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Abstract. The present work examined the key elements
featuring in the various methods used to characterize the
erythrocyte sodium-lithium countertransport. Effects of
medium composition on lithium efflux were investigated
in 20 subjects. Mean lithium efflux (mmol Li/l RBC.h)
into a 150 mM sodium medium was significantly higher
than efflux into a revised sodium-rich medium (149 mM)
containing 1 mM Mg (0.335 ± 0.100vs. 0.298 ± 0.085
respectively;P < 0.03). Mean lithium efflux into so-
dium-free media where sodium had been entirely re-
placed by magnesium, was significantly lower than ef-
flux into a choline-based medium containing only 1 mM

magnesium (0.088 ± 0.027vs. 0.109 ± 0.034 respec-
tively; P 4 0.03). Sodium-lithium countertransportac-
tivity and the transporter’s kinetic profile were measured
simultaneously in 35 subjects using traditional choline-
based and kinetic methodologies. There was a signifi-
cant correlation between countertransport activity and
maximal rate of turnover (Vmax) (r 4 0.62;P < 0.001);
Vmax values were consistently greater than their corre-
sponding countertransport activities (P < 0.001). On
subdividing the subject group into tertiles based on the
Michaelis-Menten constant (km) values (mM), <75, 75 −
150 and >150, the slopes of the regression lines for each
group diminished progressively (0.64, 0.49 and 0.23 re-
spectively), correlations within each group remained sig-
nificant (P < 0.001,P < 0.001 andP < 0.02). No sig-
nificant correlation was found betweenkm values and
countertransport activity (r 4 0.035;P 4 NS).

Increasing the number of points representing sodium
concentrations within the range 0–150 mM, improved the
confidence in the emerging estimates ofVmax and km

obtained by linear transformation. Comparison of ki-
netic data derived using four different analytical methods
(two linear transformations, a nonlinear regression and a
statistical method), showed no significant differences be-
tween the estimates yielded for eitherVmax (P 4 0.88,
NS) or km (P 4 0.92,NS). This study has highlighted the
critical roles of assay conditions and derivation tech-
niques used when measuring sodium-lithium counter-
transport, emphasizing the need for standardization of
the methodology.
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Introduction

Interest into ouabain-insensitive lithium transport across
the erythrocyte membrane was stimulated when it was
found to be elevated in hypertension and that the eleva-
tion was a genetically linked phenomenon [5]. This ob-
servation has since been confirmed on several occasions
and interesting associations with disease states other than
hypertension have also been reported [18, 20]. As the
transport process has been explored however, it has be-
come clear that the method of measurement is critical
[13, 14, 18]. Conflicting results from differing laborato-
ries have served to complicate the issue of what an el-
evated countertransport activity actually represents [6,
13, 21].

The past decade has seen the introduction of several
new approaches in the study of sodium-lithium counter-
transport. Often, new techniques have been applied be-
fore they have been fully validated. As a result, methods
reported in the literature have ended up as a collection ofCorrespondence to:A.F. Lant
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old and new techniques, the combination of which has in
some cases been unique to particular groups of investi-
gators [6, 14]. It is not clear whether the different meth-
ods employed by different laboratories are responsible
for the mass of conflicting data within the literature sur-
rounding the sodium-lithium countertransporter.

The present work has set out to examine critically
the key elements of the various techniques currently used
to characterize sodium-lithium countertransport. We
have focused particularly on (i) variations in media com-
position, (ii) Michaelis-Menten analysis to compare ac-
tivity measurements and (iii) definition of the optimum
conditions for performing kinetic analysis. The aim has
been to define those essential features which, if applied
generally, would encourage standardization of the meth-
odology and help generate a clearer definition of the
behavior of this membrane transport system.

Materials and Methods

SUBJECTS

A total of 48 (39 male and 9 female, aged 19–35) healthy normotensive
white subjects were studied during the course of these investigations.
Subjects selected for study were on no medication, had no family
history of hypertension or diabetes and had normal glucose tolerance
and renal function. The Chelsea and Westminster Hospital Ethics com-
mittee granted ethical approval for this study and all subjects gave their
informed consent.

