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Isolated proximal ceils from rabbit kidney were seeded on collagen-coated permeable supports. After 8 days, the 
cultured cells became organized as a confluent monolayer. The proximal origin of the monolayer was confirmed by 
enzymatic, immunological, electrical and electron microscopical studies. The epithelia exhibited a morphological 
polarity that allowed for measurements of effluxes across the apical or the hasolateral membranes. 86Rb was used as an 
isotopic tracer to indicate potassium movements. The S6Rb + efflux across the hasolateral face was 1.93-times that 
across the apical face, and both effiuxes were pH dependent. Apical and hasolateral aSRh + effluxes increased when the 
Ca 2+ ionophore ionomycin (3 pM) was applied and when monolayers were exposed to a hypotonic medium. A 
pharmacological study revealed that BaCI 2 (5 raM), tetraethylammonium (TEA, 20 mM) and Leiurus quinquestriatus 
hebraeus scorpion venom (from which charybdntoxin is extracted) abolished both ionom~c, in and hypotonically-stimu- 
lated effluxes, whereas apamin had no significant effect on the hypotonically-stimulated Rb + efflux. This stimulated 
efflux was also abolished when monolayers were preincubated with pertussis toxin, but did not decrease in a Ca z +-free 
medium. 

Introduction 

Like cells from many other tissues [1], proxmaal 
tubules are capable of regulatory volume decrease [2,3] 
If exposed to hypotomc mecha, the cells swell but 
subsequently return to thetr original volume. Although 
it is known that potassium plays an important role m 
tilts regulatory phenomenon, chfferent membrane trans- 
port pathways seem to be involved depenchng on the 
cell type stu&ed [4] In the proxamal nephron, an m- 
crease of the basolateral potassmm conductance has 
been described [5-7], but no further investigation was 
made as to the type of channel involved Neither is the 
apical membrane response well known, since only cul- 
tured renal cell lines such as MDCK or Opossum kad- 
ney have as yet been stuched [8,9] In order to study the 
potassium conductances m both apical and basolateral 
membranes, and their behavior dunng a hypotomc 
shock, we undertook 86Rb+ efflux measurements on 
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pnmary cultures of freshly isolated proxamal cells The 
simple geometry and the free access to the apical and 
basolateral membranes of cultured monolayers are ex- 
perimental factors stated for efflux measurements In 
the present paper, we describe two pathways for SrRb ÷ 
effluxes present m both apical and basolateral mem- 
branes One of them, wtuch appears to be revolved 
during a hypotomc shock, presents the characteristics of 
the maria K + channel Tins channel, described m many 
tissues, has recently been reported m the apical mem- 
brane of proximal convoluted tubules m primary cul- 
ture [10] 

Materials and Methods 

Ammals  
Young male New-Zealand wlute rabbtts (body wt, 

600-800 g) were used for the experiments. All ammals 
were fed a standard diet and had free access to tap 
water For cell preparations, kidneys were removed 
under sterile conchtlons from ammals killed by 2 ml 
pentobarbltal and 1250 U heparm (Roussel, France) 
rejected through the veto of the ear 
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Preparanon of sterde zsolated proxtmal cells 
Isolated cells were prepared as previously described 

in our laboratory by Poujeol et al [11] For each experi- 
ment, four kidneys were used Briefly, lodneys were 
perfused with a medium composed of an equal rmxture 
of DMEM and HAM F12 (Glbco, Grand Islands, NA, 
U S A or Euroblo, Pans, France) contalmng 15 mM 
NaHCO3, 20 mM N-2-hydroxyethylplperazane-N'- 
ethanesulfomc acid (Hepes) (pH 7 5), 100 U / ml  pemcll- 
hn and 100 #g/ml  streptomycin Shces from the super- 
ficml cortex were then passed through a tissue press and 
successively filtered through 100-, 40-, and 20-/~m nylon 
meshes Finally, cells were placed m a hormonally-de- 
fined culture medium composed of DMEM, HAM F12, 
15 mM NaHCO 3, 20 mM Hepes, 100 U / m l  pemcilhn, 
100/~g/ml streptomycin, and 2 mM glutamane, 5/~g/ml 
lnsuhn, 5 10 -8 M dexamethasone, 10 ng/ml EGF, 5 
/lg/ml transferrln, 3 10 -8 M sodium selemte, and 1 
10 -8 M truodothyromne 

The total number of cells was estimated by macro- 
scopic observation of 20/~1 of cell suspension diluted m 
0 5% eosin solution A final concentration of 20 106 
cells/ml was generally obtained, corresponding to a 
total cell count of 100 106 Isolated cells were then 
seeded on collagen-coated culture wells (nulhcell HA 30 
mm diameter, Mllhpore, U S A ) at a concentrauon of 
1 10 6 c e l l s / c m  2 The cells were placed in a 6 wells 
culture dish (Costar, New York, NY, U S A ) contatmng 
2 ml of culture medium This medium was changed 3 
days after seeding and then every 2 days, with the same 
culture medmm but without pemcdhn and strepto- 
mycin Cultures were maintained at 37°C in a 5% 
CO2-water-saturated atmosphere Eight days after seed- 
Ing, cultures became confluent 

