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Heterogeneity of the Na+-H ÷ antiport systems in renal cells 
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This study analyzes the differential characteristics of the Na~-H + antiport systems observed in several epithelial and 
non-epithelial renal cell lines. Confluent monolaycrs of LLC-PKIA cells have a Na+-H' antiport system located in the apical 
membrane of the cell. This system, however, is not expressed during' cell proliferation or after incubatio)~ in the presence of 
different mitogenic agents. In contrast, conflucnt monolayers of MDCK4 express minimal Na+-H + antiport activity in the 
confluent monolaycr state but reach maximal antipott activity during cell proliferation or after activation of the cells by different 
mitogcnic agents. Similar results were obtained with the renal fibrobla~aic cell line BHK. The system present in MDCK 4 cells is 
localized in the basoiatcral membrane of the epithelial cell. In LLC-PKjA cells, an increase in the exiraccllalar Na + 
concentration produces a hyperbolic increase in the activity of the Na +-H + antiporter. In MDCK4 and BI-IK cells, however, an 
increase in external Na ~ produces a sigmoid activation of the system. Maximal activation of the system occur at a pH o 7.5 in 
LLC-PKIA cons and phi, 7.0 in MDCK 4 ccns. The Na ' -H ~ antiporter of LLC-PKsA cells is more sensitive to the inhibitory 
effect of amiloridc (K i 1.8.10 -7 M) than is the antiportcr of MDCK 4 cells (K i 7.0' t0 -t~ M). Moreover, 5-(N-methyI-N-iso- 
butyl)amiloride is the most effective inhibitor of Na+-H + exchange in LLC-PKIA cells, but the least effective inhibitor in 
MDCK 4 cells. Convcrscly, the analog, 5-(N,N-dimethyl)amiloride, is the most effective inhibitor of Na~-H ~ exchange in 
MDCK~ cells, but is the leasl effective inhibitor in LLC-PK JA cells. These resaits support the hypothesis that Na+-H + exchange 
observed in LLC-PKzA and other cell lines may represent the activity of different Na+-H + antiparters. 

Introduction 

The existence of a Na+-H + exchange system was 
originally proposed several years ago as a mechanism 
to explain the process of urine acidification [33]. The 
notion that  urine acidification might  occur by Na+-H + 
exchange was la ter  directly supported by demonstra-  
tion of a Na+-H + ant iporter  in renal microvillus mem- 
brane vesicles that  mediated the uphill  efflux of 
H+eoupled  to the downhill  influx of Na + [32]. This 
system is not found in the hasolateral  plasma mem- 
brane of renal proximal tubular  cells [25], indicating 
that during transepithelial  transport ,  hydrogen ions 
move across each of these domains of the plasma cell 
membrane through two totally different t ransport  sys- 
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terns. More recent studies have demonst ra ted  that  the 
Na+-H + ant iporter  is not  unique to epithelial  mem- 
branes and the system can be found not only in other  
eukaryotic [3,9,16], but also in prokaryotic cellular sys- 
tems [22,51]. In addit ion to urine acidification, the 
o~currenee of Na+-H + exchange has been implicated 
in a variety of cellular  functions, including regulat ion 
o l  cytoplasmic pH [17], platelet  activation [15,46], cell 
volume regulat ion [9,14], mitogenic activation [30,35], 
n~eiotic maturat ion of oocytes r.12], metabolic response 
to hormones [31], and neutrophil  activation [18]. It is 
¢icar from these studies that the Na+-H + exchange 
system is widely, if not universally, distr ibuted and 
i~volved in multiple and sometimes unrelated cellular  
hmctions.  Despite  the intensive characterizat ion of the 
s~,stem in the last few years, it is unclear  whether  these 
multiple cellular functions result from the operat ion of  
a single system or if they represent  the activity of 
different Na+-H + antiporters,  It is possible, even 
though they share the common feature of inhibition of  
Na+-H ~ exchange by amiloride, that  each one of the 
cellular functions associated with this exchange may 
actually represents  the operat ion of a different ant iport  
system. On the contrary, they may also represent  the 
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operation of a single antiport system but controlled by 
different regulatory mechanisms. To establish the simi- 
larities and differences between these systems, we ana- 
lyzed the ehanges in activity of the Na+-H + antiport 
induced by cell proliferation, different mitogenic 
agents, extracelltqar hydrogen and sodium ions concen- 
tration and amiloridc and several of its analogs in 
several epithelial and nonepithelial cell lines. The re- 
sults support the hypothesis that Na+-H + exchange 
observed in LLC-PK~,x and other cell lines may repre- 
sent the activity of different Na+-H "~ antipolters. Pre- 
liminary reports of this study have been published 
[40,49]. 

Materials and Methods 

Cell cuhure and monolayer preparation 
LLC-PK I cells in the 198th passage and BHK cells 

in the 56th passage were obtained from the American 
Type Culture Collection and maintained by serial pas- 
sages in 10-era-diameter plastic tissue culture dishes 
(Costar, Cambridge, MA). A clone isolated from 
MDCK cells obtained flora the American Type Cul- 
ture Collection and designated done 4 was kindly 
provided by Dr. J. Lever (University of Texas Medical 
School, Houston, TX). The cells were fed with Dul- 
becco's modified Eagle's medium containing 2 mM 
glutamine and 25 mM glucose. In addition, the medinm 
was supplemented with 10% fetal bovine serum. All 
cultures were maintained in an atmosphere of 36 mmHg 
pCO 2 and 143 mmHg pO 2 at 37°C. When the cultures 
reached saturation density, subcultures were prepared 
using a 0.02% EDTA, 0.05% trypsin solution. Conflu- 
ence was defined by the number of cells per ct'~" of 
monolayer. Two clones designated LLC-PKIA and 
LLC-PKtm were isolated in the 225th passage from 
the parent LLC-PK I cell line as described previously 
[28]. These clones were selected based on the extent of 
Na+-dependent sugar transport and Na+-H + exchange 
exhibited in comparison v, ith the parent cell line. Clone 
LLC-PKtA used in the present study at confluence had 
a Na+-H + exchange rate 250% higher than the parent 
cell line, while in the clone LLC-PKIu 4 the exchange 
rate was only 20% of that observed in the parent cell 
line. In addition LLC-PKm4 cells express undetectable 
Na+-sugar cotransport and alkaline phosphatase and 
),-glutamyl transpeptidase activities [51]. Although the 
number of passages of cells used in this study was 
reduced to a minimun of twenty, some variability in the 
Na + uptake was still evident. Monolayers grown on a 
permeabl~ support were prepared using polycarbonate 
filter membranes (5 p m  pore size and 25 mm diameter. 
Nuclepore Corp., Pleasanton, CA). The filter mem- 
branes were covered with a very thin film of a 0,5% 
collagen dispersion (Ethicon, Sommerville, N J) and 
then applied to the bottom of the wells of a sLx-well 

