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I.ack of an adequa!c cell ,nodcl has limited investigalion of N a / K / C I  colransporter ,'egulatitm in the kidney. Using A{~ cells, aq 
ampifihi:m dislal rellill cell line, we observed lhal 63% of rubidium nplakc il~ omfluent  A6 illonolaycrs was oual~ai,)-inscnsitive. 
Ouabain-insensitivc rul'~tdium tit)lake was inhibilcd in a dosc-dependenl fashi~|~ hy faro,~cnfide (1('~0 6.6 p M ) o r  I'qnllClanidc 
(!( '~, 1.7/xM). Kinetic sludies confi;'mcd l!lal I'urosemidc-sens;tive rubidiunl uptake had |'~altllcs consislelll with cotransparler 
aclivity in other cell lines. Fufllermore, specific binding of [~H]lmn~ctanidc occurred with a capaci|y of  8.6 pmol /mg  protein and 
a Kd of 1.1"~ p.M bt, mctimide. Fi,mlly. filrnsemide-sensitivc rubidium uptake was rapidly regulated by a calcium inophore, the 
phorbol eslcr PDBt;, fln'skolin, :rod adenosine. These data demonstrate an N a / K / C I  eotransporl system in the A6 cell which will 
serve as a usefi, I model fi)r sludying cotr;msporter regulation by endogenous signaling pathways. 

Introduction 

The Na/K/CI  cotransportcr mediates clectr~-,:.cu- 
tral rcabsorption of  sott ium, potassium, alld ,:hk~ride 
and is involved in cell volume regulation and vectorial 
ion tr:msport in sccrciory and absorptive epithelia (re- 
viewed in Rcfs. 1-4). in the kidney, rcg!:~iial expression 
allows tile cotransportcr to perforn~ tl~e spccitic func- 
tions of dilution of luminal filtrate at the thick ascend- 
ing limb of Henle and establishment of renal medullary 
ion gradicnts [2-4]. In spite of its important role in 
kidney function, the biochemical features and physiol- 
ogy of the Na/K/CI  cotransportcr remain poorly un- 
de,siood. Although Na/K/CI cotransport and its regu- 
lation have been studied in epithelial models such as 
shark rectal gland [5] and Ilounder intestine [6,7], these 
models may here limited applicability to cotra.'isport 
~egulation in the kidney. Lack of an adequate renal cell 
model has hampered investigation of renal Na /K/CI  
cotransporter regulation. 

The Na/K/CI  cotransporter has been previously 
described in two renal epithelial cell fines, one derived 
from porciae (I,LC-PK I) [8,9] and one ,~'rom ~.anine 
(MDCK) [9-11] kidney. The LLC-PK~ cell e;:hibits 
morphologic and transport features of a proximal renal 
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cell [8,12,13], but cxprc: don of vasoprcssin receptors 
[13j and lack of endogenous PTH receptors [12] make 
the LLC-PK ~ cell a less specific model of renal epithe- 
lium. The MDCK cell displays distal nephron charac- 
tcri,~tics [111,14] but only expresses a small amount of 
Na/K/CI cotransport activity [9,11,14,15]. Neither tile 
LLC-I)KI nor the MDCK cell cotransporler is known 
to bc regulated by endogenous receptors or cell signal- 
ing processes. To gain insight into Na/K/CI  cotrans- 
port regulation in thc kidney, we sought a cell culture 
model with the following features: (1) morphological 
and physiological characteristics of a polarized renal 
epithelium, (2) ]elated transport processes which are 
welt cimrac~erized and (3) endogenous membrane re- 
ceptors and signaling processes which may be function- 
ally coupledto Na/K/CI cotransport. 