COLLECTION AND LITHIUM LOADING OF RED

BLOOD CELLS

Fasting venous blood samples were collected into lithium-heparin
tubes. Erythrocytes were washed free of plasma with bufferedwashing
solution(in mM): 150 choline chloride; 10 Tris-MOPS, pH 7.4 at 4°C.
After washing, 5 ml packed cells were suspended in 25 ml ofloading
solutionat 37°C for 3 hr (in mM): 150 LiCl; 10 glucose; 10 Tris-MOPS,
pH 7.4 at 37°C. Following incubation the erythrocytes were washed
five times withouabain washing solution(in mM): 150 choline chlo-
ride; 0.1 ouabain; 10 Tris-MOPS, pH 7.4 at 4°C. Following the final
wash, the supernatant was discarded, the cell pellet mixed thoroughly
and the haematocrit determined. The intracellular sodium and lithium
concentrations were analyzed to ensure that internal lithium levels were
sufficient to saturate the internal binding sites of the countertransporter;
adequate intracellular lithium concentrations were achieved in all
cases; mean ±SD lithium concentration was 9.4 ± 3.4 mM. When ready
the erythrocytes were kept on ice at 4°C until used (<2 min).

INFLUENCE OF MEDIUM COMPOSITION

The effects of medium composition on erythrocyte lithium efflux were
investigated in 20 subjects. Lithium-loaded erythrocytes were pre-
pared as described above. 200ml aliquots of packed cells were added

to duplicate samples of each of the five separate incubation media (2
ml). Each efflux medium contained glucose (10 mM), ouabain (0.1
mM) and Tris-MOPS (10 mM; pH 7.4 at 37°C), chloride made up the
principal anion and each had an osmolality between 292 and 302 mos-
mol/kg. There were two sodium-rich media (mM) [(i) Na, 150, (ii) Na,
149; Mg, 1] and three sodium-free media [(iii) Mg, 75 (iv) choline 149;
Mg, 1, and (v) choline, 149, Mg, 1, bumetanide, 0.02] (Table 1).

Erythrocytes were added to the various incubation media, mixed
and then separated into three aliquots per medium. The aliquots were
then incubated at 37°C and sampled at 20, 40, and 60 min. After
centrifugation at 4°C, the supernatants were analyzed for lithium con-
centration. Lithium was determined by atomic absorption spectropho-
tometry [12]. The rate of lithium efflux was calculated using linear
regression versus time of the lithium concentrations in each superna-
tant.

Traditional sodium-lithium countertransport activity was deter-
mined by relating lithium efflux into the specific all-sodium medium
[(i) Na, 150] and deducting the equivalent flux into sodium-free me-
dium [(iii) Mg, 75]. Therevisedmethod involved the use of an altered
sodium-rich medium [(ii) Na, 149 plus Mg, 1] and deducting the
equivalent flux into a sodium-free medium based on choline substitu-
tion [(iv) choline, 149 plus Mg, 1]. A further modification involved the
addition of 0.02 mM bumetanide to the sodium-free medium [(v) cho-
line, 149; Mg, 1; bumetanide, 0.02] in order to block the operation of
the Na-K 2Cl cotransporter functioning in these experiments in the
Li-K 2Cl mode. Comparisons of the lithium efflux rates between the
respective all-sodium medium [(i) Na, 150] and the revised sodium-rich
medium [(ii) Na, 149; Mg, 1] were made using a Students’ pairedt-test.
Comparisons of flux rates into the three variants of sodium-free media
[(iii) Mg, 75, (iv) choline 149; Mg, 1, and (v) choline, 149; Mg, 1;
bumetanide, 0.02] were made using analysis of variance. Differences
between the countertransport activity values obtained for thetradi-
tional and therevisedmethods were measured nonparametrically using
a Wilcoxon test.

COMPARISON OFNa+-Li+ COUNTERTRANSPORTACTIVITY

WITH MAXIMAL RATE OF TURNOVER

Studies were undertaken in 35 subjects where sodium-lithium counter-
transport activity was measured simultaneously with determination of
the kinetic profile of the transporter. Media used were all based on the
revisedconstituents with choline serving as the sodium-substitute (see
above). Sodium-lithium countertransport activity was determined by
comparison of lithium efflux measured in media (ii) and (iv). Maximal
rate of turnover (Vmax) and the Michaelis-Menten constant (km) were
determined following the construction of kinetic response curves using
ten different external sodium concentrations over the range of 0–150
mM [0, 5, 10, 20, 40, 60, 80, 100, 125, and 150 mM]. Isotonicity was
maintained in each case by inclusion of varying amounts of choline
chloride. All efflux media contained (mM); Mg, 1, glucose, 10, oua-
bain, 0.1, and Tris-MOPS, 10 (pH 7.4 at 37°C).