tray (Costar, Cambridge, MA). The collagen was pre- 
cipitated and aggregated into mature bundles with 
ammonia fumes. This procedure resulted in adhesion 
of the filters to the dish. After drying at room tempera- 
ture, the collagen-coated membranes were gas steril- 
ized with ethylene oxide. The total thickness of the 
permeable support is or.ly 12 p m  and has negligible 
effects on the d~ffusion of different solutes [39]. 

Electrolyte solutions 
The uptake experiments were performed in a modi- 

fied Earle's balanced salt solution (EBSS). The compo- 
sition of this solution was similar to the electrolyte 
composition of the culture medium (millimolar): Na +, 
143; K "~, 5.30; Mg 2+, 0.8; Ca 2+, 1.8; CI-, 135; SO 2- ,  
1.0; Hepes, 10. To avoid Na + movement through the 
Na +-phosphate or bicarbonate cotransport systems [36], 
tl~e PO43- and HCO 3 buffers from the original EBSS 
solution were replaced by 10 mM Hepes. The pH was 
adjusted to 7.5 or 6.0 with 1 M NaOH or 1 M HCI. 

Preincubation conditions 
The uptake experiments were performed in mono- 

layers incubated at 37°C. The monolayers were prein- 
cubated for 10 min in the presence of 10 -3 M ouabain 
and then transferred to an EBSS solution in which the 
Na + was completely replaced by K ~ (K-EBSS). The 
pH of this solution was e i ther . .5  or 6.0 and contained 
an additional 4 Izg/ml of nigericin as the H + 
ionophore. After a 5-min incubation, the ionophore 
was quenched with a 30-s wash in K-EBSS without 
nigericin but containing 0.5% bovine serum albumin at 
pH 7.5 or 6.0. At the end of this preincubation period 
the intracellular pH had reached equilibrium with the 
incubation solution [10,51], and the intracellular Na + 
concentration had diminished to undetectable levels. 
No differences in the activity of the Na+-H + antiporter 
were observed after equilibration of the intracellular 
pH in presence or absence of nigericin [51]. This obser- 
vation indicated that preincubation with the ionophore 
had not direct effect on the actual influx measure- 
ments. 

Influx measurements 
The 22Na uptake assays were performed at 37°C by 

transferring the monolayers from the preincubation 
solution to the uptake solution at time zero. Only one 
group of experiments was performed at an extracellu- 
lar Na + coucentration of 143 mM (see Table IV). To 
reduced the contribution of the amiloride insensitive 
Na + influx, however, all other experiments were per- 
formed at a Na + concentration of 1.43 raM. The up- 
take solution was a modified EBSS solution in which 
NaCI was partially replaeed by KCI to obtain a Na + 
concentration of 1.43 raM. The uptake solution also 
contained 22Na as NaCI (1/~Ci/ml).  At the end of the 



uptake period (2 rain), the filters containing the cell 
monolayers were washed for 90 see in ice-cold 0.1 M 
MgCI 2 solution. No significant label loss was observed 
from the intracellular compartment after this washing 
procedure [10]. After solubilisation wilh tissue solubi- 
lizer (NCS tissue solubiliser, Amersham Corp.), the 
radioactivity of the samples was measured in a Beck- 
man liquid scintillation spectrometer Model LS-230 
(Beckman Instruments). Correctiot~s for interstitial 
trapping measured by the amount of [t4C]inulin associ- 
ated with each sample in parallel experiments were 
minimal and not considered in the calculation of Na + 
influx. The sodium influx mediate by Na+-H + an- 
tiporter was measured as the difference between the 
22Na + influx measured in the presence (pH i 6.0, pH o 
7.5 for LLC-PKIA cells and pH i 6.0, p n  o 7.0 for 
MDCK 4 cells) or absence of an outwardly oriented H 
ion gradiem (isiS. i 7.5, pH o 7.5). The polarized uptake 
of 22Na from the apical or basolateral side was deter- 
mined on monolayers of MDCK 4 cells mounted be- 
tween two hemichambers as described previously 
[10,37,51]. The solutions bathing both surfaces of the 
monolayers were of identical composition, with the 
exception of -'2Na, which was added selectively to ei- 
ther the apical or basolateral solution. After a 2-rain 
uptake period at 37°C, both solutions were removed 
and the membrane was washed in ice-cold 0.1 M 
MgCI 2 solution. The radioactivity of the samples was 
determined by liquid scintillation counting as described 
above. The integrity of the monolayer during the up- 
take period was controlled by measuring the trans- 
epithelial electrical resistance as described below. No 
radioactivity was detectt:d in the contralateral side 
after the 2-rain uptake. The results were normalized 
for DNA content. 