Enzyme studtes 
Enzyme analyses were performed on freshly isolated 

proxtmal cells and on 8-day-old cultures Leucine 
anunopeptxdase (LAP) was determined by the technique 
of Kramers and Robinson [12] using leucme p-mtro- 
amhde as substrate Gamma-glutamyl p-mtroamhde as 
substrate (Sigma hst kit) Alkahne phosphatase (AKP) 
was assayed with p-nltrophenyl phosphate as substrate 
at pH 8 6 as described by Hubscher and West [13], 
while the method of Qulgley and Gotterer [14] was used 
to estnuate ouabam-sensmve Na/K-ATPase activity 
The phosphate hberated by the action of the enzyme 
after ATP hydrolysis was measured using ATP as sub- 
strate For these four enzyme assays, the reactions were 
developed directly in the culture wells, without pretreat- 
ment of the cells Hexolonase (HK) was determined by 
Bergmeyer's method [15] The method used to assay 
fructose-l,6-bisphosphatase, was based on that of Hintz 
et al [16] without the enzymatic cycling procedure For 
flus metabohc enzyme the cultured cells were detached 
from the wells by trypsimzatlon and permeabxhzed by 

the freeze-thawing procedure The results were normal- 
ized for the DNA content of each sample 

Cychc AMP productton tn prtmary cultures 
Cyclic adenosine monophosphate (cAMP) produced 

by the 8-day-old cultures was measured by radloxm- 
munoassay [17] The epithelia were incubated in RPMI 
medium at 37 °C with 0 1/~g/ml parathyroid hormone 
(PTH1-34) or 1 10 -8 M arglnme vasopressin (AVP) 
for 15 nun in the presence of 1 mM 3-1sobutyl-l-meth- 
ylxanthme (IBMX) The hormones were added to both 
apical and basolateral sides of the culture well cAMP 
was measured in monolayer after cells were lysed in a 
maxture of formic acid in absolute ethanol (5% v/v)  

DNA determmatton 
DNA was measured by a modification of the fluo- 

nmetnc macromethod of SwItzer and Summer [18] 

Indlrect lmmunofluorescence on primary cultures 
Primary cultures from isolated proximal cells grown 

on 30 mm coUagen-coated teflon wells were flied for 15 
man at room temperature with 4% paraformaldehyde 
(PAF) in 50 mM phosphate buffer (pH 7 1) (PBS) 
After nnslng, wells were incubated in PBS for 30 nun at 
room temperature with a 1/100 dilution (10-20/~g/ml) 
of the monoclonal antibody (Mab 5A4), raised against 
LAP [19] After several washings in PBS, wells were 
Incubated in FITC-coupled rabbit anti-mouse IgG 
(Miles, Elkhardt, IN, U S A ) diluted 1/100 m PBS 
contaamng 0 3% bovme serum albumin (BSA) After 30 
mm incubation at room temperature, cultures were 
rinsed three times, covered with glass covershps and 
observed with an eplfluorescent microscope (Zelss, 
Oberkochen, F R G ) 

Electron microscopy 
8-Day-old cultures were fLxed with 2 5% glutaralde- 

hyde in 0 1 M cacodylate buffer (pH 7 4) for 30 mm 
and postfLxed m 1% reduced osmium tetroxlde, after 
which they were dehydrated in ethanol and embedded 
in Epon Than sections were cut and examined at 80 kV 
with a Phahps 400 electron rmcroscope The sections 
were counterstamed for 2 man with lead citrate pnor to 
examination with the electron microscope 

Electrophystologtcal measurements 
Transeplthehal voltage (VTE) and resistance (RT) 

were measured on 8-day-old primary cultures grown on 
Mdhpore supports coated with collagen VTE was mea- 
sured as the difference between two calomel electrodes 
connected to the bathing solutions by KC1 saturated 
agar bridges (Kelthley 601 electrometer) The basal side 
was earthed The transeplthehal resistance was esti- 
mated by applying square current pulses (1 5 ~tA, 2 s 
duration) through Ag-AgCI electrodes and measunng 



transepIthehal voltage changes with electrodes posi- 
tioned as near as possable to the epithelial surface 
Measurements were made at room temperature with a 
mtxture of D M E M / F 1 2  batlung the apacal and baso- 
lateral compartments 

S6Rb + efflux from confluent monolayers 
8-Day-old cultures were loaded with 86Rb+ (1 5 

/~Ca/ml) for 4 h at room temperature m RPMI 1640 
medium (Glbco, U S A ) devoad of sodaum bacarbonate 
and buffered with 25 mM Hepes at pH 7 4, under 
continuous mr stream After nnsmg the wells in un- 
labelled RPMI to remove asotope from the extraceUular 
space, apical and basolateral S~Rb+ effluxes were mea- 
sured samultaneously Every 2 nun, the totahty of the 
medium (2 apacal ml and 2 basolateral rnl of RPMI) 
was collected darectly from the apacal and basolateral 
sades of the culture well and replaced by fresh medium 
The remaunng ra&oacUvlty m the epathehum at the end 
of the experiment was detemuned by counting frlters m 
wals The 86Rb+ content of samples was determined an 
a Packard hquid scmtlUataon counter (Mlnax~ 400) by 
the Cerenkov effect 

