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Summary. Water transport mechanisms in rabbit proximal con- 
voluted cell membranes were examined by measurement of: (1) 
osmotic (Pj) and diffusional (Pj) water permeabilities, (2) inhibi- 
tion of Pf by mercurials, and (3) activation energies (E~,) for P/. P~ 
was measured in PCT brush border (BBMV) and basolateral 
membrane (BLMV) vesicles, and in viable PCT cells by stopped- 
flow light scattering; Pj was measured in PCT cells by proton 
NMR TI relaxation times using Mn as a paramagnetic quencher. 
In BLMV, P~ (0.019 cm/sec, 23~ was inhibited 65% by 5 mM 
pCMBS and 75% by 300 /xM HgCI2 (K1 - 42 /xM); E, increased 
from 3.6 to 7.6 kcal/mole (15-40~ with 300 /xM HgCl2. In 
BBMV, Ps (0.073 cm/sec, 23~ E, = 2.8 kcal/mole, <33~ and 
13.7 kcal/mole, >33~ was inhibited 65% with HgCI2 with E~, = 
9.4 kcal/mole (15-45~ Mercurial inhibition in BLMV and 
BBMV was reversed with 10 b~M mercaptoethanol. Viable PCT 
cells were isolated from renal cortex by Dounce homogenization 
and differential seiving. Impedence sizing studies show that PCT 
cells are perfect osmometers (100-1000 mOsm). Assuming a cell 
surface-to-volume ratio of 25,000 cm -t, Prwas 0.010 -+ 0.002 cm/ 
sec (37~ and Pj was 0.0032 cm/sec. Pi was independent of 
osmotic gradient size (25-1000 mOsm) with E~ 2.5 kcal/mole 
(<27~ and 12.7 kcal/mole (>27~ Cell P~ was inhibited 53% 
by 300 /xM HgC12 (23~ with E,~ 6.2 kcal/mole. These findings 
indicate that cell Pf is not restricted by extracellular or cytoplas- 
mic unstirred layers and that cell Pf is not flow-dependent. The 
high BLMV and BBMV Pf, inhibition by HgCI2, low E~, which 
increases with inhibition, and the measured PJPd > 1 in cells in 
the absence of unstirred layers provide strong evidence for the 
existence of water channels in proximal tubule brush border and 
basolateral membranes. These channels are similar to those 
found in erythrocytes and are likely required for rapid PCT trans- 
cellular water flow. 
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Introduction 

Osmotic water transport has been characterized in 
the human red blood cell [10, 21, 24, 33, 34] and 
platelet [23], and in membrane vesicles isolated 
from the proximal convoluted tubule [28, 36, 39], 
stomach [30], small intestine [46], trachea [45], syn- 

aptosome [38] and human placenta [18]. In human 
erythrocytes, water transport is thought to occur 
via an aqueous pore or channel because of the high 
osmotic water permeability coefficient (Pf), inhibi- 
tion of Pr by mercurials, low activation energy (Ea) 
which increases upon inhibition and a ratio of os- 
motic-to-diffusional water permeabilities (Pf/Pe) 
greater than unity. Where studied, these character- 
istics are not present in platelets and in vesicles 
isolated from placenta, intestine, and synaptic 
membranes. It has been postulated that erythrocyte 
Pf must be very high to facilitate volume changes 
which occur as erythrocytes pass through the hy- 
pertonic renal medulla [21]. 

Of all biological epithelia, the renal proximal 
convoluted tubule (PCT) has the greatest magnitude 
of transepithelial water flow. Numerous micropunc- 
ture and microperfusion studies have been per- 
formed to study PCT water transport [3]. Current 
evidence favors a transcellutar pathway for the ma- 
jority of PCT water flow [26, 29]. Water in the lu- 
men of the PCT enters the capillary by passage 
across a series of barriers, including the brush bor- 
der (microvillus membrane), cell cytoplasm and ba- 
solateral membrane. We have recently examined 
the characteristics of water transport across the in- 
dividual brush border and basolateral membranes of 
the PCT using purified membrane vesicles isolated 
from rabbit renal cortex [36, 39]. The effects of mer- 
curials on rabbit membrane vesicle Pf, the barrier 
properties of the cell cytoplasm and extracellular 
surfaces, and the diffusional water transport prop- 
erties of the cell membranes have not been defined. 

We report here studies of water transport char- 
acteristics of membrane vesicles and viable cells 
isolated from renal cortex. The cells are morpholog- 
ically complete and have intact brush border mem- 
brane and cytoplasmic contents [25]. The stopped- 
flow light-scattering technique is used to measure PN 
in PCT vesicles and cells, and the permeabilities of 
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a series of small, polar nonelectrolytes in cells. Nu- 
clear magnetic resonance is used to estimate Pd in 
PCT cells. Based on these methods, we find several 
lines of evidence to suggest that both proximal tu- 
bule brush border and basolateral membranes con- 
tain water channels with characteristics similar to 
those found in erythrocytes. 

Materials and Methods 

All chemicals were obtained from Sigma Chemical Co. (St. 
Louis, MO). Stock solutions of para-chloromercuribenzenesul- 
fonic acid (pCMBS) and HgC12 were prepared immediately prior 
to use and protected from light exposure. 

VESICLE iSOLATION 

Brush border (BBMV) and basolateral membrane (BLMV) vesi- 
cles were isolated from 1-2 kg female New Zealand white rabbits. 
BBMV and BLMV were prepared from the same corlical homog- 
enate using a 35-48% linear sucrose gradient as described previ- 
ously [39]. BBMV maltase and ouabain-inhibitable Na/K 
ATPase activities were enriched >15-fold and 0.3-fold, 
respectively, over activities in the crude homogenate. BLMV 
maltase and ouabain-inhibitable Na/K ATPase activities were 
enriched <0.2-fold and > 12-fold, respectively, over activities in 
the crude homogenate. Vesicles were incubated for 12 hr in 50 
mM sucrose, l0 mM HEPES/Tris, pH 7.0 (62 mOsm/, washed in 
the same buffer, stored at 4~ and used within 36 hr of prepara- 
tion. 

P C T  CELL PREPARATION 

Suspensions of proximal convoluted tubules were prepared by 
modification of the techniques of Chung et al. [6] and Sakharani 
et al. [31] without collagenase digestion. Two or three New 
Zealand white rabbits (female, 2-3 kg) were sacrificed by decapi- 
tation and the renal arteries were cannulated and perfused with 
solution A (Modified Hank's media, composition in mM: NaCI 
137, KC1 3, CaCI2 2, MgC12 0.5, MgSO4 0.4, KHzP04 0.5, 
Na2HPO4 0.3, D-glucose 5, L-lactate 4, t-alanine 1, bovine serum 
albumin 0.2% wt/vol, titrated to pH 7.4 with Tris, 4~ until 
blanching of the kidney occurred. An additional 2 ml of 0.5% 
solution of iron oxide [8] in solution A was infused until the 
kidney became a homogeneous grey. The kidneys were removed 
and the grey cortex was dissected in long strips away from the 
pale medulla and placed in solution A at 4~ The strips were 
homogenized in a 7-ml Wheaton Dounce B homogenizer (5 
strokes). The homogenate was sequentially filtered through 230 
and 74 b~M stainless steel screens (Belco Glass, Vineland, N J), 
retaining proximal convoluted tubules on the 74//,M screen. This 
step was repeated 3-4 times until no further tubules were re- 
tained. Proximal convoluted tubule enriched material trapped on 
the 74-/xM mesh was resuspended in solution A. The glomeruli 
containing iron oxide were removed by a magnetic stirring bar. 
The suspension contained > 95% PCT as judged by light micros- 
copy. 

