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Abstract. A technique is presented to estimate the initial rates of Na+-dependent alkal- 
inization of acidified human fibroblasts and platelets and assess the kinetics of the Na+/ 
H+ antiport in these cells. Cytosolic pH (pH,) exhibits an exponential recovery following 
cellular acidification. Thus, the length of the time interval selected to monitor changes 
in pH, (ApH,) is critical to estimating the kinetics of the Na+/H+ antiport. We compared 
kinetic parameters of the Na+/H+ antiport, using computed and observed changes in 
ApH,, for arbitrarily selected time intervals following Na+-dependent activation. In both 
cells, significant increases in both the “a+] for half-maximal activation and 
maximal velocities (VmJ were observed as ApH, was decreased. We conclude that 
kinetic parameters derived from initial rate determinations enable a more accurate 
characterization of the Na+/H+ antiport. [P.S.E.B.M. 1990, Vol 1941 

he Na+/H+ antiport (exchange) has been the 
focus of numerous investigations during the last T decade. Driven by the Na+ and proton gradients 

across the plasma membrane, this transport system 
participates in a variety of biologic processes including 
the mitogenic response ( 1 -3), stimulus-response cou- 
pling in white blood cells and platelets (4-6), vascular 
smooth muscle cell activation (7, 8), and Na+ reabsorp- 
tion by the renal proximal tubule (9). Indirect evidence 
also suggests that the Na+/H+ antiport is involved in 
pathophysiologic conditions such as essential hyperten- 
sion ( 10) and tumor growth (1 1). 

The Na+/H+ antiport is usually dormant at cyto- 
solic pH (pHi) that is higher than pH 7.1-7.2 (4, 12). 
However, various agonists that stimulate the exchanger 
appear to exert their effect by shifting the pHi set point 
for its activation to a more alkaline pH (2, 13). Some 
of this effect may also be mediated by a rise in cytosolic 
free Ca2+ (6, 8, 14, 15). 
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Amiloride and its 5-N-substituted analogues gen- 
erally inhibit the Na+/H+ antiport, and they have been 
extensively used as probes for this transport system 
( 16). However, parameters of activation kinetics of the 
Na+/H+ antiport have been obtained primarily by al- 
tering the pH, and Na+ gradient across the plasma 
membrane. Two main approaches have been employed 
to determine these parameters. One is based on meas- 
urements of Na+ transport and utilizes tracers such as 
22Na+ ( 1, 12, 15- 18). A second method relies on mon- 
itoring the pH, with intracellularly incorporated flu- 
orescent dyes such as 2’,7’-bis(carboxyethy1)-5,6-~ar- 
boxyfluorescein (BCECF) (2, 4, 6-8). Both approaches 
usually resort to cellular acidification to activate the 
Na+/H+ antiport and the subsequent measurement of 
the effect of altered transcellular Na+ and proton gra- 
dients on the rates of 22Na+ transport (uptake or wash- 
out) and pH, recovery. A third, indirect approach for 
the measurement of the activity of the Na+/H+ antiport 
has also been introduced. It measures cellular volume 
changes associated with activation of the exchanger by 
sodium propionate (4, 10, 19). Propionic acid rapidly 
moves into the cell causing cytosolic acidification, 
thereby activating the Na+/H+ antiport, which, in turn, 
accelerates Na+ uptake. The obligatory influx of water 
that occurs to maintain the cellular osmolality is meas- 
ured by changes in cellular volume. 
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Irrespective of the method used, the accurate de- 
termination of parameters of the Na+/H+ antiport de- 
pends on a reliable assessment of the rate of initial 
changes in pH,, Na+ transport, and cellular volume 
associated with activation of the exchanger. These 
changes are quite rapid, and techniques, as well as 
theoretical considerations used to obtain them, provide 
only rough estimations for parameters of activation 
kinetics of the exchanger. In this communication, we 
describe, (i) methodology to obtain a better character- 
ization of the Na+/H+ antiport, using monolayers of 
cultured human skin fibroblasts and suspensions of 
human platelets; and (ii) conclusions derived from the 
use of this methodology concerning the behavior of the 
antiport. 