The A6 c~ll line offers a near-ideal model for the 
study of Na/K/CI cotransport. Derived from the kid- 
ney of the African frog Xenopus laevis, the A6 cell 
forms a tight epithelium which is polarized [16-18] anti 
maintains transepithelial transport of sodium [16]. Im- 
portantly, the A6 cell displays long term regulation of 
Na +/K+-ATPase by aldosterone [~8-20] and exprcs:~es 
membrane ion channels for sodium [17,21]. potassi,J,u 
[22], and chloride [23]. These fi;atures will a~low study 
of Na/K/CI cotransport in the context of a ~.raditionai 
distal nephron epithelial cell. In this study, .re observe 
ion transport with features characteristic ol Na/K/CI 
cotransporter activity in the A6 cell line. In addihon, 
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we demonstrate high levels of saturable [~H]bumet- 
anide binding in these cells. Finally. we provide evi- 
dence for regulation of cotransporter activity by  cell 
signaling processes. These observations demonstrate 
the utility of the A6 cell as a model for further study of 
regulation of Na/K/CI  cotransport activity by endoge- 
nous or transfccted membrane receptors. 

Materials and Methods 

Cell Culture 

A6 cells were obtained from American Tissue Cul- 
ture Collection (Rockville. MD) and maintained in 
Ctxm's llams 1:-12 (3 parts) and Leibovitz (7 parts) 
medium equilibrated to a sodium concentration of 
1(14 mM (pH 7.4) and supplemented with 5% fetal calf 
serum. All culture reagents were obtained from Gibco 
tGrand Island, NY). The cells were incubated at 27°C 
in humidified atmosphere containing 5~  ( O ,  and 
95% air and grown to ¢-mfluent nlonolayers eitticr on 
porous polycarbonate membranes or on plastic cell-cul- 
ture dishes (Coslar~ Cambridge, MA) as indicated. ! ,  
these culture conditions. &(~ cells exhibil tight junctions 
and apical brush borders as confirmed by electron 
microscopy studies. 

R(miu'im~i Uptake 5tuait,~ 

Confluent monolayers were equilibrated in trans- 
I~Wt buffer for 20 rain (Earlc's solution: Na ' 143 mM, 
K' 5.4 raM, Mg:' (L8 raM, ('a-" 1.8 raM, CI 
125 raM, Hepes 15 raM. PO~ 0.2 raM, F, lt 7.4~ then 
treated with agonist or vehicle l,~r tl~,: :~pccified time. 
Uptake buffer was (27°C) phosphale-IYec F.arle"~ solu- 
tion that contained '~"Rb (approx. 41Xltl cpm/nmol K'  ), 
10 mM ouabain, in the presence or absence of 5110 #M 
furosemide, Under these conditions, rubidium uptake 
was linear for 6 rain (data not shown). After 4 rain. the 
monolayers "ere washed ~hr,:e times with sodium-free 
(choline-substituted) Earle's at O°f and solubilized in 
,~intillation fluid for counting. Na /K/CI  cotransporter 
activity ~as determined by subtracting furosemit~e-in- 
sensitive from :oral uptake values. 

Bwaetanide-b,uling studies 

[~H]Bumetanide wits synthesized and purified its 
previousb de~ribed [28] and the specific activity of the 
final product was 17 Ci/mmol. Preliminary studies 
with confluent monolayers of A6 cells in plastic 6-well 
culture plates indicated that specific binding achieved 
equilibrium within 4(I rain. The wells were washed 
~wicc with 3 mi Earle's ~duti-n and then incubated for 
41} rain at 27°C in Eade's mdution with increasing 
concentrations o[ ['~H]bumetanide in the presence or 

absence of an excess of unlabelled bumetanide 
(40 p.M). During the incubation with labelled 
bumetanide, the culture plates were kept on a platform 
rocker in a humidified incubator with 5% CO,. The 
labelled bumetanidc solutions were then aspirated :lad 
each well was washed three times with 2 ml of ice-cold 
! m M  CaCI,, 20 mM, l icpes. The cells were sotubi- 
iized by a 15-min incubation in 2 ml 0.1 M NaOH, ! 
mg/ml sodium saponin and binding determined by 
liquid scintillation couniing. Samples were performed 
in duplicate and factored by protein concentra~i,,m. 