PCT cells were isolated from the tubule suspension by a 
modification of the method of Nord et al. [25]. The PCT suspen- 

sion was centrifuged at low speed (200 x g, 2 min), discarding 
the supernatant containing dead cells and cellular debris. The 
tubule pellet was resuspended in 30 ml/kidney of hypotonic (75 
mOsm) solution B (in raM: KC1 5, Na2HPO4 1, D-glucose 5, L- 
lactate l, L-alanine 1, NaHCO3 26, EGTA 2, bovine serum al- 
bumin 0.2% wt/vo[, pH 7.4, 22~ which is free of divalent 
cations. The tubule suspension was mechanically agitated in a 
Dubnoff shaker bath (Precision Scientific Group, Chicago, 1L) at 
280 cycles/min for 2 rain to release the cells from the tubules and 
basement membrane. An equal volume of solution A was slowly 
titrated into the tubule/cell suspension for a final solution osmo- 
larry of 200 mOsm. Remaining tubules were removed by filtra- 
tion of the cell suspension through a 74-p.m screen. The filtrate 
was then filtered through two 25-/xm screens. The cell-enriched 
filtrate was centrifuged (500 x g, 2 min) and resuspended in 
solution C (in mM: NaCI 137, KC1 5, CaC12 1.3, MgC12 0.5, 
MgSO4 0.4, NaHCO3 4, HEPES 10, glutamine 2,/3-hydroxybu- 
tyrate 1, pH 7.4), stored at 4~ and used within 2 hr of prepara- 
tion. 

Cell viability was determined by Trypan Blue exclusion at 
the conclusion of each set of experiments. Exclusion rates 
ranged from 60-90%. Cell preparations in which Trypan Blue 
exclusion was less than 75% were not used. Light microscopy 
revealed no contamination by tubules, minimal cellular debris, 
and moderate cell size heterogeneity (Fig. 1). Cell yield deter- 
mined by both hemocytometer and impedance methods was 7.7 
x 108 cells/2 kidney preparations. 

P C T  CELL SIZE DISTRIBUTION 

PCT cell size distribution was measured using an Elzone Parti- 
cle Counter (Particle Data, Elmhurst, ILL The number os. log 
volume curve for PCT cells equilibrated in solution C (300 
mOsm, pH 7.4) showed a unimodal distribution with a mean 
geometric volume of 861 tzm 3 and 90% of cells falling within a 
size range of 410 and 1380/zm 3. The upper end of the distribution 
consistently showed a sharp boundary, whereas occasionally a 
tail appeared at the lower end of the curve, consistent with con- 
tamination by some subcellular fragments or debris. 

For experiments involving the dependence of cell volume 
on external osmolarity, 10/zl of cells equilibrated in solution C 
were mixed immediately prior to measurement by impedance 
with 20 ml of buffer containing 5 mM NaHPO4, pH 7.4, and 
variable NaCI. The final cell concentration was 50,000 cells/ml. 
Volume measurements were obtained within 90 sec of dilution. 
In control experiments, cells mixed in hypertonic or hypotonic 
NaC1 solutions and measured immediately and again after 15 min 
showed no change in size distribution, indicating no intrinsic 
volume regulation under these conditions. 

Cell volume was determined independently from packed 
cell volume measurements in which a known quantity of cetls (by 
hemocytometer) diluted in solution C were spun in hematocrit 
tubes in quadruplicate for 30 min to yield an average packed cell 
volume of 10%. The cell volume calculated by this method was 
980 -+ 100/zm 3. The small overestimate in mean cell volume by 
the hematocrit method may be due to incomplete exclusion of 
extracellular buffer. 

To evaluate the morphologic effects of an imposed osmotic 
gradient, PCT cells were exposed to external osmolarities rang- 
ing from 50 to 2300 mOsm and immediately examined and photo- 
graphed under a Leitz light microscope (Fig. 1). Exposure to 
hypotonic solutions of less than 100 mOsm produced large ghost- 
like cells with indistinct cell boundaries. Exposure to 2300 mOsm 
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Fig. 1. Morphology of PCT cells in 
light microscopy. Left: PCT cells in 
isosmotic buffer C stained with 
Trypan Blue. The arrows designate 
two cells out of 70 which have taken 
up Trypan Blue. Right: PCT cells are 
suspended in solutions of varying 
osmolarities and photographed within 
30 sec. Hypotonic: 150 mOsm; 
isotonic: 300 mOsm; and hypertonic: 
1300 mOsm 

sucrose produced deformed, crenated and spiculated cells. 
Within the range of osmotic gradients used in experiments (-150 
to 1000 mOsm), PCT cells responded like perfect osmometers 
(see Results), swelling without lysis in hypotonic solutions, 
shrinking in hypertonic solutions. 

STOPPED-FLOW MEASUREMENTS 

Stopped-flow experiments were performed on a Dionex 130 
stopped-flow apparatus (Sunnyvale, CA) which has a 2 msec 
dead time, 99% mixing efficiency in <0.5 msec and accurate 
temperature control in the range 5-60~ A 100-W tungsten halo- 
gen lamp powered by a 12-V deep cycle battery was used for 
maximal stability of the light source. For vesicle experiments, 
0.1 ml of BBMV or BLMV (0.1-0.2 mg protein/ml) were mixed 
with an equal volume of buffer to give a 70 mOsm inwardly 
directed sucrose gradient. For cell experiments, 0.1 ml of PCT 
cells suspended in solution C (4.5 x 107 cells/ml, pH 7.4, 300 
mOsm) were mixed with an equal volume of solutions containing 
buffer C and varying concentrations of sucrose or other nonelec- 
trolyte solutes. The time course of 90 ~ scattered light intensity at 
500 nm was measured and recorded by a MINC/23 computer 
(Digital Equipment Corp., Maynard, MA) for subsequent analy- 
sis. 512 data points were acquired in each experiment. The 
maximal rate of data acquisition was 25 kHz with an instrument 
electronic response time of < 1 msec. Solution osmolarities were 
measured on a 3W2 Advanced Osmometer (Advanced Instru- 
ments, Needham Heights, MA). 