Materials and Methods 
Cell Preparation. Fibroblasts (passages 5-8) origi- 

nated from skin biopsies of four normotensive subjects 
as previously described (18). They were grown in Dul- 
becco's modified Eagle's medium (95% air-5% COz) 
with 10% fetal bovine serum, 2 m M  L-glutamine, and 
antibiotics (50 pg of streptomycin and 50 units of 
penicillin/ml). Four days prior to experiments, 5 x lo5 
cells were inoculated into Nunc 6-well (35 mm in 
diameter) clusters. Each well contained a 13.8- x 30- 
mm glass coverslip. Cells were grown to confluency on 
the coverslips (0.7-1.0 X lo6 cells/coverslip) using the 
same medium but without antibiotics. Fetal bovine 
serum was removed 24 hr before experiments in order 
to attain quiescense. 

For platelets, 30 mi of venous blood were obtained 
from four medication-free normotensive subjects. 
Blood was collected into acid citrate dextrose (20/ 1 :v/ 
v) consisting of 14 m M  sodium citrate, 1 1.8 m M  citric 
acid, and 18 m M  dextrose. Blood was centrifuged at 
2008 for 10 min at room temperature. The supernatant 
fraction containing platelet-rich plasma was centrifuged 
at lOOOg for 10 min. Cells were rinsed three times with 
nominally bicarbonate-free buffer and pelleted by 
lOOOg (10 min) centrifugation. The buffer consisted of 
(in mM) NaCl, 140; KCl, 5 ;  glucose, 10; EGTA, 0.2; 
and Hepes, 10 (pH 7.40). EGTA was omitted from the 
third washing, which also included 0.1 % fatty acid-free 
bovine serum albumin (BSA). Estimation of cell purity 
with a Coulter Counter indicated this procedure yielded 
platelets with less than 1% contamination of white 
blood cells. Platelets were studied within 4 hr of blood 
collection. 

BCECF Loading. Fibroblasts were incubated for 
60 min at 37°C in fetal bovine serum-free DMEM plus 
5 pLM BCECF-acetoxyethylmethyl ester. Coverslips 
were washed twice with bicarbonate-free, Hepes-buff- 
ered solution (HBS) containing (in mM) NaCl, 140; 
KCl, 5; MgC12, 1; CaC12, 2; glucose, 10; Hepes, 10 (pH 
7.40); and 0.1% BSA. Platelets were loaded with 5 pM 

BCECF-AM for 60 min at 37°C in HBS (without BSA) 
and 1 mM CaC12, instead of 2 mM CaC12 used for 
fibroblasts. 

Cellular Acidification and Activation of the Na+/ 
H+ Antiport. In studies by others, the nigericin-induced 
cellular acidification has often been performed using 
K+ concentrations that approximate the intracellular 
levels of the ion (12, 20). In our experiments, the K+ 
concentration in the acidifying buffer was maintained 
at 5 M. Acidification at physiologic K+ concentration 
prevents activation of voltage-gated Ca2+ channels, 
which could take place when cells are depolarized by a 
high extracellular KC concentration (14, 21, 22). The 
approach we adopted prevents a rise in cytosolic Ca2+ 
([Ca"li), which may alter the activity of the Na+/H+ 
antiport in some cells (6, 8, 15). 

Fibroblast acidification was camed out at 37°C for 
5 min in HBS without BSA plus 0.5 pg/ml nigericin 
(pH 6.60). Coverslips were secured at a 45" angle in the 
groove of a Teflon support block inserted at the bottom 
of a quartz cuvette. All solution changes were accom- 
plished by removing media via a suction tube em- 
bedded in the block and then decanting freshly mixed 
solution along the sides of the cuvette. Cells were 
washed twice with Na+-free HBS (pH 6.60, Na+ being 
replaced by N-methyl+-glucamine) to remove nigeri- 
cin. The antiport was activated by the addition of 3 ml 
of HBS of different Na+ concentrations (0-140 mM, 
maintained at 37"C, pH 7.40). 

Platelets were acidified at room temperature in 
Na+-free HBS (without BSA) containing 0.5 pg/ml 
nigericin (pH 6.80). After 7-min exposure to acidifica- 
tion buffer, BSA was added (0.1%) to scavenge the 
nigericin (4). The Na+/H+ exchanger was activated by 
adding 150-pl aliquots (approximately 3 x lo6 platelets) 
to 3 ml of HBS (0.1 % BSA) of different Na+ concentra- 
tions, as per fibroblasts. The 20-fold dilution of the 
nigericin plus 0.1% BSA eliminated any further effect 
of the ionophore. 