Results 

Previous studies have validated that ,'ubidium up- 
t ake  c iu l  be  used  t o  m e a s u r e  potassium transport by 
the cell processes of either Na ' /K ' -ATPase or 
N a / K / ( ' I  cotransporter [3.14,24,25]. To fi, lly charac- 
terize rubidium uptake in A6 cells, initial transport 
studies were performed on cells grown on scnlipenne- 
ai~ic nlcmbranes to .'dlow equal access to rubidiunl to 
~,11 cell surfaces. When both sides of the; Inembiaa¢ 
were allowed to participate in lr:dlsport O::ig. I), addi- 
lion of il) mM ouabain decreased rubidium uptake by 
14%. !rn contrast, addition 3Ill)#M furosemide, a po- 
tent inhibitor of Na /K/CI  cotransporter activity [2,4,6], 
decreased rubidium uptake by 93g:. "lk~ determine if 
tile apex of tile cell contributed to furosemide-sensitive 
rubidium uptake, transport by the basolateral surface 
was also measured. Fig. ! shows that the basolalerai 
nlenlbrane alone contributed less than half of the total 
!urosemidc-scnsitive rubid:um uptake. Therefore, 
though the transport process wits not exclusively polar- 
ized, more than 51)c,~ of total furosemide-sen,~itivc ru- 
bidiua ~, uptake was accounted fi)r by tile apical cell 
surface. These results suggest that A6 cells exhibit 
significant [L:vcls of Na/K/CI  cotransport activity and 
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Fig. I. Rubidi~m uptake h~, .~d~ cell monoh,yers o.q se,nipemleal~le 
membranes. Rubidium pplake hy both sidus (,.pen barst or by Ihe 
basal xide thatched bars) of the monolayer was measured after 
twatment with I{} :aM ouabain in Ihe presence or absence of .';IX) p M  

furo~¢mide. Values a:c  means +_ S.E. (n = 4-10). 
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Fig. 2. ('haracterizati~m of rabidium uptake ;n confluei=t Af~ celt 
mont)layers. Rul~idium uptake w.'ns measured after treatment wilh 
I(I mM ou~d)ain, 500 ~uM fur¢~semide, 5(1{) p M  btml¢lanide, choline- 
substiluletl or methylsldfatc-subslit:ilcd E a n ' | t : ' ~  ,~oiutiem. V,,'h, es t'ep- 

rest, hi means :t S.E. (n = 5). 

that this transport pn'occss i.~ px'¢,'icr, I on the apical cell 
surhtce. 

To entphasize cotransport activity by the apical 
membrane, the following studies were performed on 
A~) ceils grown in phstic well,,, in monolayer. Fig. 2 
shov,s that in confluent A6 monolayers, oua.Sai:~ inhib- 
ited rubidium uptake by 37%. The further addition of 
either furosemide (5(1(I p.M) or bumet:===ide (500/.tM) 

:caulked 96-98% inhibition Or the oual~ai,,~.-~f;:.,cai::i~.i:'c 
com0oncnt of rt=bidiam ut:,t=tkc. Wc fi~rthcr demor~- 
strated that el!her furoser, ide or .bumetanid¢ de- 
creased rubidium uptake irl dose-dependent fasiaion~ 
with IC.~. values of 6.6/zM and 1.7 #M, respectkely. 
In ,,,.,,,,,,,,,,"'~'u*;'~" Fig. _ "~ ,,,,,,,.a .... :;bows that removal of extracel- 
lular sodium (by choline substitution) or chloride (by 
methylsulfi,.lc substitution) caused inhibition of rubid- 
ium uptake similar to that produced by furosemide or 
bumetanide. These results support the premise that 
apical furoscmidc-sensitivc rubidium upt. ke in A6 cells 
has inhibitor specificities and ion dependence charac- 
teristic of N a / K / C I  cotransport. 

As shown in Fig. 3, furoscmidc-scnsitivc uptake was 
a process that was saturable with increasing concentra- 
tions of extraccllular potassium. The inset demon- 
strates that und,;l 3wse conditions the transport p,-o- 
cess followed Michaelis-Me~t~en kinetics. Linewea~,e,- 
Burk analysis shows that furosemide-sensitive rubidium 
uptake, used a:-~ a measure ~f N a / K / C I  cotransport, 
displayed an apparent K m of 8.8 nlM K + and V,,,,~ of 
85.9 n m o l / m g  protein per 4 min. These results demon- 
strate that rubidium uptake in A6 cells follows classic 
transpt~rt kinetics, and furthermore that the kiqetic 
features of this transport process are similar to those 
reported for N a / K / O  cotransporter in other renal 
ce[i lines [8,10,14]. 