Values for Vmax and km were calculated via linear regression
analysis using the Eadie-Hofstee method. The inter- and intraassay
variations in values obtained forVmax andkm were determined on fresh
cells from ten subjects on three separate occasions over a period of six
months. On each occasion measurements of the kinetics of sodium-
lithium countertransport were made in triplicate. Results are expressed
as means (SD) or medians with ranges. Differences between sodium-
lithium countertransport activity andVmax were investigated using a
Wilcoxon nonparametric test. Associations between countertransport
activity, Vmax andkm were assessed by product-moment correlation.
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OPTIMUM NUMBER OF DATA POINTS FOR

KINETIC ANALYSIS

The way in which the progress curves for kinetic analysis are con-
structed influences the precision of the emerging estimates ofVmax and
km. A balance has to be drawn between having a sufficient number of
points and the overall practicability of the assay. Thus employing a
five point assay, looking at lithium efflux at five external sodium
concentrations, with duplicate samplings, to characterize the kinetics of
the countertransporter in one individual yields thirty flux measurements
over one hour; a seventeen point assay would yield 102 such measure-
ments in the same time period.

In the section above, a ten point assay was employed over the
substrate concentration range of 0–150 mM, the data were then ana-
lyzed using the Eadie-Hofstee transformation of the Michaelis-Menten
equation. In the present set of experiments, 5, 10 and 17 point assays
were undertaken concurrently in 35 subjects.

175 ml packed cells were incubated in external media (2 ml) of
varying sodium concentration covering the range 0–150 mM, isotonic-
ity being maintained by inclusion of appropriate amounts of choline
chloride, solutions also contained (mM): 1 MgCl2; 10 glucose; 0.1
ouabain; 10 Tris-MOPS, pH 7.4 at 37°C. Five-point assays employed
media with the following sodium concentrations: 0, 20, 60, 100 and 150
mM, 10-point assays: 0, 10, 20, 40, 60, 80, 100, 110, 120, and 150 mM,
and 17 point assays: 0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110,
120, 130, 140 and 150 mM.

Two forms of analyses were applied to each of these data sets and
compared; first Eadie-Hofstee and second Hanes-Woolf. These trans-
formations were obtained following rearrangement of the standard
equation relatingVmax and km to the observed flux rate and external
sodium concentration of the incubation media giving:

(i) Eadie-Hofstee regression analysis:

Flux rate plotted against
Flux rate

[Na]e

where:Vmax 4 intercept with the ordinate

km 4 ratio of the intercept of the line on the ordinate
and the abscissa

(ii) Hanes-Woolf regression analysis:

@Na#e
Flux rate

plotted against[Na]e

where:Vmax 4 the reciprocal of the slope
km 4 intercept with the abscissa

Computerized calculation of the percentage errors on the regres-
sion lines of each of these plots was undertaken using SPSS (SPSS, IL)
to yield the mean value for all 35 individuals using both analytical
transformations for 5, 10 and 17 point assays.

INFLUENCE OF EXPERIMENTAL ERROR ON OUTCOMES OF

KINETIC ANALYSIS

In the previous section, linear transformations were employed to derive
the kinetic constantsVmax and km using different numbers of data
points. In the present set of experiments, two alternative forms of
kinetic analysis have been used in addition and compared with the two
linear transformation methods. These are a nonlinear regression
method using the Marquart algorithm [15, 16] in the form of a com-
mercially available program for the IBM personal computer (Enzfitter,
Biosoft, UK) which has been used successfully to analyze counter-
transport kinetics [6] and a statistical derivation of the kinetic param-
eters [8]. The statistical or Cornish-Bowden analysis was performed
using the kinetic efflux data. Curves were derived connecting a point
on thex-axis representing the substrate concentration with a point on
the y-axis, which is a derived efflux rate for that substrate concentra-
tion. The coordinates of those points where the lines intersected gives
estimates of bothVmax (y-value) andkm (x-value). The median of all
the estimates obtained was taken to be the overall value ofVmaxandkm.