Electrical measurements 
The monolayers grown on collagen-coated filters 

were removed from the culture dish and placed be- 
tween two Lucite half-chambers with a window area of 
3.14 cm'.  To reduce edge damage, the filters were 
placed between two silicone rubber rings coated with 
high vacuum grease (Dow Coming, Midland, MI). Each 
chamber contained 8 ml solution which was stirred 
gently with a magnetic bar. Transepithelial potential 
difference was measured with a high impedance Keith- 
Icy Model 616 digital electrometer (Keithley Instru- 
ments, Cleveland, OH). We used pairs of Ag/AgCI 
electrodes placed 2 mm from the edge of the tissue. 
The total asymmetry with EBSS bathing both sides of 
th~ ~. filters in the absence of monolayers was never 
more than 0.2 mV and was balanced out in the record- 
ing equipment. The current intensity in the conduc- 
tance determinations was measured with a Weston 
microammeter Model 622 (Weston Electrical lnstru- 
ments, Newark, N J) and conducted by Ag/AgCI elec- 
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trodcs placed at opposite sides of the membrane at the 
distal ends of the chamber. A constant current was 
delivered with an operational amplifier (Philbrick Re- 
searchers, Boston, MA) set to deliver 500 p.A. All 
voltage measurements were corrected by the voltage 
drop in the saline solution between the Ag/AgCI elec- 
trodes used Io monitor the potential difference, 

DNA assays 
The DNA cor~tent was measured by a tluorometric 

micromethod described previously [38]. The rate of 
DNA synthesis was determined by measuring the late 
of incorporation of [3H]thymidine into the trichloro- 
acetic acid precipitable material as described previ- 
ously [28]. 

Reagents and supplies 
Culture medium, fetal bovine serum, and trypsin- 

EDTA solution were purchased from GIBCO Labora- 
tories, Grand Island, NY. 22Na as NaCI and [3HI 
thymidine were obtained from New England Nuclear, 
Billcrica, MA. All plastic glasswares were from Costar, 
Cambridge, MA. All other reagents were analytical 
grade and were purchased from Sigma Chemical Co., 
St. Louis, MO. 

Amiloride analogs 
5-(N-EthyI-N-isopropyl)amiloridc (l), 5-(N,N-di- 

methyl)amiloride (II), 5-(N-methyI-N-isobutyl)ami- 
loride (liD, 5.(N-tert-butyl)amiloride (IV) and 5-(N- 
methyI-N-isobutyl)amiloride (V) were synthesized for 
this study using the previously described method [13]. 

Statistical analysis 
Data were expressed as means + S.E. Differences 

between controls and experimental values were ana- 
lyzed with the paired Student's t-test. A value of P < 
0.05 was considered significant. P values were given 
only for significantly different data. 

Results 

Changes in the Na +-H +-antiport activity during prolifer- 
ation of LLC-PKtA and MDCK 4 cells 

Fig. 1 shows the changes in the Na+-H+-antiport 
activity of cultures plated with the number of cells 
necessary to attain 10% of the cell density observed at 
saturation density. The Na+-H+-antiport activity (mea- 
sured as the difference between the 22Na + influx de- 
termined in the presence (pH~ 6.0, pHo 7.5 for LLC- 
PKI^ cells and pH i 6.0, pH o 7.0 for MDCK 4 cells) or 
absence of an outwardly oriented H ion gradient (pH~ 
7.5, PHo 7.5) of these two cell lines is quite different. 
In MDCK 4 cells, it increases from values close to zero 
at the time of plating (zero time) to a maximal value 
above 35/zmol h - t  mg DNA -~, three days after plat- 
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Fig. 1. Sodium influx through the Na+-H * antiporter was mcasarud 
as the differt~nee between the '2Na* influx dctcrmined in the 
presence (pH i 6.0. pH.'/.5) or absence of an outwardly oriented H * 
gradient (pH, 7.5, pH,, 7.5). The sodium ;uiqu^ ~=., a~,:;;:-;urcd ~: 
different time~ after plating in MDCK 4 (open circles) and LLC-PK i^ 
cells (closed :~.rcles). Cells were plated at zero time with the cell 
number neces.~al~, ~,~ oblaia a cell density (cells per em") equal to 

I11% the saturation density (cells per em z at confluence). 
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Fig. 2. Cell density (open circles) and rate of DNA synthesis (closed 
circles) measured at different times after plating MDCK4 cells at 

Illf~ saturation density. 

ing. From the third day of cultm'e on, however, the 
activity of the ant iporter  starts to decrease,  reaching 
very small values from the fifth day of culture,  which 
are sustained to the end of the exper imental  period. In 
contrast,  the activity of the Na +-H + ant ipor ter  in LLC- 
PK~^ cells is minimal from the t ime of plat ing up to 
the fourth day of culture. From then on, the activity of 
the system starts to increase, reaching a maximal and 
steady-state value after the sixth day of culture.  

Changes 01 cell density attd rate o f  DNA synthesis daring 
proliferation o f  MDCK 4 cells 

Fig. 2 shows the changes in the rate of DNA synthe- 
sis and cell density in cultures of MDCK 4 cells plated 
at zero t ime and at  10% saturat ion density. The rate of 
DNA synthe:,is in these sparsely plated cul tures in- 
creases, reaching a maximum 2 to 3 days after  plating. 
Then,  as the cultures reach saturat ion density, the rate 
decreases to values close to zero 4 days after plating. 
Considered together,  the results presented in Figs. 1 
and 2 indicate that the Na+-H + antiport  system in 
MDCK 4 ceils is expressed only when the cells are in 
active proliferation: Confluent and mature monolayers 
do not express this antiport  system. 

Changes in cell density and rate o f  DNA synthesis daring 
proliferation of  LLC-PK IA cells 

Fig. 3 shows the changes in the rate of D N A  synthe- 
sis and cell density in cul tures of LLC-PKt,  x cells 
plated at 10% saturat ion density. Like MDCK 4 cells, 
the rate of D N A  synthesis increases from the time of 
plat ing (time zero) t3 a maximal value 2 to 3 days after  

plating. From then on, the rate decreases to values 
close to zero after  the fifth day of culture. The cell 
density reflects the changes in the rate of DNA synthe- 
sis and reaches a maximal and steady-state value 5 days 
after plating. Comparison of the results presented  in 
Figs. 1 and 3 indicates that  LLC-PKtA cells in active 
proiiferation do not express the Na+-H + antiport  sys- 
tem. In clear  contrast  with the results obtained in 
MDCK 4 cells, the Na+-H + antiport  system is ex- 
pressed only in confluent and mitotically arrested LLC- 
PK =n cells. 
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Fig. 3. Cell density (open circles) and rate of DNA synthesis (closed 
circles) measured at different times after plating LLC-PKIA cells at 

10% ;aturation density, 



TABLE l 

Cbangcs in the Na +-H + antiport acticiry during proliferation of 
LLC.PK en 4 and BHK cells 
Sodium influx thl,:mB'~ the Na+-lt + antiporter was me,is,red as the 
difference between the 22Na+ influx determined in the presence 
(pH i 6.0, pHo 7.5) or absence of an outwardly oriented H ÷ gradient 
(pH i 7.5, pH o 7.5). The results are the means:l: S.E. of six monolay- 
ers. 