To more fuIly characterize N a / K / C I  cotransporter 
e.,:pression, we performed binding studies witiz [3H]bu- 
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Fig. 3. Tile rehltiolts!lip helween extracelhdur i~tassi,nm and 
tumsemide-sensilive rubidium npt.'~ke ;n confluenl A6 cell monolay- 
ers. Up;:,ke of rubidium by inltict A6 ntonohnyers was measured in 
fine plesencc ol l0 him ouahain with or without 500 pM fllrosemide. 
Increasing ¢oncentr,itions ¢11" extracelhllar pot.'lssinlm in tile uptake 
buffer were used and furosemide-zensitive v'dues were derived. Val- 
,,,-',~ represent means-I:S.E. (all slndies in dupiicale; n = 3). Inset 

shows IJneweaver-Burk conversion of lilt: s:~me dala. 

metanide ligand. As shown in Fig. 4, we observed 
specific bindirlg with a total binding capacity of approx. 
7.4 pmo l /mg  protein and K d of 1.6/zM bumetanide. 
Using the V,,,~ determined from Fig. 3, the estimated 
turnover of the cotransporter in A6 cells is 42 s-~ at 
27°C. Thus. A6 cells it these conditions expres.~: higii 
ievels of the N a / K / C I  cotransp~,rter. 

After demonstrating ~'unctional and pharmacological 
features charocterktic of the N a / K / C i  cotransportcr 
in A6 cells, we considered possible regulatory mechao 
nisms for cotransporter activity. We measured rubid- 
ium uptakes in A6 cells afler exposure to forsKolin, 
itmomycin, ~md the active phorboi ester phorbo~ 2,3- 
dibutyrate (PDBu). As seen in Fig. 5, after I11 min of 
treatment with PDBu, an activator of protein kinase C, 
there was 49% inhibition at furosemide-sensitive rubid- 
ium uptake. Protein k;nase C was inw)lved in this 
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r,;,, 4. [~H]Bumetanide binding, to A6 cell monol,lyer. "i'ot,l {~), 
r, oi~.~pccifi,, (')1, and sp~ cific ( ^ ) b i n d i n g  of [.~H]bun';¢tanide I,i A(~ 
cell monolayers is show;; for a single representative sludy. Binding 
capacity was &.t:+4.2 pmol /mg prc~tein ~':d K d wax 1.6~0.2 # M  

from Ihree different binding experiments performed i ,  duplicate. 
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Fig. 5. Regti lal ion of  filro,,~:mide-setl,,itiv¢ rtd~itlium uplakc by cell 
signaling processes ,  At~ mOll~flaycrs s,~¢l'C inc | lbatcd ~ i lh  I~horhtfl 
2,3.dibtttyrate I Ill ~ M PI)lhl~+ tin+skolin ( III tz M L ion~mycill ( I .. M ), 
: t denos ine  1111(~ p.M). ~r . '~dcllosinc + S*(4+[N-2(aminoe thy lb  
¢arhamoyhl|elhtsxylphel~ylt+ I , .a-diprol~lxanlhit |e  t NAt ' ,  I la M ~ lo t  Ill 
mill prior to mcantlrillg Ihc l,~pli~ke o t  rul~idium, Uptake  mdulion,, 
cont:tilled Otlabairl (I11 raM, I'+llCll I~ars) v, ilh or  ~,,ilhottt | | lro+,cnlide 
15111ktM, ha tched  I~al'S), Value., rcprc!,¢tll Ille+ll|++ + .~,|!. 1"*, I ~ ' 