The osmotic water permeability coefficient (Py) was calcu- 
lated as described previously [24, 36]. The time course of scat- 
tered light intensity, l(t) ,  was fitted to the equation 

dl(t) ~oPMS/Vo) r c,(t  : o) co] (1) 
dt - A LAi~)-+-B 

where S/Vo is the ratio of surface to osmotically active volume (2 
x 105 cm -], BBMV; 1.2 x 10 -5 cm -], BLMV; refs 36 and 39), Ew 
is the partial molar volume of water (18 cmS/mole), Ci(t = 0) is 
the initial intracellular impermeant concentration and Co is the 
extracellular impermeant concentration which does not vary 
with time. Parameters A and B are the instrument gain and offset, 
respectively. Ps, A and B are fitted using the nonlinear Newton's 
method of regression. For cell experiments, the composite coeffi- 
cient Py' = Pf(S/Vo) (in sec-]), which does not require knowl- 
edge of cell morphology, is used to report permeabilities in the 
Results section, 

Nonelectrolyte permeability coefficients (P,) were esti- 
mated from single exponential fits to the phase of decreasing 
scattered light intensity of the l(t)  us. time curve. P~ values were 
obtained from fitted exponential time constants using a Ps vs. 
time constant calibration curve generated using the measured Ps 
as described previously [10]. The calibration curve was con- 
structed from single exponential fits to a series of I(t) time 
courses generated numerically for varying Is.  l(t) curves were 
calculated using the Kedem-Katchalsky equations assuming 
unity solute reflection coefficients and without refractive index 
corrections. Using this method, calculated P, would be off by 
<25% if the solute reflection coefficient were 0.7 instead of 1, 
and by < 10% if refractive index effects were included, according 
to the method suggested by Mlekoday et al. [24]. 

NUCLEAR MAGNETIC RESONANCE MEASUREMENT 

The diffusional water permeability coefficient (Pa) of PCT cells 
was estimated using spin-lattice relaxation times (T]) based on 
techniques developed for red blood cells [7, 11]. T1 was mea- 
sured on a Praxis II model PR1005 proton NMR instrument 
(Praxis Corp., San Antonio, TX) operating at 10 MHz using a 
90%--90 ~ pulse sequence. The amplitude of the fi'ee induction 
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Fig. 3. Dependence of vesicle water transport on Hg concentra- 
tion. Piwas determined in BBMV and BLMV as described in the 
legend to Fig. 2 as a function of HgCI2 concentration. Each data 
point is the mean -+ SD of measurements performed in quadrupli- 
cate. Data were fitted to a saturable single site inhibition model 
with Kt = 194 -+ 60/~M (BBMV) and 42 _+ 15/xM (BLMV) 

Fig. 2. Time course of membrane vesicle osmotic water trans- 
port. BBMV or BLMV (0.1 mg protein/ml) in 50 mM sucrose, 10 
mM HEPES/Tris, pH'7.0, 23~ were subjected to a 65 mM in- 
wardly directed sucrose gradient in a stopped-flow apparatus. 
The time course of increased scattered light intensity corre- 
sponds to vesicle shrinkage due to osmotic water eff!ux. For 
+Hg experiments, the specified concentration of HgC12 was in- 
cubated with vesicles for 10 min prior to experiments. PS values 
were determined from a fit of data to the curve described by Eq. 
(1) with Py = 0.0073 cm/sec (BBMV, -Hg),  0.0038 cm/sec 
(BBMV, +Hg), 0.019 cm/sec (BLMV, -Hg)  and 0.0058 cm/sec 
(BLMV, +Hg) 

decay following the second 90 ~ pulse (Mz, the z-component of 
residual magnetization) was determined for 32 ~ values (0-16 
msec). Each free induction decay was averaged 20 times to im- 
prove the signal-to-noise ratio. 

For Pd measurements, MnC12 was added to 1 ml of a PCT 
cell suspension (50% packed cell volume) to give an extracellular 
manganese concentration of 40 mM. T~ for protons in the extra- 
cellular space (T~e) was 1.4 msec at 40 mM Mn as determined in 
the absence of cells. In the presence of cells, the decay of M~ to 
its equilibrium value (Mo) was fitted to a biexponential function 

Mo - Mz = Mlexp(- ' r /T t , )  + Mzexp(-~-/T~i) (2) 

where Tll is Tt for intracellular protons, and M~ and M2 are re- 
lated to the total number of protons in the extracellular and intra- 
cellular spaces, respectively. When intracellular T~ in the ab- 
sence of external Mn is much greater than T~, Tll is the exchange 
time related to Pd by the relation, Pd = [(S/Vo)T~i] -~ [32]. Proton 
spin-diffusion effects and back diffusion of extracellular protons 
are neglected in this analysis (see Results). In control experi- 
ments, replacement of 60 mM NaC1 in solution A by 40 mM 
MnCI2 did not alter cell Ps measured at 37~ indicating little 
effect of Mn on PCT cell water transport properties. 

Results 

MEMBRANE VESICLE EXPERIMENTS 

Measurements of Pr were made in BBMV and 
BLMV to examine the effects of mercurials on It  
and Eu in individual proximal tubule cell mem- 
branes. Experiments in membrane vesicles have the 
advantage that data can be obtained from a single 
type of membrane present in small closed vesicles. 
The vesicles do not have unstirred layers or other 
serial diffusive barriers. We have previously re- 
ported the use of stopped-flow Dight scattering to 
measure Pfin rabbit BBMV and BLMV [36, 39] and 
showed that scattered light intensity varies linearly 
with vesicle volume for each membrane vesicle. 
Based on this light-scattering method, effects of 
HgCl2 and pCMBS on vesicle Pf and on the temper- 
ature dependences for vesicle Pr are now examined. 

Figure 2 shows the time course of scattered 
light intensity following exposure of BBMV and 
BLMV to a 65 mOsm inwardly directed sucrose 
gradient. The initial vesicle osmolarity was chosen 
to be small (62 mOsm) to slow the measured time 
course of vesicle volume change to maximize sig- 
nal-to-noise ratio. For both membranes there is 
rapid water efflux, decreased vesicle volume and 
increased scattered light intensity. Incubation of 
vesicles with HgCI2 caused a marked inhibition of 
osmotic water transport. 

The dose-response relations for HgCl2 inhibi- 
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tion of BBMV and B L M V  Ps are shown in Fig. 3. 
The Kl'S for the inhibitory effect of HgC12 on vesicle -s5 
Pf are 194 /XM (BBMV) and 42 /xM (BLMV), with 
maximal  inhibition percentages  of  48% (BBMV) -4o 
and 75% (BLMV).  Addition of l0 mM mercaptoe-  
thanol to vesicles that were  incubated for 30 min -4.5 
with 300/.zM HgCi2 returned P/to pre-inhibitory val- 
ues ( P f =  0.009 -+ 0.001 cm/sec ,  BBMV, 0.020 -+ -5o 
0.002 cm/sec ,  BLMV;  mean _+ SD, n = 4, 23~ ~' 
indicating reversibili ty of the mercurial effect. Incu- E o -5.5 
bation of  vesicles for 60 min with 5 mM pCMBS also a_ ~ -35" 
resulted in marked  inhibition of Pf (% inhibition = 
46 +_ 3%, BBMV; 74 -+ 5%, BLMV,  n = 4), which 
was reversed with 10 mM mercaptoethanol .  Rates 
of  water  t ransport  were not altered significantly -4.o 
with inhibitors of  other t ransport  processes  present  
in proximal tubule cell membranes ,  including disul- 
fonic stilbenes (100 /xM dihydro-4,4'-diisothio- 
cyano-2,2 '-disulfonic stilbene), amiloride (100/s -4.5 

furosemide (100 /XM), probenecid (200 /xM) and 
chlorothiazide (100/XM). 