Calculatton 
From the backaddmon of the radioactlvxty In the 

efflux samples to the ra&oactlvaty remaining m the 
cells, we calculated the apacal and basolateral efflux rate 
constants (according to Eqns 1 and 2), 1 e ,  the fraction 
of the total radloactavaty lost per umt tame 

(G),  
( ka ) t  = t+l ( I / T )  (1) 

C~ + ]E [(Ca), +(Cb),]+l/2[(C,), + (Cb),] 
l ~ t f  

(Cb), 
(kb), ,+1 ( t /T)  

Cep -}" E [ (Ca) '  +(Cb)tl-i-1/2[(Ca)t "F (Cb) t ]  
t ~ l f  

(2) 

where (ka), and (kb) ̀  are the apacal and basolateral 
efflux rate constants at ttme t, (Ca), and (Cb)t are the 
rachoactavaty lost from the apacal and basolateral sides 
at tune t and during the penod T, respectwely C~p as 
the ra&oactavaty remaining m the eDthehum at the end 
of the measurements, and tf corresponds to the final 
tame of the experiment 

For comparing the different expertmental condmons, 
the results were expressed m percent of the amtml value 
(t = 4 nun) of the basolateral efflux rate constant 

Determmatton of mtracellular pH 
Intracellular pH was determined by fluorescent vadeo 

macroscopy Cultures were loaded with 4 g M 
B C E C F / A M  in RPMI medium dunng 15 rain at 3 7 "C  
After nnsmg the cultures were observed on an reverted 
rmcroscope coupled to a low hght level video camera 
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(Lhesa LH 4036). Fluorescence excitation was provided 
by a mercury vapor lamp and was controlled by an 
automatic shutter (Umbhtz) The excitation beam was 
filtered through a filter selector fitted with 10 nm band 
pass filters centered at 450 and 490 nm The separation 
between incident and emitted fluorescence radiations 
was done through a Zelss chromatic beam sphtter (FT 
510) and a longwave pass filter (LP 520) Fluorescence 
Images were dlgmzed by a PIP tmage card and stored 
on a hard chsk controlled by a PC-AT computer Ex- 
periments were carried out as follows the ceils were 
excited at 490 nm and a first image was digitized 
Immediately after, the cells were excited at 450 nm and 
a second image was stored After the collection of a 
sequence of images, anthrnetlc operations were per- 
formed with an image processing system (Biocom) The 
grey level antensaty values at 490 and 450 nm were 
corrected for the photobleaclung, the background was 
subtracted and the ratao value between the two wave- 
lengths was calculated The mean ratio value of ten 
zones was used to estimate the Intracellular pH values 
of the monolayers by reference to cahbratlon curves 
[2o1 

Experimental soluttons 
Expenments were carried out m a RPMI medium 

continuously aerated, except when barium was present, 
a Krebs solution was used (137 mM NaC1, 5 4 mM 
KC1, 12  mM MgC12, 0 3  mM NaH2PO4, 0 3  mM 
KH2PO 4, 5 mM glucose, 1 mM CaC12, 20 mM Hepes 
(pH 7 4)) When pH dependency was studied, the con- 
trol medium contamed 140 mM NaC1, 5 mM KC1, 1 
mM CaC12, 0 4 mM MgSO 4, 2 mM glutamme, 5 mM 
alamne, 5 mM glucose and 20 mM Hepes (pH 7 4) In 
expenmental  solutions, 140 mM NaC1 was replaced by 
100 mM NaC1 and 40 mM NH4C1 or 40 mM 
NaCH3COO 

Chemtcals 
Barium and TEA were purchased from Merck, 

Darmstadt, F R G  Ionomycm was obtmned from 
Calbiochem, San Diego, CA, U S A ,  apmmn and per- 
tUSSlS toxan from Sigma, U S A ,  and crude Leturus 
~6umquestrtatus hebraeus venom from Latoxan, France 

Rb ÷ as the C1- salt was purchased from Amersham 
InternaUonal Ltd 

Stansttcal analysts 
Values reported in the text are means + S E Un- 

pmred Student's t-test was used for staUstical analysis 

Results 

Mtcroscoptc studtes 
Punfied proximal cells were seeded at relatively high 

density on collagen coated permeable filters Wittun 



32 

Fig 1 M~crograph of 8-day-old cultured proxamal cells Bar is 50 #m 

four hours isolated cells were observed to attach to the 
collagen bed When cultures were seeded at 1 106 
cells/era 2, the plating efficiency after 24 h was 5 to 8% 
and the unattached cells were subsequently removed 
w~th the first medaum change at 3 days Completely 
confluent cultures were obtained between 7 and 8 days 
after seeding at 106 cells/cm 2 Using lugher seeding 
densities (up to 2 106 cells/cm 2) dad not modify either 
the plating efficiency after 24 h or the time elapsing 
before total confluency (data not gwen) Fig 1 shows a 
phase contrast nucrograph representing a confluent 
monolayer 8 days after seeding The cells exhibited a 
homogenous shape and stze and were obvaously con- 
tlguous Fig 2 shows an electron nucrograph of a 8-day- 
old monolayer attached to a permeable filter Cultured 

cells had a morphologtcal polarity shown by the pres- 
ence of nucrovalll on the apical membrane excluswely 
and of dehnutlng mterdagltatmg cytoplasrmc processes 
restricted to the basal part of the cell 