Culture time Sodium influx 
(days) (~.mol h- n mg DNA- i) 

LLC-PK tna BHK 

I 2.53 + (1.58 3.85 _+ 0.40 
2 16.14±0.97 9.41 _+0.77 
3 34.225:1.71 10.88_+ 1.48 
4 9.41 _+0.37 2.87+11.73 
5 1.29 ± ft. ! 3 I .(17 ± 0.03 

Changes in the Na +-H + antiport acticity during prolifer- 
ation o f  LLC-PKm4 and B H K  cells 

Table  1 shoves the changes in the Na+-H + antiport 
activity of cells plated at 10% saturation density. The  
activity of the antiport system was measured  as de- 
scribed in Methods as the difference between the 
22Na + influx measured  in the presence (pH i 6.0, pH o 
7.0] or  absence of an outwardly oriented H + gradient 
(pH i 7.0, pH o 7.0). Like M D C K  4 cells, the activity of 
the Na+-H + antiport system in both LLC-PKm4 and 
BHK cells attains maximal expression when the cells 
are in active proliferation three days after  plating. Like 
MDCK41 confluent monolayers of  LLC-PKm4 and 
BHK cells express minimal, if any, Na+-H + antiport 
activity. 

EfJbcl o f  serum on actication o f  the Na +-H + antiport 
system o f  LLC-PKtA,  MOCK4 and B H K  cells 

Table 11 shows the effect of  incubation in the pres- 
ence of  10% fetal bovine serum on the activity of  
Na+-H + exchange in LLC-PKt,~: M D C K  4, and BHK 
cells. Prior to incubation in the presence of  serum, the 
cells were maintained for 4 h in serum-free Dulbecco's 
medium. The  activity of  the antiport system was mea-  
sured as described above 60 rain after returning the 
cells to the serum-containing medium.  The results show 
that incubation in the presence of  10% fetal bovine 
serum activates the Na+-H + antiport system in BHK 
and M D C K  4 cells, but not in LLC-PKtA cells. 

Effect o f  phorbol 12-myristate 13-acetate mt the acticity 
o f  the Na +-H + antiport system o f  LLC-PKta ,  MDCK 4 
attd B H K  cells 

Table I11 shows the effect of phorbol 12-myristate 
13-acetate (TPA)  on the activity of  the Na+-H + an- 
tiport system observed in LLC-PKtA, MDCK4 and 
BHK cells. The  results show that incubation in the 
presence of T P A  at a concentration of  10 -~ M for 15 
min produces significant stimulation of  Na+-H + ex- 
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TABLE II 

Effect of fetal boz ine sermn on tile Na ÷ -H + exchange by LLC-PKI, t. 
MDCk4 and BHK cells 
Sodium influx through the Na+-H ÷ antiporter was measured :is the 
difference between the 2~'Na ÷ influx determined in the presence 
(pH i b.(), pH o 7.5 for LI C-P~,A cells and pll i 6.0, pHo 7.11 for 
MDCK.~ and BHK cells) or absence of an outwardly oriented H ~ 
gradient (pH i = pH,,). Sodium influx in actively proliferating cultures 
was measured three days after plating. Sodium influx in non-pro- 
liferating cells was measured seven days after plating. The results are 
the means ± S.E. of six different monolayers. * P < I}.1101. 

Cell line Bovine serum Sodium influx 
110%) (~mol h -I mgDNA -a) 

proliferating quiescent 

LLC-PK tA no 0.71 _+11.26 15.84:t: 1.14 
ye s 0.90 _+ 0.17 13.76 _+ 0.77 

M DCK 4 no 25.117 _+ 2.04 11.67 ± 0.09 
yes 39(H~09 * fl.93 +0,13 

BHK no 1.30 ± ().!0 1.1~ ± 0.06 
yes 9.30_+(I.88 * 1.()3_+ l).lfl 

change in proliferating MDCK 4 and BHK cells but not 
in LLC-PKtA cells. The  effect of  T P A  on M D C K  4 and 
BHK cells is associated with an increase in the rate of  
D N A  synthesis (results not shown). 

Polarization o f  the No +-H + antiport system in confluent 
M D C K  4 and LLC-PKIa monolayers 

To determine whether  the different regulatory prop- 
erties of  the Na+-H + antiport system observed in 
M D C K  4 and LLC-PKtA are associated with different 
topographic Iocalizations, we studied the polarization 
of  these systems in confluent monolayers of  M D C K  4 

TABLE 111 

Effect of phorbol 12.myristatc 13.acetate (TPA) on the Nee ~-H ~ 
'~change by LLC-PK eA and MDCK 4 cells 

Sodium influx through the Na+-H + anliporter was measured as the 
difference between the 2'Na÷ influx measured in the presence (pH i 
6.0, PHo 7.5 for LLC-PKtA cells and pit i 6.0, pH o 7.0 for MDCK~ 
and BHK cells) or absence of an outwardly oriented IU gradient 
(pH i = OHo). Sodium influx in LLC-PKIA and BHK cells was mea- 
sured in quiescent cultures seven days after plating while in MDCK. I 
and BHK ceils was measured in actively proliferating cultures three 
days after plating. The results are the means:l:S.E, of six different 
cultures. * P < 0.001. 