Effects of  300 ~M HgCl2 on the temperature  
dependences  for Pfin BBMV and B L M V  are shown 
in Fig. 4. In BLMV,  PZ is inhibited by HgC12 at all 
t empera tures  and Ea increases f rom 3.6 to 7.6 kcal/  
mole. In BBMV, E~ is biphasic in the absence of 
HgC12 with a discontinuity at 33~ With inhibition 
of  Pf by HgC12, a single E~ of 9.4 kcal /mole is mea- 
sured. As discussed below, these results are consis- 
tent with partial closure of  a water  channel by 
HgCI2, with remaining water  t ransport  occurring 
via a nonfacili tated lipid pathway.  

P C T  CELL EXPERIMENTS 
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Fig. 4. Temperature dependence of BBMV and BLMV osmotic 
water transport. Pj was measured in BBMV and BLMV as de~ 
scribed in the legend to Fig. 2 as a function of increasing temper- 
ature. Each data point is the mean -+ SD of measurements per- 
formed at least in quadruplicate. Data are plotted as an 
Arrhenius plot (ln Ps vs. temperature -1) where E~ is determined 
from the slopes of lines fitted to the data by a weighted regression 
(2 parameter fit for a single line, 4 parameter fit for double, con- 
nected lines). 300/XN HgC12 was used for the +Hg experiments 
(dashed lines, filled circles). Fitted E~ values were: 2.8 -+ 0.4 
kcal/mole (<33 _+ 2~ and 13.7 _+ 1 kcal/mole (>33~ (BBMV, 

Hg), 9.4 -+ 1 kcal/mole (BBMV, +Hg), 3.6 _+ 0.7 kcal/mole 
(BLMV, -Hg) and 7.6 -+ 0.8 kcal/mole (BLMV, +Hg) 

Osmotic Water Transport Experiments 

Isolated PCT cells suspended in solution C were 
exposed  to a series of  inwardly directed osmotic 
gradients created by external sucrose in the 
stopped-flow apparatus  (Fig. 5). The time course of 
scat tered light intensity was measured.  Inwardly di- 
rected sucrose gradients caused cell water  efflux, 
reduction in cell volume,  and a corresponding in- 
crease in the intensity of  scat tered light. There was 
no net water  flux and no t ime-dependent  change in 
scat tered light intensity at zero gradient (curve la- 
beled 0 mOsm),  indicating the absence of mixing 
artifacts which have  been observed in red cells [24]. 
In addition, after the initial increase in scattered 
light (bot tom curve) the intensity was constant  over  
a t ime course  of  30 sec, indicating that sucrose was 
impermeant  over  the short t ime course of  the os- 
motic water  t ranspor t  experiments .  The amplitude 

of scat tered light intensity increased with increasing 
osmotic  gradient size. The rate of  change of cell 
volume increased with increasing size of  the hy- 
perosmot ic  gradient due to the increasing fractional 
amount  of  water  flux relative to cell size, as pre- 
dicted by Eq. (1). 

To confirm that the time course of  cell water  
efflux was independent  of  the composi t ion of the 
impermeant  solute, PCT cells were  exposed to 250 
m O s m  inwardly directed gradients of  a series of sol- 
utes. Pf' (mean -+ SD, n = 4, 23~ in sec -1) was: 
sucrose 128 _+ 7, mal tose 118 -+ 8, cellobiose 145 _+ 
9, lactose 132 _+ 8, mannitol  187 -+ 13 and raffinose 
152 -+ 10. The biological variability in Pf' was ex- 
amined using separate  cell preparat ions.  In five cell 
preparat ions Pf' values for a 250 m O s m  inwardly 
directed sucrose gradient were  (in sec -1) 188 -+ 19, 
137 -+ 9, 128 _+ 7, 137 -+ 9 and 194 +_ 13. 
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Fig. 6. Osmotic gradient dependence of PCT cell volume. PCT 
cells (300 mOsm) were suspended in a series of solutions of 
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dance sizing as described in Materials and Methods. Fitted line 
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Fig. 5. Time course of PCT cell osmotic water transport. PCT 
cells in solution C (300 mOsm) were mixed with solutions of 
varying osmolarities to give the indicated inwardly directed os- 
motic gradients. Top nine traces: The instrument gain was identi- 
cal for each experiment. Curves fitted through the scattered light 
intensity vs.  time data using Eq. (1) are shown. Data in the first 
40 msec were not included in the fit. B o t t o m  t race .  Over a 30-sec 
time scale there is no decline in scattered light intensity, indicat- 
ing that sucrose is impermeant during this interval 

The permeability coefficient (Ps) for PCT cell 
osmotic water  transport  can be determined from 
analysis of  the detailed shape of the scattered light 
intensity vs. time curve described by Eq. (1). The 
derivation of Eq. (I) is dependent  on the validity 
of  the assumption of a linear relationship between 
scattered light intensity and cell volume. Cell vol- 
umes, determined from the impedance cell sizing 
method, were linear with Osm 1 of  the external so- 
lution over  the range 150 to 1000 mOsm (intracellu- 
lar osmolarity, 300 mOsm) showing that PCT cells 
act as perfect  osmometers  (Fig. 6), similar to results 
obtained for human red cells and platelets, and for a 
variety of isolated membrane vesicles. The nonzero 
intercept at Osm ~ = 0 indicates an osmotically in- 
active component  of cell volume equal to - 2 0 %  as 
calculated from the ratio of the volume at Osm -~ = 
0 to that at Osm -~ = 3.3 (isosmotic volume). For  

exposure to inwardly directed sucrose gradients 
there was a linear relationship between the ampli- 
tude of  scattered light intensity and Osm -1 of the 
external solution over  the range of external osmo- 
larities 300 to 1300 mOsm (Fig. 7). Therefore  since 
both cell volume and scattered light intensity are 
linear functions of  Osm -1 over  the range 300 to 1000 
mOsm, scattered light intensity is linearly related to 
cell volume over  this range of external osmolarities. 