Immunologtcal studtes 
The proximal tubules have various blochetmcal prop- 

ertles that can be used to characterize the cells To 
obtain control values, we determined the enzyme activi- 
ties of the matlal freshly Isolated proximal ceils The 
data are reported m Table I Cultured proramal cells 
showed LAP, ~,-GT, AKP, and ouabam-sensmve 
Na/K-ATPase actlvatles after 8 days seeding The actw- 
ltles of the first two hydrolases (LAP, 3,-GT) were lower 
in primary cultures than m isolated cells, whereas active- 

Fig 2 Electron rmcrograph of 8-day-old cultured proxmml cells Bar ms 5 ~m 



TABLE I 

Enzymatw characterlstws of cultured and freshly tsolated proximal cells 
from rabbit ktdney 

Leuclne ammopeptldase (LAP), gamma-glutamyl  transferase (yGT),  
alkaline phosphatase (AKP), hexokmase (HK) and N a / K - A T P a s e  
actlwtaes measured m freshly isolated proxtmal cells and 8-day-old 
cultures grown on collagen-coated permeable supports Actawtles are 
expressed m n m o l / n u n  per #g of D N A  Values are means  + S E of n 
experiments 

Isolated cells Cultured cells 

LAP 45  + 0 7 * *  204  + 0 1 9  
(n = 6) (n = 7) 

y G T  200  + 2 3 * * *  405 + 0 6 8  
(n = 7) (n ffi 8) 

A K P  0 6 1 5 - 0 0 5 " * *  097  5-004 
(n  = 3) (n  = 7) 

H K  0665-0  10 ** 0 2 7 7 + 0 0 0 9  
(n  ffi 12) (n  = 8) 

N a / K - A T P a s e  1 78 5- 0 21 * 3 54 5- 0 56 
(n = 6) (n =12)  

* P < 0 02, * * P < 0 01, * * * P < 0 001 represent the statistical slg- 
mficances of the differences of  enzymatic acUvmes between freshly 
isolated and cultured cells 

t i e s  o f  A K P  a n d  N a / K - A T P a s e  w e r e  l u g h e r  m p r i m a r y  

c u l t u r e s  

Effect of pepnde hormones on cAMP productwn 
After 15 mm exposure to PTH, cAMP sxgmflcantly 

increased m the proximal cell monolayers (Table II) 
However, AVP chd not modify the cAMP produclaon 
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TABLE II 

Adenylate cyclase actwtty m cultured proxtmal cells 

Cychc A M P  production m fmol /15  nun  per pg  D N A  measured on 
8-day-old cultures Arglmne vasopressm (AVP) and parathyroid 
hormone (PTH) concentrations were 10 - s  M and 0 1 p g / m l ,  respec- 
tively Values are means  + S E of n experiments 

Control AVP PTH 

473 + 82 644 5-139 6 661 :i: 689 * 
(n = 11) (n = 7) (n = 11) 

* P < 10 -6  statistical slgmficance between stimulated and basal pro- 
ducuon  of cAMP.  

Immunofluorescence locahzatwn of leucme ammopepn- 
dase 

Leuclne anunopepladase (LAP) is a hydrolase ex- 
pressed on the apical membrane of the proxamal tubule 
To assess the polarity of the monolayer, proxamal cul- 
tures grown on transparent teflon supports were labelled 
with a monoclonal anUbody (Mab 5A4), raised agmnst 
LAP [19] Cultures were then stained with FITC-con- 
jugated anti-mouse IgG Fig 3 shows the apical face of 
the cultured monolayer on wluch membrane fluores- 
cence was clearly wslble with the antibody The specific 
apical labelhng was confirmed by mcubatmg the Mab 
5A4 on the basal side of the culture, in which case no 
labelhng was observed (data not given). 

Transeptthehal voltages and resistances 
The 8-day-old proxamal cultures exlublted a small 

apxcal negauve transeplthehal voltage (VvE = 0 48 + 0 05 

Fig 3 Fluorescence pat tern obtained m 8-day-old cultures with a monoclonal  anubody  rinsed agmnst  leucme ammopept ldase  Bar Is 50 p m  
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Fig 4 Effect of lonomycm on S6Rb+ effluxes Apical (o )  and 
basolateral (tl) control effluxes (n = 3) measured m a RPMI  m e d m m  
containing 1 m M  caC12 During the period between the two arrows, 
apical ([3) and basolateral ( I )  effluxes were measured m a medium 
containing 3/~M ionomycm (n = 5) The data are expressed m percent 
of the basolateral efflux rate constant  at the begmmng  of measure- 
ments  ( t = 4  nun) The points are the mean  v a l u e s + S E  of n 

experiments 

mV, n -- 8) and a low transeplthehal resistance ( R  T = 

3675=32 [2 cm 2, n = 2 3 )  