Cell line TPA Sodium influx 
tlfl -t' M) (p, mol h- t mg DNA- t) 

LLC-PK IA no 19.09 + 1.91 
yes 19,55 + 3.1111 

MDCK 4 no 32.48 + 2.$1 
yes 57.79 ± 2.59 * 

BHK no 3.35 + 0.60 
yes 6.46:]: 1.18 * 

Quiescent BHK no 1.15 +0.19 
yes 1.14:1:0.10 
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TABLE IV 

Polarization of the Na + -H + antiport system in confluent LLC.PKt~ 
and MDCK 4 monolayers obtained 7 and 5 days after plating, respec. 
ticely 

Sodium influx was measured in the presence of an outwardly ori- 
ented H + gradient (pH i 6.0, pH o 7.5 for LLC-PKtA cells and pH i 
6.0, pH o 7.0 for MDCK 4 cells) at Na medium conccntraflons of 1.43 
mM and 143 mM for MDCK 4 and LLC-PKIA cells, respectively. The 
transepithelial ¢lectrkal resistance was 3.47+0.41 k.f.~ cm--" for 
MDCK4 monolaye~ and 974-2 .f.~ era-:  for LLC-PK i^ monolayers. 
The results are the means:t:S.E, of six different monolayers. * P < 
0.001. 

Cell Influx Amilorid¢ Sodium influx 
from (10 -'t M) (/zmo h -I mgDNA -I) 

LLC-PKt,,, apical no 70.5 ± 5.0 
yes 33.0 _+ 3.0 * 

basolateral no 73.2_+8.2 
yes 80.3 + 7.8 

MDCK 4 apical no 0.55 4- 0.06 
yes 0.34 4- 0.03 

Basolateral no 3.91 ±0.17 
yes 0.26 +_ 0.05 * 
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Fig. 4. Sodium influx measured at different extracellular sodium 
concentrations in LLC-PKI, x (closed circles), MDCK 4 (open circles) 
and BHK ceils (open squares). Sodium influx through the Na+-H + 
antiporter was measured as the difference between the -'ZNa + influx 
determined in the presence {pHi 6.0, pHo 7.5) m absence of an 
outwardly oricntod H ÷ gradient (PHi 7.5, pH,, 7.5). The Na + influx 
in LLC-PKjA cells was measured at confluence in mitotically ar- 
rested ceils. In MDCK4 and BHK cells, however, Na + influx was 
measured in actively proliferating cultures three days after plating. 

The results are the means 4. S.E. of six different cultures. 

a n d  LLC-PKIA cells. Tab le  IV shows tha t  most  o f  the 
Na  + influx induced  by an  ou tward ly  o r i en ted  H + gra-  
d ien t  ( p H  i 6.0, pH, ,  7.5) a n d  inhibi ted by l0  -3 M 
amilor ide  occurs  f rom the  apical  side in LLC-PKIA 
monolayers .  In M D C K 4  monolayers ,  however ,  the 
small activity o f  the  N a + - H  + an t ipor t  tha t  still remains  
at  confluency., occurs  a t  the opposi te  side (basola tera l  
side) o f  the monolayers .  

Effect  o f  the extracellular Na + concentration on the 
activity o f  the Na+-H + antiport system in M D C K  4, 
LLC-PK L4 and B H K  cells 

The  effect  o f  the  ext racel lu lar  Na  + concen t ra t ion  on 
the  activity o f  the an t ipor t  system, m e a s u r e d  as de-  
scr ibed before ,  is shown in Fig. 4. A l t h o u g h  the  activity 
o f  the  an t ipor t  system increases  with increased  extra-  
cel lular  Na  +concen t ra t ion  to  reach  half-maximal  activ- 
ity a t  abou t  the  same  concen t r a t ion  (10 to 18 m M  for 
the three  cell lines), the  response  to sodium is strik- 
ingly di f ferent  in L L C - P K ,  A cells in compar i son  with 
the  o the r  two cell lines. LLC-PK~A cells show a hyper-  
bolic response  while M D C K ~  a n d  B H K  show a sig- 
mold  response  upon  increas ing  the  ext racel lu lar  sod ium 
coaccn t ra t ion .  The  Hill coeff icient  ca lcu la ted  for  the 
rc.~poli~¢ observed  in both  M D C K 4  a n d  B H K  cells was  
close to  2. 

Effect o f  extracellular p H  on the activity o f  the Na +-H + 
antiport system o f  LLC-PKIA attd MDCK4 cells 

Fig. 5 shows the  activity o f  the N a + - H  + an t ipor t  
system in conf luent  LLC-PK,A cells measu red  a t  dif- 
fe ren t  ext raccl lu lar  p H  values a n d  an  in t racel lu lar  p H  
of  6.0. The  results show tha t  the  activity o f  the  system 

increases  as the ext racei lu lar  p H  increases,  r each ing  a 
maximal  activity at  p H  7.5 a n d  then  dec reas ing  a t  p H  
8.0. These  results indicate  tha t  the opt imal  extracel lu-  
lar  p H  for  the  an t ipor t  system observed  in LLC-PKIA 
cells is p H  7.5. Fig. 6 shows the results of  a s imilar  
s tudy pe r fo rmed  in M D C K  4 cells. The  activity of  the 
N a + - H  + an t ipor t  system [ ,resent  in M D C K  4 cells also 
increases  with the increase in ext racel lu lar  p H  as ob- 
served with LLC-PK IA cells. The  maximal  activity o f  
the an t ipor t  system in M D C K 4  cells, however,  is ob- 
ta ined  at  an  extracel lu lar  p H  of  7.0 r a t h e r  than  7.5 as 
observed with LLC-PKjA cells. Similar results were  
ob ta ined  in B H K  cells (results  not  shown).  

, z o  

I 

i ,  

3 6 7 s 

EXTRACELLULAR ~j 

Fig. 5. Effect of extraeellular pH on the activity of the Na+-H + 
antipori in LLC-PKI^ monolaycrs. Sodium influx was measured at 
different extracellular pH in cells with an intracellular pH of 6.0 
(closed circles) or 7.5 (close squares). The results are the means + S.E. 

of six different cultures. 



105 

3o 

I I I 

o 7 s 

EXTRACELL ULAR ,oH 

Fig. 6. Effect of extracellular pH on the activity of the Na+-H ÷ 
antiporter in MDCK~ cells. Sodium influx was measured at different 
extracellular pHs in cells with an intracellular pH of 6.0 (closed 
circles) or 7.0 (closed squares). The results are the means~-.S.E, of 

six different cultures. 
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-,og pohit.,od 
Fig. 8. Effect of different concentrations of ethyl-isopropylamiloride 
on the sodium influx induced by an outwardly oriented H + gradient 
(pH i 6.0, pH o 7.0) in MDCK 4 (closed circles) and (pH i 6.0, pH o 7.5) 
LLC-PKIA cells (open circles). The results are the means+S.E, of 

six different cultures. 