The sensitivity of the pHj recovery from acidifica- 
tion to the amiloride analogue 5-(N-methyl-N-isobu- 
ty1)amiloride (MIBA) was tested by exposure of the cells 
to HBS in the presence of different concentrations of 
the analogue. MIBA was synthesized by a previously 
described method (23). To calibrate pHi, cells were 
subjected to HBS (minus BSA) of different pH values 
(6.40-7.50) with 5 pg/ml nigericin and 145 mM K+ 
(isosmotically substituted for Na+) (8, 24). Standard 
curves were constructed for each preparation studied. 

pHi Monitoring. Changes in pHi were monitored 
under constant stirring at 37°C in a SPEX fluorolog I1 
spectrofluorimeter (model CM-3). Excitation and emis- 
sion wavelengths were set at 440/503 nm and 530 nm, 
respectively. The integration time was set at 0.2 sec and 
data points were obtained at 1 -sec intervals. Autofluo- 
rescence of similarly prepared aliquots of platelets or 
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monolayers not exposed to BCECF-AM was measured 
for each experiment. Basal pH, values for fibroblasts 
and platelets were 6.93 f 0.14 and 7.27 f 0.05 (mean 
f SD, n = 4), respectively. 

At the start of Na+ activation experiments, an 
artifactual decrease in pH, was recorded due to room 
light flooding the cuvette chamber. We determined the 
elapsed time from addition of the Na+/H+ antiport 
activating solution to the first data point (initial point, 
IP). These intervals were 4.0 f 0.6 sec (mean f SD) for 
fibroblasts ( n  = 8) and 2.1 f 0.4 sec for platelets ( n  = 
8). Accordingly, IP was set at 4 sec (for fibroblasts) or 
2 sec (for platelets) in subsequent curve fitting proce- 
dures. 

Data Analysis. Fluorescent signals were corrected 
for autofluorescence and the 503:440 ratio converted 
to pH, values. Three approaches were undertaken to 
estimate the rate of change in pH, following activation 
of the Na+/H+ antiport. The first approach was to 
measure the observed pH, at two arbitrary time intervals 
of the pH, recovery (10 and 30 sec after the IP for 
fibroblasts; 5 and 10 sec after IP for platelets). The other 
two approaches used computed rate constants of the 
exponential pH, recovery curves, obtained through it- 
erative curve fitting, as previously described (5, 1 1). For 
this analysis, data files were transferred to ASCII files 
using SPEX software. SAS PROCNLIN (25) was used 
to fit the data and estimate parameters of the curves 
(any program supporting user-defined equations for 
curve-fitting procedures would suffice). The following 
equation was used: 

PH(~)  = pH(,) - (PH,,) - PH,, [ l l  
where pH,,) = pH, at a given time t, pH,,) = the pH, at 
the new steady state, pH,,, = the initial pH, at the 
moment of activation of the Na+/H+ antiport, and k = 
rate constant. Since the IP values were respectively 
obtained at 4 or 2 sec after activation of the Na+/H+ 
antiport in fibroblasts and platelets, the pH,,, was ex- 
trapolated from the fitted data (Fig. 1). The extrapola- 
tion of the curve to pH,,, is based on the assumption 
that the pattern describing the pH, increment from the 
IP to the new steady state (pH(,)) is representative of 
the pH, profile from pH,,, to the IP. For fibroblasts, the 
time interval between pH,,, and IP was 3.5% and for 
platelets it was 10% of the entire pH, monitoring period 
after activation of the Na+/H+ antiport. Rate constants 
obtained from exponential curves were utilized to cal- 
culate (i) the initial rate of pH, recovery described by 
the expression k(pH(,) - pH,,,), and (ii) the change in 
pH, (ApH,) at arbitrarily chosen time intervals from 
pH,,, (1, 5, 10, and 30 sec for fibroblasts and 1 ,  5, and 
10 sec for platelets). 