11.11115; ~1 + <,-+ liD, 

athibitkm since inactiwltion of pl,L)~ein kina.,e C by 
twerniglit treatment with 16/xM PDBu decreased the 
short-term response to active phorbol ester (12f~ inhi- 
bition; P = NS; n - -5 )  and since the inactive phorbol 
ester 4o-phorbol dtd not alter turosemidc-senmttvc tip- 
take {n = 41, Short-term treatment with either the cal- 
cium ionophorc ionomycin or forskolin, an activator of 
rtdenvlyl cyclase, significantly stimuhtted Na/K, 'CI  co- 
transport. Finally, applicatic~l of adenosine (IP.(I/a.M~ 
also rapidly stimulated cotransport activity, ;.|lid the 
response was blocked by an adenosine receptor antago- 
nist 8-(4-[ N( 2-amhlocthyl)-carbamoylnlclhoxy]phenyl )- 
1,3-dipropylxanthine IXAf', 1 #M). These results stlg- 
gest that N a / K / C I  cotran,~porter activity is regulated 
by intrinsic intracellular signaling mechanisms 

Discussion 

These studies establish that the A6 cell. an amphib 
Jan distal nephron cell line, display., N a / K / C I  eotrans- 
port, Specifically, cellular uptake of ~ubidium is sensi- 
tive to established cotransport inbibitors and is depen- 
dent on the presence of extracellular su,Jium and chlo- 
ride. Further characterization of the transport of rubid- 
ium shows that it has kinetic features similar to LL('- 
PK~ and MDCK cells, o+.hct + renal cell : l e s  known to 
express the cotransporter [8, !11,14]. lni.av A6 cells bia,a 
[+~H]bumetanidu in it saturable manner ~ith a capacity 
of 8.8 pmol /mg  protein and K a of 1.6 p M. The affin- 

3 ity of the [ H]bumctamde analogue corcesponds well 
with the ICs, |br bumetantde and rubiJium uptake, 
supporting the notion that the binding sit,~ is associated 
with N a / K / C !  cotransport in A6 cells. Notably the 

affinity of the binding site in A6 cells is lower than ;hat 
flw either bovine kidney [6], winter flounder intestine 
[6], avian red cells [27], and canine kidney [28], I'.ut is 
comparable to that observed in Ehrlich ascites cells 
[29] and shark rectal gland [3,5]. The physiological and 
pharmacological fi,dings are extended by the ob,;erva- 
lion that cell-signaling mechanisms rapidly regulate 
N a / K / C I  activity in the A6 cell. 

The A6 cell originates from kidney tissue and filith- 
fully expresses transport and morphological features of 
distal nephron cells. First, the A6 cell dilfcrcntmles in 
culture to a polarized, high-resistance upitheliunl 
[16.18-2(L23,311]. Conditions such as aldosterone treat- 
ment and glowtll on semipermeable: supports Iaw~r 
basolateral distributkm of N a / K  ATPase [18,2fl,2tJ]. 
Secund, the A6 cell has apical sodium channels which 
are m;~rkedly sensitive ,o amilorMe and contribute to 
Iransepilhelial sodium flux [1'7,21]. Third, the A6 cell 
displays a vitriety of oilier cation [22] and anion [23] 
channels, some of which are similar to it)It channels 
+~re,~ent in , r inc i ra l  c,:l]s uf the cortical t.~llecfi,tg tubule 
_.i]. An with polarity characteristics, expresskm of ion 

channels depends on cell-culture conditions [23]. In the 
current .~,tudies the A6 cells are argt:ab!y less diffe:'cnti- 
atcd. For example, conlluenl cells on phtsli¢ culture- 
plates display significant inhibilion c)l" rubidium uptake 
by ouabain, suggesting that this poptdalion of A6 cells 
does not have p0hlrized Na ' /K+-AI 'Pase .  However, 
the cells in tills study express certain notalde features: 
first, ouabain-scnsitive i'ul~idiuln uptake is present, 
consistent with cndt~genous Na +/K'-ATP:tse activity: 
5C::(D!|ti. nLltivt'+ purinergic r c c e r ) l O l S  for a d e ~ l o s i n e ,  d+2 - 