Effect o f  different :oncentration o f  amiloride on the 
activity o f  the Na +-H + antiport system o f  MDCK 4 and 
LLC-PK IA cells 

Fig. 7 shows the effect of different concentrat ions of 
amiloride on the activity of the ant iport  system mea- 
sured as sodium influx induced by an outwardly ori- 
ented H + gradient  in MDCK 4 and LLC-PKI^ cells. 
The results show that  the ant iport  system present  in 
LLC-PK~A cells is more sensitive to the inhibitory 
effect of amiloride than the system present  in MDCK 4 
cells. AmiIoride is 40-times more potent  an inhibitor of 
the Na+-H + antiport  system observed in LLC-PK, g 
cells (K i 1 .8 .10  -7 M) than the system present  in 
MDCK 4 cells (K  i 7- 10 -~ M). 

- log [Am,oriee] 
Fig. 7. Effect of different concentrations of amiloride on the Na* 
influx induced by an outwardly oriented H+ gradient (pH i 6.0, pH o 
7.0) in MDCK 4 (open circles) and (pH i 6.0, pH~ 7.5) LLC-PKIA cells 
(closed circles). The results are the means:i:S.E, of six different 

cultures. 

Effect o f  different concentrations o f  amiloride and 5- 
(N.ethyI-N-isopropyl)amiloride on the activity o f  the 
Na +-H + atttiport system of  MDCK 4 cells 

in order  to determine the minimal dose of two 
well-known inhibitors of the Na+-H + ant iport  capable  
of producing maximal or near  maximal inhibition of  
the system, we studied the inhibitory effect of  increas- 
ing concentrat ions of amiloride and isopropylamiloride 
on the Na+-H + exchange by MDCK 4 cells, These 
inhibitors are considered to encompass the range of 
sensitivities of the ant iport  system to different antiloride 
analogs, with amiloride being the less potent  and 5- 
(N-ethyl-N-isopropyl)amiloride the more potent  of the 
different analogs. The results presentea  in Fig. 8 show 
that  5-(N-ethyl-N-isopropyl)amiloride (Ki 8" 10 -9 M) 
as an inhibitor of the Na+-H + antiport  system of  
MDCK 4 cells, is greater  than 1000-times more potent  
than amiloride (K  i 7 . 1 0  -t '  M). 

Effect o f  different analogs o f  amiloride on the Na +-H + 
exchange by LI,C-PKla cells 

Table V shows the effect of different amiloride 
analogs c~n file Na+-H + exchange by LLC-PKtA cells. 
These analogs consisted of those bear ing one or two 
substi tuents on the 5-amino nitrogen atom of amiloride. 
Based on the results shown above, the effect of each 
one of these analogs was studied at  a concentrat ion of  
10 - °  M. Amilor ide at a concentrat ion of I0 -a  M was 
used to show the maximal expected inhibition, The 
rank for these analogs determined according to their  
inhibitory potency on the Na%H + antiport  system of 
LLC-PKtA cells was: analog V > analog It  > analog 
IV > analog I I I >  analog l l .  
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TABLE V 

Effect af  one or tu'o substituent on the 5-amino group of amilorMe on 
the Na *-H + exchange by LLC-PKtA cells 

Sodium influx was measured in the presence of an outwardly ori- 
ented H" gradient (pH i 6.0. ptt,, 7.5) in nonproliferating cultures 
seven days after plating. The results are the means±S.E, of six 
different cultures. 

Amiloride Sodium n 
0 NH2 1111 ~ M) influx 

" (umol 
C I " ' ~ N  , " ' ~  C - N = C - N H z  h t mg 

I l l  • DNA - t ) 

RR, f f " % N ~ - ~ 2  

Analog (RR'N-) 
(111 -t' M) 

None no 22.50± 1.15 (3) 
yes 6.67+0.36 (6) 

I.(CH3):CHN-C2H s no 8.46±11.31 i61 
II.(CH 3)2N- no 14.09 ± (1.23 (3) 
III.CH 3-C-CH 2-N-CH 3 no 9.61 +0.57 (6) 

! 

CII2 
IV.(CH~)~NH- no 8.86+11.811 (4) 
V.(CH ~)2CH-CH 2-N-CH ~ no 8.15+11.57 (5) 

Effect  o f  different analogs o f  antilorMe on the N a  +.H + 

~rchange by M D C K  , cells 

Table Vl  shows the inhibitory effect of different 
amiloride analogs on the Na +-H ÷ exchange lay M DCK4 
cells. The same analogs were used as in the previous 
experiment. The exper iment was repeated in M D C K  4 
cells to compare the inhib i tory efficacy o f  the analogs 

TABLE VI 

Effect of  cue or tn'o substimcnt on the 5-amino group of nmiloride on 
the Na +-H * e.whange by MDCK ~ cells 

Sodium influx was measured in the presence of an outwardly ori- 
ented H + gladient (pH, 6 ~i. oH o 7.0) in proliferating cultures three 
days after plating. The rP'~ults are the means + S.E. of six different 
cultures. 

O NH 2 Amiloride Sodiunt 
l- (111 -'~ M) influx 

CI. N [ ~ C I N ~ C - - N H z  (#mot 

N ' ~ L N  H h-ring DNA t) 
RR' N z 

Analog (RR'N-) 
(10-* M) 

I.iCH3)2CH-N-C21t s 
II.(CI4 ~)2N- 
IIt.CH 3 -el -CH :-N-Ctt 3 

/ 

C H  2 

IV.(CH 0~CNH- 
V.iCH ~ )2CH-CH :-N-CH.~ 

no 41.15# 1.40 
yes 17.67 -~_- 1.56 
no 18.57 _+ (I.90 
no 1"/.96 + 1.01 
no 19.82 + 1.7a 

21.46+11.03 
27.11 + 2.33 

on both cell lines and to determine from these results 
the differences in the Na+-H + antiport  system ob- 
served in both cellular  systems. The sequence of these 
analogs determined according to their  inhibitory po- 
tency is: analog 11 > analog 1 > analog 111 > analog IV 
> analog V. These results show that  there are striking 
differences in the inhibitory effects of the analogs on 
the Na+-H + exchange of both cell lines. For instance, 
analog IV, one of the most effective inhibitors of 
Na+-H + exchange in LLC-PKIA cells, is the least ef- 
fective inhibitor in MDCK 4 cells. Conversely, analog 

• It, the least effective inhibitor of the Na+-H + exchange 
in LLC-PK~A cells, is one of the most effective in- 
hibitors in MDCK4 cells. 