Dependence of  p r on Osmotic" Gradient Size 

Several experiments were performed to examine 
whether  osmotic water  transport  was restricted by a 
serial, nonmembrane barrier such as extracellular 
or cytoplasmic unstirred layers, and whether  cell PN 
was dependent  upon the magnitude of transmem- 
brahe water  flow. If unstirred layer effects are 
present then it is predicted that: (1) measured Ps 
would be dependent  on osmotic gradient size, (2) at 
all temperatures Ea would be similar to that mea- 
sured for solute diffusion in water  ( - 5  kcal/mole), 
and (3) mercurials would inhibit cell Pf to a lesser 
extent  than membrane vesicle Ps [1, 9, 18]. If flow- 
dependent  effects are present,  then measured Ps 
would be dependent  on osmotic gradient size. 

Table 1 shows the results of 1 experiment typ- 
ical of three in which Pf' for rabbit PCT cells at 23 
and 37~ was determined for a series of inwardly 
directed sucrose gradients. Pf' is virtually indepen- 
dent of  osmotic gradient size over  a wide range of 
osmotic gradients (25 to 1000 mOsm). The theoreti- 
cal curves fitted very closely to the light-scattering 
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Fig. 7. Osmot ic  gradient  dependence  of  scat tered light intensity.  
PCT cells (300 mOs m)  were mixed with hyperosmot ic  solutions 
in the stopped-flow appara tus  to give a series of  inwardly di- 
rected sucrose  gradients  (0-1000 mOsm).  Relative scattered light 
intensity was calculated from the amplitude of  a single exponen-  
tial fitted to the t ime course  of  scattered light intensity.  The 
ins t rument  gain was kept  cons tan t  throughout  the experiment .  
The slope of  the fitted line was - 0 . 5 6  • 0.02 Osm.  Measure-  
ments  were performed in triplicates; errors are 1 SD 

data (Fig. 5) except during the first -40 msec, 
where the curve was steeper than predicted by the 
fit. When nylon mesh was used for seiving in the 
tubule and cell preparations initially, the percentage 
of total signal due to this initial part of the curve 
ranged from 10-40% and was variable among prepa- 
rations. This steep portion of the curve was almost 
eliminated (<10%), without altering the curve 
shape at later time points, when the nylon meshes 
were replaced by stainless steel grids used for cell 
culture studies. We believe that this early signal is 
due to sample heterogeneity. Small membrane frag- 
ments, brush border vesicles and nonviable, leaky 
cells may contribute to the very early time course. 

Temperature-Dependence Experiments 

The activation energies (Ea) for rabbit PCT cell os- 
motic water transport were determined from the 
temperature dependence of Pf' using a 250 mM in- 
wardly directed sucrose gradient. In four sets of 
experiments, one of which is shown in Fig. 8, there 
was a discontinuity in Ea at 27 -+ 3~ with Ea = 2.5 
kcal/mole (<27~ and 12.7 kcal/mole (>27~ 
Addition of 300/XM HgCI2 inhibited cell Ps at every 
temperature with a single E~ of 6.2 kcal/mole. Inter- 
estingly, E~ for PS in rabbit BBMV was quite similar 
to that measured for PCT cells, suggesting that the 
osmotic water transport properties of the PCT cell 
membrane resemble those of the PCT brush border 
more than those of the basolateral membrane (see 

Table 1. Effect  of  gradient  size on PCT cell osmotic  water  per- 
meability 

Osmotic  gradient  Ps '  (Sec-I) P$' (sec-I) 
(AmOsm) 23~ 37~ 

1000 146 • 9 197 • 13 
667 146 • 9 177 • l l  
500 121 • 7 159 • 9 
333 147 • 12 238 • 14 
250 137 • 9 238 • 18 
167 134 • 11 282 • 25 
84 123 • 10 261 • 22 
50 261 • 35 
25 158 • 33 

PCT cells (300 mOsm)  were subjected to a series of  inwardly 
directed sucrose  gradients  at 23 and 37~ Ps '  (Ps(S/Vo) in sec l) 
was calculated f rom the time course  of  scattered light intensity 
(water efflux) using Eq. (1). Exper iments  were performed in qua- 
druplicate; errors are 1 SD 
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Fig. 8. Tempera ture  dependence  of PCT cell osmotic  water  
transport .  PCT cells (300 mOsm)  were subjected to a 250 m O s m  
inwardly directed sucrose  gradient  over  the temperature  range of 
15-40~ Ps was calculated from a fit to the time course of scat- 
tered light intensity at each temperature  using Eq. (1), assuming  
cell S/Vo = 25,000 cm ~. Exper iments  were performed in qua- 
druplicate at each temperature;  errors are 1 so .  Fitted E,, values 
were: 2.5 • 1 kcal /mole (<27 -+ 4~ and 12.7 • 2 kcal/mole 
(>27~ ( - H g ,  open circles), and 6.2 -+ 1.5 kcal /mole (+300/xM 
Hg, filled circles) 

Discussion). In addition, the high Ea (>27~ sug- 
gests that osmotic water movement is not restricted 
by a significant unstirred layer. 

Diffusional Water Transport Experiments 

Rabbit PCT cell Pa was estimated by nuclear mag- 
netic resonance. The principle is to tag intracellular 
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Fig. 9. PCT cell Pa measurement by NMR. Longitudinal relaxa- 
tion time (TO of protons measured by 90~ ~ pulse sequence. 
The ordinate is the natural logarithm of the difference between 
Mo (full magnetization) and Mz (the z-component of residual mag- 
netization) normalized to unity at zero time. The abcissa is the 
time interval between the 90 ~ pulses. (A) 40 mM Mn in buffer C 
with Tt 1.5 • 0.1 msec. (B) Packed PCT cells in buffer C with T~ 
320 • 30 msec (only first three of 32 time points shown). (C) PCT 
cells at 50% packed volume in buffer C containing 40 mM extra- 
cellular Mn. Data fitted to Eq. (2) with Tl~ - 1.6 -+ 0.2 msec, Tii 
= 12.6 • 0.2 msec and MI/M~_ = 0.53. All measurements per- 
formed at 37~ 

water molecules magnetically and to follow subse- 
quent diffusional water movement in the absence of 
an osmotic gradient. The magnetization of extra- 
cellular water protons is made to relax rapidly (Tl 
1.5 msec) by addition of Mn, an impermeant para- 
magnetic quencher. In the absence of diffusional 
water transport, intracellular protons relax slowly 
(>100 msec) due to intrinsic relaxation processes. 
The relaxation rate of intracellular protons is en- 
hanced greatly when cell water diffuses across the 
cell membrane and is relaxed by Mn. Because ex- 
tracellular Mn is not consumed when proton magne- 
tization is relaxed, the measured exchange time (Tti 
in Eq. (2)) is not affected by extracellular unstirred 
layers. 