Characterization of K + permeability in cultured cells 

Effect of Ca e + tonophore 
Isolated cultured cells grown on permeable Mllhpore 

supports allowed for the separate measurements of K ÷ 
effluxes across the apical and the basolateral mem- 
branes. Fig 4 presents the 86Rb+ efflux rate constant 
(m percent of the tmtial basolateral value at tLrne t = 4 
mm) as a funcUon of time in the absence and presence 
of 3 #M lonomycm In control conditions, the efflux of 
86Rb+ from the monolayer into the apical and baso- 
lateral battung solutions was independent of time The 
basolateral efflux rate constant ((1 99 5= 002) 10 -2 
nun-1, mean 5= S E ,  n---270) exceeded by a factor of 
1 93 the apical rate constant ((1 03 5= 0 01) 10 -2 nun -], 
n = 313) Addmon of 3/~M of the calcmm lonophore to 
the control solution contalmng 1 mM CaClz caused a 
simultaneous increase m SeRb÷ efflux of 38 8 5= 1 4% 
(n = 5) and 45 7 5= 5 7% (n = 5) from apical and baso- 
lateral borders, respectively After nnslng away the 
lonophore, both apical and basolateral effluxes returned 
to their control levels 

Pharmacological properties of the wnomyan-sttmulated 
efflux 

To characterize ttus Ca2+-sensmve S6Rb+ efflux fur- 
ther, we examined the effects of known blockers of K ÷ 
conductance Fig 5 shows that when 5 mM barium was 
added to a medium containing 3 /~M lonomycm, no 
efflux sumulatlon was observed TEA partly mlublted 
the lonomycm-sumulated efflux Identical experiments 
were made to deterrnme the effect of crude scorpion 

1 ~ .  B o n u m  o r  TEA 
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b r a e  ( r a m )  

FI 8 5 Effects of BaC] 2 and TEA on the 1onomycm-stlmulated S6Rb+ 
efflux After an imttal penod m a control medium, apical ([3, o )  and 
basolateral ( I ,  Q) effluxes were measured in medium contanung either 
3/~M lonomycm and 5 m M  BaC12 ([3, I ,  n = 3) or lonomycm and 20 
m M  TEA (o ,  II, n = 3) Experimental solutions were applied d u n n g  
the penod  between the two arrows The points are the mean values + 

S E of n experiments 

venom and aparmn The data are shown m Fig 6 the 
lonomycm-stimulated efflux was reduced by 75% in the 
presence of 20 /~g/ml scorpion venom and by 50% m 
the presence of 10  - 7  M apanun 

Effect of pH 
To examine the pH dependency of the K + conduc- 

tance, the mtracytoplasnuc pH of the cells was vaned 
by addlt~on of either NH4C1 or NaCH3COO to the 
battung control medium (140 mM NaC1, 5 mM KC1, 1 
mM CaC12, 0 4 mM MgSO4, 2 mM glutamme, 5 mM 
alamne, 5 mM glucose and 20 mM Hepes (pH 7 4)) 
The lmtlal pH m the control medmm was 7 25 5= 0 02 
(n = 23) The replacement of 140 mM NaC1 with 100 
mM NaC1 and 40 mM NH4C1 caused the pH, to 
increase by 0 55 5= 005 (n = 7), whereas the replace- 
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Fig 6 Effects of a p a m m  and crude scorpion venom on the lonomy- 
cm-st tmulated S6Rb+ efflux After an  zmual control penod,  apical (1:3, 
o ,  A) and  basolateral ( i  I ,  A) effluxes were measured m a m e d m m  
containing either 3 p M  lonomycm (r% =,  n = 5) or ionomycm voth 20 
/~g/ml scorpion venom (o ,  e ,  n = 6) or lonomycm voth 10 -7  M 
apanun  (A, A, n = 6) Scorpion venom or apanun  was added 4 nun 
before lonomycm At t = 24 ram, the control m e d m m  was apphed 

again The points  are the mean values -1- S E of n experiments 
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Fzg 7 Effect of pH,  on the S6Rb+ efflux rate constant  After an mltml 
period m the control medtum (140 m M  NaC1, 5 m M  KCI, 1 m M  
CACI 2, 0 4  m M  MgSO4, 2 m M  glutanune, 5 m M  alamne, 5 m M  
~16ucose, 20 m M  Hepes (pH 7 4)), ap~eal (o ,  O) and basolateral (O, II) 

Rb + effluxes were measured m a mechum m wluch 140 m M  NaC1 
was replaced by 100 m M  NaCI and 40 m M  NH4C1 (o ,  O, n = 6) or 
by 100 m M  NaC1 and 40 m M  CHaCOONa (0, II, n = 5) Expenmen-  
tal solutions were apphed during the period between the two arrows 