scribed previously [Ih.:,l], arc expressed in the cells 
used in this study :rod are ,.oupicd It+ adenylyl cyclase 
{data not shown): third, these A6 cells in p:',tch-clamp 
experiments display macr,~scopic currents which are 
due to the presence of chloride channels (A. Mangel 
and G. Fitz, unpublished observations). Preliminary 
studies show that individnal whole-cell currents have 
either linear (appn~x. 511g: of cells teste,J} or outwardly 
rectified {approx. 45f.,~ of cells) current-vollagc rela- 
tionships, consistent with at least two types of chloride 
channels described in A6 cells [23]. Fourth, electron 
microscopy studies indi/uate that the cells exhibit brush 
br,-ders and tight junctions, basic nmrphology of a 
polarized epithelium. "l'hu.,, in spite of the expected 
heterogeneity within the cell liilc, the A6 c,.-l! has 
transport ,rod morphological characteristics ol distal 
nephron cells, weli-characteri:,ed related transport pro- 
cess.'s, and endogenous re~:cptor expression, which 
provide a suitahle context ta study transport regula- 
tion. 

These studies also establish that the N a / K / C i  co- 
transporter of A6 cells undergoes modifica+.ion of activ- 
ity as a consequence of signal transduction systems. 
Elevations of intracciluiar calcium and activation of 



cyclic-AMP-dependent protein kinase stimulate the A6 
Na /K /C!  eotransporter. Interestingly, activadou el" 
protein kinase C inhibits cotransport activity, suggest- 
ira2 ~hat the intracellular signals folh~wing receptor- 
mediated activation of phospholipasc C, namely cytoso- 
lic calcium and protein kinase C, may have opposing 
effects on Na /K/CI  cotransport activity. Protein ki- 
nase C has similar actions in both HT_9 cntcrocytes 
[32] and endothelial cells [24-26]. An array of cell 
types respond It) second-r~essenger .,;yslems, but the 
same signaling event in different tissues can cause 
divergent transport responses. For example, Na /K/CI  
eotransport is inhibited in endothelial cells [25] but 
stimulated in avian red cells [26,33] by cAMP and 
presumably cAMP-depen-!ent protein kinasc. Several 
biochemical or physiological features could explain this 
response diversity, such as differences in rc!ated cell- 
transport processes, phosphoryhltion of intermediate 
substrate proteins [15], or nmltipl¢ is(,!'orn~s of the 
Na /K/CI  cotransportcr. For instance, in the A6 cell 
the response to cyiosolic calciuP.1 or cAMP could be 
due to a clmnge in chloride channels [i,4,34,35]. Alter- 
natively, biochemical studies suggest that the Na /K/CI  
eotransporter in A6 ceils is structurally unique and is 
modified by activation of cAMP-dependent pnaein 
kinase. Using a bt, metanide analogue photolabel, [4- 
3H]benzoyl-5-sulfamoyl.3-(thenyloxy)benzoic ~,~ld, pre- 
viously sl~own to label either a 150-kDa p,t,'tein in duck 
red blood cells [33] or a 120-kDa protein in llounder 
intestine [7], a 125-kDa protein is identified in A6 cells 
(J. Middle,on, unpublished observations) Further- 
more, binding of the photolabel is markedly enhanced 
after treatment of ceiis wiih ft.skt,lin, similar to results 
from avian red cells [33], raising the p~ssibility that the 
cAMP signal alters the substratc for bumetanid:: bind- 
ing. Finally, extraceliular adenosine augments 
Na /K/CI  eotransport activity in A:, cells, an effect 
that is blocked by a sufficient concentration of receptor 
antagonist to block both A, and A~ receptors [36]. 
Though full characterization of the specific adenosine 
receptor and signaling-mechanism pathway will be :,c,'- 
essary, thJ,': adenosine response may contribute to that 
previously reported tbr intact A6 monolayers [161. 
These results c~afirm that the Na /K/CI  eotransporter 
in A6 cells shares at least some regulatory mechanisms 
and biochemical features of the cotranspor~er in other 
tis,'ues~ 

l h e  cmrent studic.~ advance the A6 ce!l as an alter- 
native cell mod,.~ to study Na/~</CI cotn~nsport regu- 
lation. The A6 ceil in cult,re retains biochemical and 
transport features which will provide insight into co- 
transport regulation not only in a range e,f cell types 
but specifically in distai renal cells. Further work can 
elucidate the precise relationship between established 
membrane receptors, signaling pathways, ion dmnnels, 
and N a / K / C I  cotransport. 
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