In the absence of PCT cells, T] measured for 0, 
10, 20, 30, 40, and 50 mn Mn in solution C was 
2080, 7.1, 3.6, 2.4, 1.7 and 1.4 msec, respectively. 
In the presence of packed PCT cells without Mn, T~ 
was 260 msec (Fig. 9). Addition of 40 mM Mn to a 
PCT cell suspension at 50% packed volume resulted 
in a biexponential decay of magnetization; a rapid 
phase (T]e= 1.6 msec) due to relaxation of extracet- 
lular protons, and a slower phase (T]i = 12.6 msec) 
due primarily to diffusional water exchange. In six 
experiments performed on two PCT cell prepara- 
tions, T]; was 12.4 + 2 msec which gave a Pd of 
0.0032 + 0.0005 cm/sec assuming a cell surface-to- 
volume ratio of 25,000 (see Discussion). 

z 
I--- 

2s 

Fig, 10. Time course of nonelectrolyte transport. PCT cells 
equilibrated in solution C (300 mOsm) were subjected to a 500- 
mOsm gradient of each nonelectrolyte. There is a rapid initial 
increase in scattered light intensity due to water effiux, followed 
by a slower decrease in scattered light intensity due to water 
influx following nonelectrolyte entry into the cell, Single expo- 
nentials fitted to the phase of decreasing scattered light intensity 
are shown. Calculated Ps values are given in Table 2 

Several control experiments were performed to 
validate these NMR methods. T]i measured in a sus- 
pension of human erythrocytes (50% hematocrit, 50 
mM extracellular Mn) by the present technique was 
9 _+ 1 msec (37~ identical to reported exchange 
times [11]. The measured value of Tji in PCT cells at 
37~ was stable over a 20-rain time period, indicat- 
ing no significant Mn permeation. Addition of 20 
and 75 mM Mn to PCT cells resulted in altered T~e 
without changes in Tji, confirming insensitivity of 
the exchange time to [Mn]. T]i measured in a 25% 
suspension of PCT cells containing 40 mM Mn was 
12.8 msec, showing that back diffusion effects are 
unimportant [7]. In red cells, spin diffusion effects 
are known to alter the exchange time measured by 
T~ relaxation times by 10-20%, whereas no correc- 
tion is required when the same experiment is per- 
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Table 2. Nonelectrolyte  permeabilit ies in rabbit PCT cells (permeabilit ies in cm/sec  x 10 ~) 

115 

PCT cell BBMV BLMV Phospholipid Cholesterol  
bilayer bilayer 

Urea 4 +- 0.2 0.8 2.4 3.7 0.9 
Thiourea  6 -+ 0.5 2.1 2.0 4.6 0.9 
Glycerol 8 + 0.4 2.6 11.0 5.7 1.6 
Ethylene 

glycol 23 +- 2.0 23 23 18 14 
Acetamide  22 -+ 2 21 29 143 18 
Formamide  27 + I 28 48 160 6 

PCT cells (300 mOsm)  were subjected to 500 m O s m  inwardly directed gradient of  each nonelectrolyte.  
P~ was calculated from the time course of nonelectrolyte influx as described in Materials and Methods 
using a 25,000 cm ~ cell surface- to-volume ratio. Exper iments  were performed in quadruplicate;  errors 
are I SD. For compar ison,  reported P, values are given in the rabbit BBMV [36], rabbit BLMV [39], 
and phospholipid and cholesterol bilayers [14]. All data were obtained at 23~ 

formed using T2 relaxation times [11]. T2 measured 
in PCT cells (50% packed volume) by the spin-echo 
technique (90~ ~ pulse sequence) in the ab- 
sence of Mn was 9 msec. Because PCT cell T2 is 
faster than the exchange time, T2 measurements 
could not be applied to study Pa in this system. 
Because the protein content of PCT cells is much 
less than the hemoglobin content of red cells, there 
is probably < 10% correction required for spin-diffu- 
sion effects. 

Nonelectrolyte transport experiments 

PCT cells suspended in solution C were exposed to 
a 500 mOsm inwardly directed gradient of a series 
of small polar nonelectrolytes. Ps was determined 
from the time course of nonelectrolyte influx as 
measured from a fit to the phase of decreasing light 
scattering intensity (Fig. 10). In each curve, there is 
an initial increase in scattered light intensity due to 
osmotic water efflux followed by a decrease in scat- 
tered light intensity as nonelectrolyte influx occurs. 
Ps values are given in Table 2 and will be discussed 
further below. 

Discussion 

We have used stopped-flow light scattering and 
NMR techniques to characterize osmotic and diffu- 
sional water transport in renal proximal tubule cell 
membranes using isolated membrane vesicles and 
intact PCT cells in suspension. Experiments were 
designed to examine whether a facilitated pathway, 
or 'channel' for water transport is present in the 
renal proximal tubule. Because very little is known 
about the nature of water channels in general, we 
chose to test whether renal cell membranes had 
characteristics of water transport which are present 

in the erythrocyte membrane, where a water pore 
or channel probably exists [21, 33]. These charac- 
teristics include high Pf (>0.01 cm/sec), low Eo (<6 
kcal/mole), inhibition by mercurials (pCMBS, 
HgC12) reversed by mercaptoethanol, increased Ea 
after mercurial inhibition, and a Pf/Pd ratio > 1. 
These properties are not present in artificial liposo- 
mes or in a series of biological membranes that have 
been studied (human platelet, synaptosome, placen- 
tal brush border). In addition to the erythrocyte, 
other biological membranes in which water chan- 
nels exist are the toad bladder and renal cortical 
collecting duct, where serosal vasopressin leads to 
the insertion of water channels in the apical mem- 
brane. These water channels result in a large in- 
crease in transepithelial Pf, lowered Ea and Pf/Pd > 
1. The relation between the red cell and the vaso- 
pressin-induced water channels is not known. 

In isolated membrane vesicles, Pf measured at 
37~ was 0.012 (BBMV) and 0.023 (BLMV), similar 
to Pf measured in the erythrocyte (0.02-0.03 cm/ 
sec), but larger than Pf measured in liposomes con- 
taining cholesterol (0.001-0.003 cm/sec [13]), pla- 
cental brush border vesicles (0.003 cm/sec [18]) and 
human platelets (0.007 cm/sec [23]). Our values for 
P/in BLMV are similar to Pf estimated in the proxi- 
mal tubule basolateral membrane (after division by 
the folding factor of 36 [41]) measured by a rapid 
video recording technique (0.011 cm/sec [15, 42, 
43]). 

In human erythrocytes, Pf is inhibited 90% by 5 
mM p CMBS; inhibition is reversed with SH-reduc- 
ing agents including mercaptoethanol and cysteine 
[10, 12, 21, 22, 35]. Large reductions in PN in both 
BBMV and BLMV with p CMBS and HgC12 are re- 
ported in these studies, which are reversed with 
mercaptoethanol. These results implicate an essen- 
tial SH group on a protein which forms or regulates 
a water channel. Our results are in agreement with 



116 M.M. Meyer  and A.S. Verkman:  Water  Channels  in Renal Proximal Tubule  

the effects of mercurials on rat BBMV Pf reported 
recently [28], and with effects o fpCMBS on basola- 
teral Pf measured by video methods [43] and on 
transepithelial Pe measured by tracer 3H20 diffusion 
when pCMBS is added to the tubule lumen or 
serosa [2]. Previously we reported that 2 mM 
pCMBS increased the apparent Prin BLMV by 60% 
and suggested that pCMBS induced a nonspecific 
leak in the membrane, which limited our ability to 
examine its inhibitory properties. In the present 
study, all pCMBS and HgCI2 solutions were pre- 
pared immediately prior to the experiments and 
were protected from light at all times. The pCMBS- 
induced membrane leak was eliminated by these 
procedures. Mercurials do not alter PI in liposomes, 
platelets, synaptosomes and placental vesicles. The 
effects of mercurials on the vasopressin-induced 
water channel are not known. 