The points are the mean  values + S E of n experiments 

ment with 40 mM NaCH3COO induced a decrease of 
1 00 ± 0 16 (n = 7) The pH dependence of the S6Rb+ 
effluxes is demonstrated m F~g 7 Increasing the pH, 
reduced a basolateral increase of 12 8 + 2.4% and an 
apzcal increase of 160  ± 2 0 %  (n = 6) of the a6Rb+ 
efflux On the other hand, decreasing the pH, decreased 
the basolateral S6Rb+ efflux by 390  ± 7 5% and the 
apical efflux by 40 2 ± 9 7% (n = 5) 

Effect of hypotomc media 
We examined the S6Rb+ efflux vanaUons when cul- 

tured monolayers were exposed to a hypotomc medium 
Imttal effluxes were measured zn the lSOtOmc control 
medmm The hypotomc medium was obtained by ddut- 
mg the control solution The osmolahty of the isotonic 
and hypotomc solutions were 289 ± 2 (n = 7) and 196 
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Fig 8 Effect of  a hypotome m e d m m  on S6Rb+ effluxes Apical (o ,  
12]) and basolateral (O, II) S6Rb+ effluxes were measured in a control 
mechum (o ,  o,  n = 3) and when the monolayers were exposed to a 
hypotomc medium (t2, IL n = 9) Hypotorue me.chum was apphed 
d u n n g  the period between the two arrows The points are the mean  

values -t- S E of n experiments 

130 Hypotomc medtum 

Bonum or TEA 
x 110' 

2 E 90. 

d~ 

OOtOrY 70, 

50. 

30 
o ~ lb l'S 2'0 is 3.0 3'5 

time (ram) 

Fig 9 Effects of BaC12 and TEA on the 86Rb+ efflux st imulated by 
hypotomclty After an  nutzal penod  m the control medmm,  apzeal (E], 
O) and basolateral (11, O) effluxes were measured m a hypotomc 
medzum conta lmng ezther 5 m M  BaC12 ([3, II, n = 5) or 20 m M  TEA 
(0 ,  O, n = 6) The points  are the mean  X, alues-I-S E of n experiments 

+ 1 (n = 7) mosmol/kg,  respectwely, measured with an 
osmometer (Roebhng, F R G ) Fig 8 shows that ex- 
posure of the monolayers to a hypotomc medium led to 
an increased 86Rb+ loss through both basolateral and 
apzcal membranes This efflux stzmulatlon reached a 
maxtmum level after 6 mln exposure the mean increase 
of the 86Rb+ efflux across the basolateral and apical 
szdes was 50 0 + 5 7% and 61 5 ± 10 0% (n = 8), respec- 
ttvely 

Pharmacologtcal properties of hypotontcally-stzmulated ef- 
flux 

To characterize the stimulated 86Rb+ efflux m hypo- 
tomc conditions, we studied the effects of K ÷ channel 
lnhlbltors The action of 5 mM BaC12 and 20 mM TEA 
ts shown in Ftg 9 Both channel blockers almost com- 
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hypotomc m e d m m  (0 ,  O, n = 9) containing o the r  20 /~g /ml  scorpion 
venom (0, II, n = 4) or 10 -7  M a p a m m  (t,, 4, n = 5) Scorpzon venom 
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t = 24 rain, cells were again exposed to the zsotomc control medium 
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pletely abohshed the actton of the hypotomc mechum 
on the basolateral and apical S6Rb+ effluxes Fig 10 
shows the effect of scorpton venom and apamm The 
S6Rb+ efflux stamulaUon ehclted by the hypotomc 
medium was completely mtublted by 20 /tg/ml scorp- 
ion venom on both sides of the culture On the other 
hand, the addition of 5 10 -7 M apamm remained 
without sxgmflcant effect on the stimulated effluxes 

Aptcal 86Rb + effluxes 
Slmtlar efflux measurements were made after block- 

ing the basolateral side of the culture wtth water- 
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Fig 13 Effect of pertuss~s toxin on the effluxes stimulated by hypo- 
tomctty Apical (0 ,  rl) and basolateral (e,  II) 86Rb+ effluxes were 
measured after a hypotomc shock m the presence (D, II, n = 3) or m 
the absence (o ,  o,  n = 9) of 500 n g / m l  pertussts toxin The toxin was 
added d u n n g  the S6Rb+ load period and during the efflux measure- 
ments  The hypotomc mechum was used d u n n g  the period defined 
by the two arrows The points  are the mean v a l u e s ± S E  of n 

experiments 

saturated oxl In these conchtlons only the a p i c a l  efflux 
rate constant was measured Fig. 11 presents the apical 
S6Rb+ efflux (m percent of the nuUal rate constant) and 
shows that addition of 3 / tM lonomycm to the control 
medium caused the apical efflux to increase rapidly, the 
increase spontaneously dechmng after 8 nun When 20 
# g / m l  scorpion venom was added 4 mln before the 
lonomycm, there was no stxmulauon. In the same way, 
as shown in Fig 12, apical effluxes were enhanced when 
the cells were exposed to a hypotomc medium, and 
sttmulauon of the efflux was blocked m the presence of 
20/xg/ml  scorpion venom 
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Ftg 12 Effects of hypotomclty and venom scorpmn on apical effluxes 
after blocking the basolateral side After an tmtlal period m a control 
mechum, apical effluxes were measured m a hypotomc mechum (@, 
n = 3) or m a hypotomc mechum vath scorpmn venom ( , ,  n = 3), the 
venom being added 4 ram before the hypotomc mechum At t = 24 
ram, the cells were again exposed to the tsotomc control mechum The 

pomts are the mean  values ± S E of n experiments 
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Effect of pertussts toxm and Ca2+-free medtum on the 
effluxes sttmulated by hypotomctty 