Initial rates and observed or computed rates for 
pH, were used to obtain the Na+ activation kinetic 

parameters of the Na+/H+ antiport according to the 
following model: 

V = V,,, [Na+];/K;f., + “a+]; 

where v = change in pHi, V,,, = maximal velocity, 
“a+], = extracellular Na+ concentration, KO., = “a+], 
for half-maximal activation, and n = the Hill coeffi- 
cient. Equation 2 is a modification of the Michaelis- 
Menten equation that introduces an index of coopera- 
tivity (n) .  Estimation of kinetic parameters were ob- 
tained by curve fitting techniques using SAS 
PROCNLIN (25). 

Statistical Analysis. Data are presented as mean 
or mean k SD. Statistical analysis was performed using 
Student’s t test or one-way analysis of variance. 

Results 
Illustrations of Nac-dependent pH, recovery for 

fibroblasts and platelets are shown in Figure 1. This 
figure demonstrates the relationship between the ob- 
served data and predicted pH, change according to the 
model described by Equation 1 .  In general, there is an 
excellent fit of the model to data obtained during Na+ 
activation of both fibroblasts and platelets. In fibro- 
blasts, experimentally determined pH, values occasion- 
ally showed mild fluctuations about the exponential 
curve (e.g., Fig. 1A). The observed pH, values for plate- 
lets fell on the computed exponential pH, recovery 
curve. 

The rate of pH, recovery is substantially lower in 
fibroblasts than platelets. The pH,,, values extrapolated 
from such curves were 6.50 f 0.05 for fibroblasts ( n  = 
28) and 6.61 k 0.08 for platelets ( n  = 28). Thus, the 
lower rate of pH, recovery in fibroblasts cannot be 
attributed to a higher pH,,,. 

Na+-dependent pH, recovery is sensitive to MIBA 
in both fibroblasts and platelets (Fig. 2). The pH, recov- 
ery of both cells is almost completely inhibited by the 
highest concentration of amiloride analogue tested, i.e., 
l OP5 M. Studies with other 5-(N-substituted) amiloride 
analogues produced similar results (data not shown). 
Acidified fibroblasts and platelets exposed to Na+-free 
HBS (pH 7.40) demonstrated little or no change in pH, 
from initial values. These observations suggest that, 
under these experimental conditions, the Na+-induced 
pH, recovery in these cells is solely dependent on the 
Na+/H+ antiport. 

Figures 3 and 4 illustrate the kinetics of Na+- 
dependent pH, recovery for fibroblasts and platelets, 
respectively. Curves were constructed according to the 
model described by Equation 2, using initial rates and 
computed rates based on time intervals following pH,,, 
(A) and observed rates using time intervals following 
IP (B). The use of initial rates results in the largest rate 
of change in pH, units/sec (Figs. 3A and 4A). It is 
apparent that, irrespective of the approach used, the 
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Figure 1. pHi recovery of acidified fibroblasts (A-C) and platelets (D-F) as a function of "a'],. Cells were acidified as described in Materials 
and Methods, and pHi measurements were recorded once cells were exposed to Na+-containing solutions. Curves were fit to Equation 1 and 
both observed data and calculated curves were plotted with a software package (Graph Pad 11). The rate constant (k) values for these curves 
were (in sec-'): A, 0.0041 ; 6, 0.0237; C, 0.0347; D, 0.0451 ; E, 0.0912; and F, 0.1582. Insets: the first 10 sec of pH, recovery for fibroblasts 
are magnified to show initial pH, measurements and calculated pH, values. 

longer the time interval following activation of the Na+/ 
H+ antiport, the lower the computed V,,, value for the 
pH, recovery. Kinetic parameters obtained from rates 
of pH, changes confirm this impression for both fibro- 
blasts (Table I) and platelets (Table 11). These results 
indicate that not only the V,,,, but also the KO values 
progressively decline when longer time intervals are 
selected for measurements of pH, changes following 
either the IP or pH,,,. 

Precise characterization of the Na+/H+ antiport 
requires the determination of H+ equivalent emux rates 
(product of the cell's buffer capacity and Na+-depend- 
ent pH, recovery). Since the buffer capacity for both 
human platelets and fibroblasts is approximately 20 
mmol liter-' pH-' (unpublished data), the maximum 
H' equivalent efflux rates are approximately three 
times as high in platelets than in fibroblasts. 