In the presence of water channels, E~ is low, 
comparable to E~ for self-diffusion of water. E, is 4- 
5 kcal/mole in erythrocytes [21] and in the vaso- 
pressin-stimulated cortical collecting duct [16]. In 
lipid-mediated water transport, Ea is generally > 10 
kcal/mole. Ea has been measured to be 12-15 kcal/ 
mole in artificial liposomes [13] and 11.5 kcal/mole 
in p CMBS-treated erythrocytes [21]. In BLMV, E~ 
increased from 3.6 to 7.6 kcal/mole with maximal 
inhibition by HgCI> supporting the presence of a 
water channel that is closed at least partially upon 
mercurial treatment. In BBMV, the biphasic Arrhe- 
nius plot for Pf becomes linear with HgCI2 treat- 
ment, suggesting the presence of parallel pathways 
for water transport in untreated BBMV. At lower 
temperatures, a p CMBS inhibitable water channel 
predominates with low E,; at higher temperatures, 
a lipid pathway with high E~ becomes increasingly 
important. 

The ratio Pf/Pa is an important indicator of the 
water transport pathway. A Pf/Pd ratio of unity has 
been measured in pure lipid bilayers [13] and in hu- 
man platelets [44] and is associated with a nonfacili- 
tated mechanism, where water molecules traverse a 
membrane by a simple diffusional process. Pf/Pd is 
greater than unity when water transport occurs by 
bulk flow through an aqueous pore or by single file 
passage through a long narrow channel [21]. Pf/Pa 
has been measured to be 3.4 in erythrocytes [21, 
33], 3.5 in lipid bilayers containing amphotericin 
[17], and 14 in the vasopressin-stimutated toad 
bladder [20]. Because of rapid water exchange 
times in cells and vesicles, membrane Pd is most 
easily measured by NMR. It is difficult to apply 
NMR techniques to membrane vesicles because of 
the small intravesicular volume of exchangeable 
water and because the water exchange time would 
be under 1 msec for a Pa of 10 -2 cm/sec. To esti- 
mate renal cell membrane Pa and to examine ques- 
tions which cannot be addressed in membrane vesi- 

cle studies, we turned to an isolated renal proximal 
tubule cell suspension. 

Viable renal proximal tubule cells were isolated 
from rabbit renal cortex by Dounce homogeniza- 
tion, isolation of proximal tubules by differential 
seiving, cell release by agitation and EGTA, and 
differential seiving/centrifugation. The resultant 
cells are >95% of proximal tubule origin and are 
reasonably homogeneous in size. Unlike isolated 
membrane vesicles, the cells contain cell cytoplasm 
and intracellular organelles, with preservation of 
extracellular barriers such as microvilli. Using the 
PCT cell preparation, we examined: (i) cell mem- 
brane Pf/P~, (ii) the existence of nonmenbrane bar- 
viers to water transport (unstirred layers, flow-de- 
pendent barriers), and (iii) absolute cell membrane 
Pf and nonelectrolyte P,.  

It is understood that studies of transport prop- 
erties in intact epithelial cells present several poten- 
tial difficulties. Unlike vesicles, viable cells must be 
isolated immediately prior to experimentation and 
cannot be stored. Since epithelial cells contain both 
apical and basolateral membranes, the permeability 
information obtained is a composite function of par- 
allel pathways for water movement, whereas water 
moves in series across the apical and basolateral 
membrane in the intact proximal tubule. In addi- 
tion, migration of membrane phospholipids and 
transport proteins may occur when cells are re- 
moved from their native environment in the intact 
proximal tubule. 

Bearing in mind these potential difficulties, we 
first examined questions that do not require detailed 
knowledge of cell volume, morphology and size het- 
erogeneity. In the calculation ofPf/Pd, cell surface- 
to-volume ratio cancels. At 37~ Pf(S/Vo) = 250 
sec -l (Table I; 50-500 mOsm gradient size), and 
Pd(S/Vo) = 79 sec -1 (Fig. 6), giving apical mem- 
brane Pf/Pa = 3.2.* As discussed below, based on 

* From the N M R  studies,  the water  diffusional exchange 
t ime was 12.4 msec.  Calculation of  Pa from this value a s sumes  
that  there is no cytoplasmic  resis tance to diffusional water  move-  
ment .  The 12.4 msec  exchange  t ime represents  the effects of  
serial barriers to diffusional water  movement :  water  diffusion 
through the cell cy toplasm to reach the cell membrane ,  and 
t ransport  across  the cell membrane .  The cytoplasmic diffusion 
time can be est imated.  The average squared dis tance (R 2) of  a 
water  molecule  in a spherical  cell of  radius ro to the cell surface is 
given by the  express ion  

(R2) = fro" r2(ro - r) 2 dr/)or r 2 dr = 0.1r~. 

Therefore  the average time (T) for a water  molecule to reach the 
cell surface is (T) = 0.025~/D, where  D is the diffusion coeffi- 
cient  for water  in the  cell cytoplasm.  For  a 10-/zM spherical cell 
with a cytoplasmic water  diffusion coefficient of  5 • 10 6 cm/sec  
(one-fourth of D for water  in free solution [5]), the cytoplasmic 
diffusion time would be - 1 . 3  msec,  resulting in a - 1 0 %  underes-  
t imate in Pd (or 10% overes t imate  in PI/Pd). 
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the preservation of renal brush border morphology 
in cells and on the similarity of water and nonelec- 
trolyte transport properties in PCT cells and 
BBMV, we conclude that the PCT cell is very much 
like a large BBMV containing intracellular struc- 
tures. Thus the measured cell Pf/Pd probably repre- 
sents a characteristic of the renal brush border. We 
recently used proton NMR to measure basolateral 
membrane Pd in suspensions of intact renal proxi- 
mal tubules [40]. We found that basolateral mem- 
brane Pa was 2 x 10 -3 cm/sec at 37~ (giving baso- 
lateral membrane Pf/Pd - 10), with Ea = 2.9 
kcal/mole and 60% inhibition by pCMBS. The 
NMR studies in cells and tubules provide further 
support for the existence of water channels in proxi- 
mal tubule brush border and basolateral mem- 
branes. 