Discussion 

The p~esent study provides evidence that  the Na +- 
H ÷ antiport  system involved in the transepitheliai  
t ransport  of H + and the system(s) associated with 
other  cellular  functions, such as intracellular  oH regu- 
lation, cell volume regulation, mitogenic activation, etc., 
may represent  different transport  systems. To establish 
the similarit ies and differences between these systems, 
we examined their  differential response to cell growth, 
mitogcnic factors, extraccllular  Na + concentration,  re- 
sponse to amiloride and several of its ana!,,~s and their  
specific location in the cell membrane (apical vs. baso- 
lateral)  in several epithelial  and nonepithelial  cell lines. 

Sequence analysis of a recently cloned eDNA encod- 
ing a rabbit Na+-H + ant ipor ter  [23] shows a high 
degree of homology with the nucleotide sequence of a 
eDNA encoding a human growth factor-activable an- 
t iporter  [45]. This high homology indicates that  if there 
were any fimctionai difference between the systems, 
the difference(s) will be minimal and difficult to detect.  

Several methodological  approaches have been used 
to determine the activity of the antiport  system in 
different cellular :~ystetns. These methods de termine  
the activity of the Na+-H + ant ipor tcr  by measuring the 
changes in the intracellular  pH [17,30] (or its equiva- 
lent H* release [29]) induced by an inwardly oriented 
Na* gradient;  by measuring the changes in the Na* 
influx induced by an outwardly oriented H* gradient  
[30,35,51]; or by a combination of these methods [10,35]. 
Although, all of titese methods give qualitatively simi- 
lar results, ihey differ quantitatively to such an extent 
that  it is difficult to perform comparative studies to 
define the expected very subtle differences between 
the different Ha + - H  + antiporters.  To avoid this in- 
convenience, the activity of the Na+-H + antiport  sys- 
tem of all cell l ines used in the present  study was 
determined using the same experimental  approach. 

Consistent with previous studies on the development  
and polarization of the Na÷-H ÷ antiport  s~,stem in 
LLC-PKIA cells [51], the expression of the system in 



this cell line takes place only when there is close 
cell-to-cell interaction. Cells in active proliferation, as 
indicated by a large increase in the rate of DNA 
synthesis, do not express the Na+-H + antiport system. 
A different result has been obtained in a clone, desig- 
nated clone 4, isolated from the original LLC-PK I cell 
line [20]. This study indicate that rapidly-proliferating 
clone 4 LLC-PK ~ cells express Na +-H + exchange activ- 
ity. it was argued, that the difference between our 
results (present study and Refs. 11, 50 and 51) and the 
results obtained with clone 4 of LLC-PK t cells was due 
to the different methodological approaches used to 
measure the activity of the Na+-H + antiport system. 
The results obtained with the clone designated LLC- 
PKm4 isolated from the original cell line, however, 
indicate that the differences observed may represent 
differences in cell lines and not necessarily differences 
in the methodological approach. The totally different 
respoose of the antiport system to cell growth observed 
in two other epithelial cell lines, namely MDCK 4 and 
LLC-PKla 4 and the fibroblastie cell line BHK, indi- 
cates that the difference observed between these cell 
and LLC-PK ~A cells are not associated with the epithe- 
lial or non-epithelial cha~-aclefistics of the cells. To 
establish the presence of other differences between the 
Na+-H + antiport system observed in LLC-PKIA cells 
and other cell lines, we also studied the response of 
their respective antiport systems to serum and phorbol 
esters. The presence of serum htduces a complex set of 
cellular responses that ultimately lead to the initiation 
of cell proliferation [24]. One of the first events to 
follow serum stimulation is an increase in activity of 
the Na+-H + antiport system [16]. The absence of any 
stimulatory effect of serum on the antiport system of 
LLC-PKIA sets this system apart from the other two 
cell lines, in which serum stimulation was clearly ob- 
served. Like serum, the tumor promoters phorbol es- 
ters have also been shown to initiate a multitude of 
cellular changes, including stimulation of cell prolifera- 
tion and differentiation [7]. Although the molecular 
mechanism(s) that underlies the action of phorbol es- 
ters has yet to be identified, recent studies suggest that 
stimulation of a Na+-H + antiporter may be critical 
[8,43]. The results obtained with MDCK 4 and BHK 
cells agree with these observations in that both cell 
lines show a simultaneous increase in the activity of the 
Na~-H + antiport system and rate of DNA synthesis 
(results not shown) when incubated in the presence of 
TPA. Moreover, an important requirement for the 
stimulatory action of TPA on the antiport system is 
that the system be pre-stimulated by initiation of cell 
growth. TPA in confluent and growth-arrested BHK 
monolayers does not activate Na+-H + exchange, sug- 
gesting an indirect effect of phorbol esters on the 
activation of the antiport system. In LLC-PKIA cells, 
the presence of TPA affects neither the activity of the 
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Na+-H ÷ antiport system nor the rate of DNA replica- 
tion. Since the response of the Na+-H + antiport sys- 
tem to cell gr~wth, serum, and phorbol esters in the 
epithelial cell lines LLC-PKla 4 and MDCK 4 is similar 
to the response observed in the fibroblastic cell line 
BHK arid other non-epithelial cell lines, we conclude 
that, at least from a functional point of view, the 
presence of Na+-H + exchange in these cells represents 
the operation of the same antiport system, in contrast, 
the striking differences between the Na+-H + antiport 
system of LLC-PKtA cells and the system present in 
other cell lines indicate that their systems are function- 
ally different or controlled by different regulatory 
mechanisms. The localization in MDCK 4 cells of the 
Na~-H + antiport system in opposite domains of the 
cell membrane as compared with the system present in 
renal proximal tubular cells and LLC-PKIA cells sug- 
gests that the system in MDCK 4 cells involves a cellu- 
lar function(s) other than the transepithelial transport 
of H + as observed i,a the renal proximal tubule. In 
addition to transepithelial transport, epithelial cells 
perform other functions common to multiple cellular 
systems, such as regulation of cytoplasmic pH, control 
of cell volume, metabolic response to hormones, etc. 
Although the functional implications of the basolateral 
localization of the Na+-H + antiport system and its 
activation by cell prol'7.eration in MDCK 4 are unclear, 
the present study suggests that this system may primar- 
ily serve the regulatic~l of cytoplasmic pH, and when 
required, the mitogenic activation of the cells. 