In fibroblasts, but not platelets, the Hill coeficient 
is significantly increased by the length of time following 
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IP or pH,.,]. Of interest is the observation that n values 
derived from initial rates and pH, changes over short 
intervals are greater than unity in both cells. These 
results suggest positive cooperativity in Na+-dependent 
pH, recovery. Similar findings regarding the Hill coef- 
ficient have recently been reported in erythrocytes (26) 
and renal tubular epithelium (27). 

Discussion 
Continuous monitoring of the rate of alkalinization 

following a cellular acid load provides an accurate and 
reliable assessment for the activation kinetics of the 
Na+/H+ antiport. Methods that rely on measurements 
of changes in Na+ transport or cellular volume have 
several shortcomings that limit their accuracy. 22Na+ 
uptake experiments entail isolation of the cells from 
the bathing medium and their repeated washing to 
remove the extracellular tracer. These steps require a 
finite time and the initial and most important phase of 



-log [MIBA] (MI  
Figure 2. Dose-response curves for MIBA inhibition of Na+-depend- 
ent pHi recovery in fibroblasts (n = 3) and platelets (inset, represent- 
ative of one experiment). Fibroblasts and platelets were acidified as 
described in Materials and Methods and exposed to HBS containing 
140 mM Na’ (pH 7.40). Changes in pH, for 10-sec intervals of MIBA- 
treated cells are expressed as a percentage of the average ApH, of 
three experiments performed in the absence of MIBA. 

the uptake cannot be measured accurately (28). By 
following the appearance of 22Na+ in the extracellular 
compartment, it is possible to perform ”Na+ washout 
experiments in some cells without the necessity for their 
isolation from the bathing medium. Such a method 
could be further refined to estimate the initial rate of 
the washout (28). When the washout is performed 
under a steady-state condition with respect to cellular 
Na+, the rate of 22Na+ uptake equals 22Na+ washout. 
Thus, the amiloride-sensitive component of the wash- 
out can be considered to represent the Na+/H+ antiport. 
We have used this approach in previous investigations 
(17, 18). However, it cannot be applied to cell suspen- 
sions and for rapid measurements of activation kinetics 
of the antiport. 

Monitoring changes in cellular volume following a 
Na+ propionate load (the cell sizing technique) may not 
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necessarily reflect the activity of the Na+/H+ antiport. 
Changes in cellular volume are related not only to the 
activity of the Na+/H+ antiport, but to other factors 
such as the Na+-K+ ATPase (Na+-pump). For instance, 
cells with a lower density of Na+-pumps may demon- 
strate greater changes in volume associated with Na+ 
propionate loading irrespective of the activity of the 
Na+/H+ antiport. Compared with cells with a higher 
number of Na+-pumps, these cells are likely to reach a 
new steady state for Na+ extrusion at a slower pace or 
at Na+ concentrations that require a greater obligatory 
uptake of water. 

Several aspects of our methodology and analyses 
of the results merit special considerations. Acidification 
of the cells, using relatively low concentrations of ni- 
gericin and K+, prevents membrane depolarization and 
activation of voltage-gated Ca2+ channels. These chan- 
nels are quite common in a variety of cells, and recently 
we (Hatori and Aviv, unpublished data) and others 
have demonstrated their existence in fibroblasts (14) 
and platelets (22). A rise in [Ca2’], may alter the basal 
activity of the Na+/H+ antiport, inasmuch as alterations 
in [Ca”], may modulate the activity of the exchanger 
( 6 ,  8, 15). Our investigations show that in platelets, a 
rise in [Ca”], increases the activity of the Na+/H+ 
antiport, whereas in cultured skin fibroblasts [Ca2+], has 
no effect on the antiporter (Gardner, Kimura, and Aviv, 
unpublished data). A second feature of this methodol- 
ogy is that nigericin acidification at extracellular K+ 
concentrations lower than intracellular K+ levels results 
in lack of a priori knowledge regarding the pH,,, of the 
acidified cells. However, this parameter is obtained by 
extrapolation from the pH, recovery curve. The same 
approach can be adapted to alternative acidification 
methods such as sodium propionate addition and the 
NH4Cl prepulse. 