To elucidate the mechamsm by which hypotomcity 
activates S6Rb+ efflux, we tested the effect of pertussls 
toxin Fig 13 shows that premcubation of the mono- 
layers wtth 500 ng/ml pertussls toxin altered the baso- 
lateral response to hypotomclty by more than 70% and 
the apical response by more than 55% These results 
indicate that the action of hypotomclty is medmted by a 
mechamsm revolving G-protein stimulation Fig 14 
shows the 86Rb+ efflux when monolayers were exposed 
to a Ca2+-free hypotomc medium The effluxes were 
first measured in an lSotomc Ca 2 +-free medmm contain- 
ing 10 mM EGTA Encouraging a paracellular pathway, 
the absence of calcium led to a dramatic mcrease of the 
apical efflux, without modifying the basolateral efflux 
When the Ca2+-free hypotomc medium was apphed, 
both apical and basolateral effluxes increased The van- 
ation induced by the hypotomc medium was not slgmfl- 
cantly different in the presence and in the absence of 
Calcium 

Discussion 

In order to study 86Rb+ movements m the rabbit 
proximal tubules, we chose primary cultures of freshly 
isolated proximal cells This chome of matenal has the 
advantage of gwmg a high 3aeld of cells, and thus makes 
It possible to obtain sufficiently large surfaces of epl- 
thehal cell layers for effective measunng of effluxes 
The method used for cell preparation, which avolds any 
chelating or proteolytm treatment has already been de- 
scribed The enzymatic and morphological character- 
lStlCS of these cells clearly indicate that they are mainly 
proximal cells [11] The present work shows that iso- 
lated cells in pnmary culture preserved their proxLmal 
characteristics and recovered thetr membrane polarity 
when growing on collagen-coated permeable supports 
Electron macroscopic study revealed the presence on the 
apical membrane of mlcrovtlh characteristic of the 
original eplthehum [21]. The characterization of several 
enzymatic activities indicated that the primary culture 
maintained high levels of LAP, "t-GT, AKP and 
ouabam-sensltwe Na/K-ATPase The activities of the 
two brush border enzymes LAP and T-GT were, how- 
ever, lower than m freshly isolated proximal cells Sum- 
larly reduced actlwties have also been recorded by 
Chung et al [22] and Merot et al [23] and may well be 
due to reduced development of the brush border system 
during growth On the other hand, the increased activity 
of the basolateral enzyme Na/KoATPase may reflect 
recovery of the membrane polarity lost dunng cell isola- 
tion [11] After 8 days, the cultures presented a low 
hexolonase actlvaty, even lower than in isolated cells 
This is consistent with the fact that glycolytic pathways 
do not occur in the proximal tubule A further typical 

37 

feature of the proximal tubule is its marked response to 
PTH, whereas AVP has no significant effect Such re- 
sults had already been observed by Poujeol et al [11] in 
isolated proximal cells and our data confmn the pres- 
ence of this effect in the cultured cells In our study, the 
order of magnitude for the cAMP stimulation by PTH 
was similar to that previously descnbed for cultured 
proximal tubule cells from man [24] and rabbit [25,26] 
Monoclonal antibodies, the locahzation and identifica- 
tion of which have been precisely defined on the origi- 
nal tubules, represent the ideal markers for identifica- 
tion. In our experiments, the Mab 5A4 demonstrated to 
the specific for LAP was completely reactive only with 
the apical membrane of cultured cells [19] The labelling 
obtained with the Mab indicated that the genetic ex- 
pression of the cells is not greatly disturbed by the 
culture process and that no appreciable dedlfferentia- 
tlon occurred, at least as far as hydrolase functions are 
concerned The cultured monolayers reached the edge 
of the 4 52 cm 2 well after 8 days, at which tune mea- 
surements of the transeplthehal voltage and resistance 
were possible The values that we obtained are compati- 
ble with the expected values for a leaky eplthehum In 
proxmml cultures obtained from mlcodlssected tubules 
[23], similar values were obtained, whereas Bello-Reuss 
and Weber [25] found a lower transeplthehal resistance 
Thus, the data presented here demonstrate that isolated 
cells from rabbit proximal tubule reestabhsh a structur- 
ally polarized eplthehal cell layer in primary culture 

In the proximal tubule [26], as well as in MDCK cells 
[27], S6Rb+ was beheved to be a good indicator for K + 
movements In luminal-membrane vesicles, Jacobsen et 
al [26] have shown a K + channel which is somewhat 
selective for potassium comparing to rubidium Hence, 
86Rb+ would seem to be an appropriate substitute for 
K + The present work shows that stimulated 86Rb+ 
effluxes were inhibited by known K + channel blockers, 
indicating that the effluxes measured under these condi- 
tions were therefore due to the transport of Rb + through 
K + channels 