The differences between these systems, appear to go 
beyond their regulatory mechanisms, as shown by the 
different kinetics involved in the activation by Na +. 
effect of extracellular pH and the different inhibitory 
effects of amiloride and several of their analogs. 
Whereas the interaction of external Na + with the 
antiport system in LLC-FK~A cells follows Michaelis- 
Menten kinetics consistent with a single binding site, 
similar interactions in MDCK 4 and BHK show a sig- 
mold response curve, suggest;rig the existence of a 
second allosterie Na + binding site. On the other hand, 
the activity of the Na +-H + antiporter is not affected by 
changes in the cell membrane potential, nor does the 
operation of the system cause measurable changes in 
the cell membrane potential in LLC-PK~^ [10] and 
MDCK 4 ceils (results not shown). This electrically 
silent operation of the Na +-H + antiport system strongly 
indicates that the Na + :H + coupling ratio in both cell 
lines is close to 1.0. From these results we conclude 
that the second Na + binding site in MDCK4 and BHK 
cells could be a modifier rather than a Na + transport 
site. The interaction of external Na + with the an- 
tiporter in LLC-PK~A cell follows the same Michaelian 
kinetics observed in brush border vesicles from the 
renal proximal tubule [!,6]. The sigmoid response to 
external Na +, with a Hill coefficient of 2 observed in 
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M D C K 4  a n d  B H K  cells, cont ras ts  with the  genera l  
not ion tha t  the  s to ichiometry  o f  the N a + - H  + exchange  
in o the r  cel lular  systems including the pa ren t  M D C K  
cell line is 1 : 1 [17,21,42,44]. Resul ts  ob ta ined  in o the r  
cel lular  system, howe,Jer, indica ted  tha t  opera t ion  of  
the  an t ipo r t e r  in a s to ichiometr ic  re la t ionship  o the r  
than  a 1:1  is also possible [!,43,47,48]. Moreover ,  
kinet ic  d i f ferences  in the  effect  of  extracel lu lar  Na  + on  
the  activity o f  the  N a ÷ - H  + an t ipo r t e r  were  observed 
even within the  same cel lular  system (compare  Refs.  17 
a n d  48). This  observat ion  suggests  tha t  the a p p a r e n t  
d i f ferences  in bo th  s tudies  wove more  the  result  o f  the 
di f ferent  a p p r o a c h  used  to  measu re  the activity of  the  
an t ipo r t e r  than  the  result  o f  t rue  dif ferences  be tween  
the  systems. 

The  diuret ic  amilor ide  inhibits both  the conduct ive  
N a  + t r anspor t  o f  the  so-cal led t ight epi thel ia  and  the 
N a + - H  + exchange  observed in the renal  proximal  
tubule  and  o t h e r  cel lular  systems [10,17,18,26]. Al- 
though  a t  physiological  Na  + concent ra t ions ,  effective 
inhibit ion o f  N a + - H  + exchange  requi res  a r a t h e r  high 
ami lor ide  concen t ra t ion ,  the diure t ic  has  become  a 
powerful  investigative tool for  p robing  the  N a + - H  + 
an t ipor t  system. In a g r e e m e n t  with this concept ,  ou r  
results show tha t  in addi t ion  to the di f ferent  response 
to cell prol i fera t ion,  mi togenic  factors ,  external  Na + 
a n d  p H  and  di f ferent  locat ion in the apical  a n d  baso-  
lateral  m e m b r a n e ,  the  N a + - H  + an t ipor t  system of  
LLC-PKIA cells is more  sensitive to the inhibitory 
effect  o f  amilor ide  than  the  system presen t  in M D C K 4  
cells. This  observat ion  ag rees  with results ob ta ined  in 
o t h e r  L L C - P K  I clone cells sugges t ing  the  presence  of  
two pharmacologica l ly  d i f ferent  N a + - H  + an t ipor te r s  
[19]. Fu r the rmore ,  o u r  results indicate  tha t  app rop r i a t e  
subst i tu t ion o f  one  o r  both  o f  the hydrogen  a toms  on  
the 5 -amino  g r o u p  of  amilor ide  with alkyl o r  alkenyl  
g roups  resul t  in c o m p o u n d s  tha t  exhibit  increased  in- 
hibi tory po tency  o n  the  N a % H  + exchange  of  LLC- 
P K l a  a n d  M D C K  4 cells. The  s t r iking di f ferences  ob-  
served in the N a + - H  + an t ipor t  system presen t  in LLC-  
P K l a  cells and  the system presen t  in the o the r  cell 
lines suggest  aga in  the  ope ra t ion  o f  a t  least two differ-  
ent  t r anspor t  systems. T o  fully individualize and  distin- 
guish these t ranspor t  systems, they have been  desig- 
na ted :  (a) ' r egu la to ry '  N a + - H  + an t ipor t  system, the 
system involved in the  in t racel lu lar  p H  regula t ion ,  cell 
volume regula t ion,  mi togenic  act ivat ion,  etc.; and  (b) 
'Non - r egu l a to ry '  N a ÷ - H  + an t ipor t  system, the system 
localized in the  apical  m e m b r a n e  o f  the epithelial  cells 
and  involved in the t ransepi thel ia l  t r anspor t  o f  H +. 
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