The activity of the Na+/H+ antiport decelerates as 
the pH, gradient across the plasma membrane declines 
and the ApH, following activation of the antiport can- 
not be linear at any phase of the pH, increment. Thus, 
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Figure 3. Initial velocities of pH, recovery in fibroblasts as a function of “a+],. The initial rates and changes in pHi, obtained from experiments 
similar to those depicted in Figure 1 at “a+] of 10-1 40 mM, were calculated and used to estimate kinetic parameters according to Equation 
2. Curves were plotted using Graph Pad II. Initial rate (---) and calculated ApHi of 1 sec (0), 5 sec (A), and 30 sec (0) are shown in A. 
Observed ApH, of 10 sec (A) and 30 sec (m) are shown in B. 
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Figure 4. Initial velocities of ApH, recovery in platelets as a function of "a'],. Initial rate (---) and calculated ApH, of 1 sec (0), 5 sec (A), 
and 10 sec (0) for A, and observed ApH, of 5 sec (A) and 10 sec (W) for B are as per legend to Figure 3. 

Table I. Kinetic Parameters of Na+-Dependent Activation of Na+-H' Exchanqe in Cultured Skin Fibroblasts" 

Calculated (from Equation 1) 

1 5 10 30 
Parameter k(pH,,, - pH,J time following PH,,~ (sec) Pb 

V,,, (pH,/sec) 0.037 0.032 0.029 0.025 0.015 o,oo7 

KO, (mM Na') 21.7 21.6 20.3 18.3 

n 1.9 1.8 1.9 

kO.009 50.008 k0.007 k0.005 k0.003 

21.3 k3.8 k2.0 21.9 k1.9 

1.6 k0.2 k0.4 k0.2 k0.5 

13.8 0.001 

2'2 0.054 
50.2 

~~ ~ 

Observed time 

10 30 

following IP (sec) P C  

0.023 0.012 o,oo3 
k0.004 k0.002 

k l . 8  k2.4 11.8 0.001 20.7 

2'2 0.025 1.6 
20.2 k0.4 

Values represent mean k SD of four separate experiments 
Calculated by analysis of variance. 
Calculated by Student's t test. 

Table II. Kinetic Parameters of Na+-Dependent Activation of Na+-H+ Exchange in Plateletse 

Calculated (from Equation 1) Observed time 

1 5 10 5 10 
Parameter k(pH,,, - pH,J time following PH,,~ (sec) Pb following IP (sec) P" 

Vmax (pH,/sec) 0.125 0.113 0.072 0.048 0.048 0.029 <0.001 
k0.029 k0.022 k0.007 k0.004 <0.001 k0.005 k0.004 

KO (mM Na') 33.5 33.1 25.2 20.8 21.7 14.8 
k5.8 56.4 53.7 23.4 0'009 k4.6 23.0 

1.9 1.9 1.9 1.9 1.8 2.0 
n k0.3 k0.4 k0.3 k0.4 0.983 +o .5 k0.4 

0.047 

0.513 

Values represent mean +- SD of four separate experiments 
Calculated by analysis of variance. 
Calculated by Student's t test. 

rates of pH, changes that are derived from increasingly 
longer time intervals following activation of the Na'/ 
H+ antiport yield less reliability in measurements of 
activation kinetics of the exchanger. This conclusion 
holds even when an increase in pH, appears to fall 
within the linear phase of the pH, recovery. Iterative 
curve fittings of the entire pH, profile after activation 
of the Na+/H+ antiport and extrapolation to pH,,(, pro- 
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vide greater precision in calculating the exponential 
parameters of the Na+-dependent pH, recovery. Hence, 
kinetic parameters obtained using initial rate determi- 
nations describe the Na+/H+ antiport with a better 
accuracy since they represent the instantaneous velocity 
of the transport system. This concept may not be of a 
great importance when experiments are designed to test 
the presence or absence of the antiport in a given cell 



and its contribution to a physiologic or biologic process. 
However, it becomes essential, when a quantitative 
evaluation of parameters of the NaC/H+ antiport is 
necessary to explain physiologic or pathophysiologic 
processes that may be linked to the behavior of this 
transport system. 
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