12 had no effect on  
NaCI  and urea permeabil i ty of asolectin vesicles. 

The dual effect of  HgC12 on renal brush border  
membrane  vesicles observed in the present s tudy implies 
a complete dissociation of  solute and water pathways.  
This should be reflected in the reflection coefficients for 
NaC1 and urea since the reflection coefficient ( o )  of  a 
solute is an index to the extent of  solute and water 
interaction in the membrane  [23]. o is generally de- 
termined by  compar ison of  water flows induced by  
different solutes for a given osmotic gradient [23]. Man-  
nitol, as a low permeabil i ty molecule for which 0 = 1, 
can be used as reference. The reflection coefficient for 
NaC1 is than equal to: 

o = Jv (NaC1)/Jv (mannitol) = k f  (NaC1)/kf (mannitol) 

in which Jv(NaC1) is the volume flow induced by NaC1 
and kf (NaC1) is the rate constant  of  the osmotic  shrin- 
kage induced by  NaC1 [24]. Throughout  the s tudy we 
found  kf(manni to l )  values of approx. 50 s -1 (Figs. 2, 
3). Similar kf(NaC1) or  kf(urea)  values are listed in 
Table II. Therefore, reflection coefficients for urea and 
NaC1 are approx. 1, implying a lack of interaction 
between u r e a  or NaC1 and water. Even when 10 # M  
HgC12 has increased NaC1 and urea permeabil i ty by  
more  than one order  of  magnitude,  the reflection coeffi- 
cient for urea and NaC1 remains approx. 1 (Table II, 
row b). Only  after inhibition of  the water permeabili ty 
by one order of  magni tude  with 100/~M HgC12, are the 
reflection coefficients for urea and NaC1 decreased to 
values below 0.1 (Table II, row d), bearing in mind that  
HgC12 does not  change the mannitol  permeability. By 
increasing the rate of solute influx 15-fold and by  
decreasing the rate of  water outf low 10-fold, the shrin- 
kage and reswelling-processes are no longer separated in 
time and the ampli tude of  the change in scattered light 
intensity decreases (trace d in Fig. 8). 

In  conclusion, water and solute pathways in rat renal 
brush border  membrane  vesicles are completely sep- 
arate entities, which are affected differently by mercurial 
sulfhydryl reagents and which must  be proteic in na- 

ture. 
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