Several lines of evidence were presented to in- 
dicate that PCT cell Pf was not restricted by non- 
membrane barriers such as external or cytoplasmic 
unstirred layers, and that Pf was not dependent on 
the magnitude of transmembrane water flow. Py was 
independent of osmotic gradient size over a 10-fold 
change in gradient size, indicating absence of signifi- 
cant flow-dependent and unstirred layer effects. 
Cell Pf was inhibited -60% by HgC12, similar to the 
percentage inhibition of BBMV Pf, excluding the 
presence of nonmembrane series resistances to wa- 
ter flow which would be mercurial insensitive. The 
high Ea for PCT cell Pf (>27~ also excludes signifi- 
cant unstirred layers effects, where a low (-5  kcal/ 
mole) Ea would be expected at all temperatures. 
These findings are important in light of recent evi- 
dence that transepithelial PCT Pf decreases with in- 
creasing osmotic gradient size (20-100 mOsm) 
where it was suggested that unstirred layer effects 
may be present or that membrane Pf may be flow- 
dependent [4]. We do not find these effects in PCT 
cells at transmembrane flow rates comparable to 
those encountered in the intact proximal tubule; 
however, it is not possible to exclude a number of 
explanations for effects of osmotic gradient size on 
transepithelial Pf which are not possible to examine 
in isolated cell systems [27]. For example, steady- 
state transcellular water flow may result in polariza- 
tion of cell cytoplasm resulting in a flow-dependent 
cytoplasmic viscosity. Additional experiments in 
the intact tubule, such as Ea measurements and in- 
hibitor studies at several osmotic gradients, will be 
required to understand these interesting observa- 
tions. 

Calculation of absolute Pi requires an estimate 
of cell surface-to-volume ratio. The mean cell vol- 
ume for rabbit PCT cells of 861 /XM 3, determined by 
the impedance method, agreed well with the volume 
of 980 tXN 3 determined by the hematocrit method 
and that of 975 /xN 3 determined by morphometric 
analysis in the intact proximal tubule [41]. Welling 

and Welling [41] also estimated the luminal and ba- 
solateral cell surface areas of the PCT cell to each 
be 4.1 -+ 0.3/xMZ//xM 3 of cell volume and each to be 
20-fold greater than the surface area that would be 
occupied by the cell on a hypothetically smooth 
peritubular surface. Extrapolation of these surface 
area values, measured in the isolated tubule, to the 
isolated cell requires knowledge of the alterations in 
surface morphology that occur when the cell is 
freed from the constraints of adjacent cells and of 
the basement membrane. It is known that PCT cells 
of the S1 segments are taller, with a more well- 
developed and densely packed array of microvilli 
than cells of the $2 and $3 segments, in which cellu- 
lar interdigitation, cell height, and microvillus 
height and density progressively decrease [19]. 
Since S1 segments lie exclusively in the cortical lab- 
yrinth, $2 segments lie at the borders of the laby- 
rinth and in the medullary rays, and $3 segments 
are entirely in the medullary rays, preparations of 
isolated PCT cells contain predominantly S 1 and $2 
cells. 

Electron micrographs of isolated PCT cells 
demonstrate that the cells retain their polarity in 
suspension [25]. There is preservation of the brush 
border microvilli which are known to contain an 
axial bundle of filaments rooted in the apical cyto- 
plasm and exhibiting motility properties [19]. In 
contrast to the well-preserved apical membrane 
with its rigid substructure, the interdigitating baso- 
lateral membrane is less likely to be structurally in- 
tact. Electron micrographs of the lateral intercellu- 
lar space in the intact tubule show dilatation and 
collapse with varying degrees of absorptive water 
flow, indicating the distensible, compliant nature of 
the basolateral membrane. 

Given these uncertainties in the membrane 
morphology of isolated proximal convoluted tubule 
cells, it is difficult to estimate cell surface-to-vol- 
ume ratio. For a smooth sphere of 10 tXM diameter, 
S/Vo = 6000 cm -1, giving Pf = 0.04 cm/sec at 37~ It 
is likely that this value is an overestimate of true 
cell Psbecause of the appearance of the microvillus 
membrane surface on electron micrographs taken of 
isolated PCT cells [25]. If the isolated cell retains all 
surface convolutions, microvillus structures and ba- 
solateral interdigitations (S/Vo = 105,000 cm -1) Pi 
would be 0.0024 cm/sec. Based on morphological 
studies, it is unlikely that the distensible basolateral 
membrane remains fully intact without the anchor- 
ing structures present in the intact tubule. If it is 
assumed that the isolated cell has 50% of its mi- 
crovilli intact and a smooth basolateral surface (S/ 
Vo = 25,000 cm-l), Pfwould be 0.01 cm/sec, similar 
to Pf measured in BBMV. 

If most of the PCT cell surface area available 
for membrane transport consists of brush border 
membrane, then the transport properties of the sus- 
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pended PCT cell should closely resemble those of 
the BBMV. It is known that the PCT brush border 
membrane contains an amiloride inhibitable Na/H 
countertransporter while the basolateral membrane 
contains a stilbene inhibitable Na/3HCO3 cotran- 
sporter. Using 22Na uptake methods in rabbit PCT 
cells, Nord et al. [25] showed that the properties of 
the Na/H countertransporter present in cells were 
virtually identical to those measured in BBMV. Be- 
cause 22Na uptake was >90% inhibited by maximal 
amiloride, the PCT cells appeared to express trans- 
port properties of the BBMV. In the present stud- 
ies, we find that the activation energies for Pf' in the 
PCT cell resemble closely those measured in 
BBMV but not in BLMV. In addition, the relative 
nonelectrolyte permeabilities (urea/thiourea/glyc- 
erol and ethylene glycol/acetamide/formamide) of 
the PCT cell are qualitatively similar to those of the 
BBMV, but dissimilar to those of the BLMV (Table 
2). 

Our results strongly support the presence of 
water channels in the proximal tubule apical and 
basolateral membranes with properties similar to 
those found in erythrocytes. These channels were 
not found in a variety of other biological mem- 
branes. The physical nature of water channels in the 
proximal tubule, erythrocyte and vasopressin- 
stimulated cortical collecting duct and toad bladder 
remains poorly defined at present. The Py/Pa values 
> 1 are consistent both with bulk flow of water 
through an aqueous pore or single-file diffusion of 
water through a narrow channel [21]. The protein/ 
lipid composition of the water channel is not 
known. The inhibition of water permeability by 
mercurials implicates an essential SH group in- 
volved in a protein constituting or  regulating the 
water channel. Interestingly, although erythrocyte 
water permeability is not altered by protease treat- 
ment or by radiation inactivation [10], the ability of 
mercurials to inhibit water transport is lost. In addi- 
tion, brush border membrane water transport was 
not inactivated by radiation at doses up to 10 Mrad 
[37]. These findings raise the possibility that the wa- 
ter channel may consist of phospholipids and/or 
small proteins, which are coupled to a larger regula- 
tory protein to which inhibitory compounds bind 
[10]. Further biochemical, biophysical and immuno- 
logical studies are required to understand better the 
mechanisms for facilitated water transport in bio- 
logical membranes. 
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