The present study shows that ionomycm increased 
the S6Rb+ efflux through both apical and basolateral 
membranes of proximal cells in culture. This effect 
could be assimilable to a macroscopic potassium per- 
meablhty which appears to be calcium sensitive The 
pharmacology of the lonomycln-sttmulated efflux was 
investigated by adding known blockers of potassmm 
conductance m epxthehal cells Of these, Ba 2 + was very 
effective Its action, reported m a wide variety of tis- 
sues, is not very specific to a given type of K + channel 
Crude scorpion venom and apamm only partly m- 
habited the mnomycm-stimulated efflux. Charybdotoxm 
(CTX), contained in scorpion venom, strongly inhibits 
high conductance Ca2+-activated K + channels (BK) 
[28,29], while apamm, extracted from bee venom, is a 
selective blocker of small conductance Ca2+-activated 
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K + (SK) channels [30], but does not act on mara 
channels [29] Thus our results suggest the presence of 
at least two types of K ÷ channels which could contrib- 
ute to the macroscopic conductance of the cultured 
proximal cells One interesting observation was the pH 
sensitivity of the 86Rb+ efflux Along with the Ca 2+ 
sensitlvtty, pH senslUwty is a typical feature of the maxt 
K + channel lrrespectwe of the tissue m which it has 
been recorded [31] Using a patch clamp techmque, 
Merot et al [10] have recently characterized two types 
of K ÷ channels m the apical membrane of the proxamal 
convoluted tubule (PCT) in primary culture The varia- 
tion of K ÷ permeablhty that we observed after 
~onomycm apphcauon is possibly due to the acUvauon 
of the same kind of channel, although we made no 
direct conductance measurements to confirm ttus Un- 
der these conditions, the basolateral membrane could 
also contain a tugh conductance K ÷ channel slmdar to 
the 'BK'  Ca2+-senslUve channel However, the only K + 
channels that have been demonstrated in the basolateral 
membrane of the proximal tubule were of smaller con- 
ductance and Ca 2 ÷ dependency or CTX senslUvity were 
not reported [32,33] 

Our results clearly demonstrate that a hypotonlc 
shock gtves an increase m apical and basolateral 86Rb + 
effluxes wlttun a few minutes The efflux measurements 
after blocking the basolateral border suggest that the 
increase of the apical efflux is not due to a leak of K ÷ 
via paracellular shunt pathways from the basal to the 
apical solution Moreover, similar results were obtamed 
when cell monolayers were grown upon plasUc petn 
dishes (data not ggven) The involvement of the K ÷ 
conductance vanauon after a hypotomc shock has al- 
ready been reported [1] However, m the proximal tub- 
ule, only the basolateral membrane has as yet been 
Investigated [34] Experiments on the apical membrane 
of cultured renal cell hnes have shown an involvement 
of Ca2+-acUvated K + channels in hypotomc shock [35] 
Our data clearly demonstrate that only the TEA and 
CTX-sensttwe K + channel could be responsible for the 
increased K + conductance Thus the response to the 
hypotomc shock could be selectwe and would not in- 
volve all populaUons of K + channels present in cul- 
tured proximal cells A survey of the hterature revealed 
that the actwatlon of the K ÷ channels seemed to be 
mediated by a rise in [Ca2+]~, but the detailed mecha- 
msm is not yet known and several hypotheses are possi- 
ble In the chorold plexus epxthehum, Chnstensen sug- 
gested that stretch-actavated Ca 2+ channels are the 
transducing element for volume regulaUon through 
Ca2+-acuvated K ÷ channels [36] Our results showed 
that pretreatment of cultured cells with pertussis toxin 
for 4 h abolished the rise in S6Rb+ efflux, suggesting an 
involvement of G-protem The same effect was reported 
by Suzulo et al [37] m cultured single proximal tubule 
cells from rabbit kidney Furthermore, although a 

Ca2+-free medium leads to a dtstoruon of the cell, 
increasing the paracellular pathway, and thus equthbrat- 
mg the apical and basolateral effluxes, an increased 
86Rb + efflux was observed after a hypotomc shock m a 
Ca2+-free medium This result suggests that external 
Ca 2+ is not essential for an increased K + channel 
acuvity In the same way, Ubl et al [35] demonstrated 
that exposure of Opossum kadney cells to hypotomc 
shock evokes an elevation of cytoplasnuc Ca 2 +, released 
from internal stores 

In conclusion, the present study shows that isolated 
proxamal cells in pnmary  culture present at least two 
distract K + conductances One of them, CTX-sensmve, 
shares many charactenstics with the maxt K + channel, 
and seems to be involved m regulation phenomena after 
hypotomc shock Further experiments are necessary 
however to ldenufy the accompanying amon At pre- 
sent, pubhshed studies [38,39] give confhctmg results, 
both chlonne and bicarbonate being suggested as possi- 
ble candidates 
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