In a group of 6 patients, erythrocyte lithium efflux rates were
measured individually at six different external sodium concentrations
(0, 19, 33.5, 55, 92, and 141 mM). The total length of incubation was

Fig. 1. (a) Graph showing measurements of
lithium efflux at six different external sodium
concentrations [0, 19, 33.5, 55, 92, and 141 mM

Na]. (b) Graph demonstrating the 95% confidence
intervals encompassing 0 mM sodium efflux rate
curve. 95% confidence intervals were also
determined at the 19 and 141 mM external sodium
concentrations (data not shown). Data relate to
subject DW.
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180 min, with samples taken at 30, 40, 60, 80, 90, and 180 min time
points [seeFig. 1]. The calculated rates of efflux at each of the six
external sodium concentrations were then plotted against the respective
sodium values to yield a single progress curve (ROrig).

The standard errors and the respective 95% confidence intervals
of the slopes of each of the three selected efflux curves were deter-
mined, covering the lower (0), mid- (19) and upper (141) ranges of
external sodium concentrations (mM) (seeFig. 2).

By using these slopes and their confidence intervals, a pair of
secondary efflux curves, encompassing the extreme ranges of error,
were generated for the three external sodium concentrations. At each
of these sodium concentrations (0, 19, and 141 mM Na), two additional
sets of kinetic progress curves were constructed, based on (a) the upper
limit (RU) and (b) the lower limit (RL) of the confidence interval of the
efflux values (seeFig. 3).

The progress curve from the original efflux data, plus the three
pairs of derived progress curves incorporating the estimated ranges of
error, then underwent four different forms of kinetic analysis, linear
transformations (Eadie-Hofstee and Hanes-Woolf), a nonlinear regres-
sion (Marquart) and a statistical manipulation (Cornish-Bowden), to
yield estimates ofVmax andkm. For each of these estimates, the per-
centage variation from the values obtained using the original experi-
mental efflux data, was calculated (Table 4).

Results

INFLUENCE OF MEDIA COMPOSITION

Lithium Efflux Data

Mean (SD) lithium efflux (mmol Li/l RBC.h) into tradi-
tional all sodium medium [(i) Na, 150] was significantly

higher than the efflux into revised sodium-rich medium
containing 1 mM Mg [(ii) Na, 149; Mg, 1] (Table 1,P <
0.03). Mean (SD) lithium efflux into traditional sodium-
free media where sodium had been entirely replaced by
magnesium [(iii) Mg, 75], was significantly lower than
the efflux into a choline-based medium containing only 1
mM Mg [(iv) choline, 149; Mg, 1] (P 4 0.03). Addition
of 0.02 mM of bumetanide to the choline-1 mM Mg me-
dium (v), was associated with significant lowering of
lithium efflux to the same level as that seen in the all Mg
medium. The lithium effluxes into these two respective
media correlated significantly with one another (n 4 20;
r 4 0.58;P < 0.005).

Sodium-Lithium Countertransport Activity

Activity values, calculated by deducting flux measure-
ments in sodium-free media from sodium-rich media,
showed a trend to higher values in experiments employ-
ing traditional media [media (i) and (iii)] when compared
with responses obtained when choline was substituted
for magnesium as the sodium-free cation or moiety [me-
dia (ii) and (iv)] (Table, 2). Activity values derived from
these two sets of media showed a high degree of corre-
lation (n 4 20; r 4 0.76;P < 0.001).

COMPARISON OFSODIUM-LITHIUM COUNTERTRANSPORT

ACTIVITY WITH MAXIMAL RATE OF TURNOVER AND

MICHAELIS-MENTEN CONSTANTS

Simultaneous measurement of sodium-lithium counter-
transport activity,Vmax andkm in 35 subjects, showed a
non-normal distribution for the countertransport activity
(kurtosis4 −0.532, skew4 0.351) andkm (kurtosis4
0.694, skew4 0.956) data, with median [range] values
of 0.235 [0.124 − 0.365] mmol Li/l RBC.h and 110 [26
− 289] mM respectively. By contrast the distribution of
Vmax values was normal with a mean (SD) of 0.424
(0.155) mmol Li/l RBC.h. Values obtained for intra- and
interassay variation inVmax were 5.9 ± 3.9 and 9.8 ± 6.5,
respectively, while those forkm were 9.5 ± 5.5 and 11.1
± 5.8, respectively.

There was a significant correlation between sodium-
lithium countertransport activities andVmax values (r 4
0.62; P < 0.001); all data points fell to the right of the
line of identity (Fig. 4), indicating thatVmax values were
consistently greater than their corresponding sodium-
lithium countertransport activities (P < 0.001). Those
subjects whoseVmax values lay furthest away from the
line of identity had higherkm values. On subdividing the
subject group into tertiles ofkm (mM), (a) <75, (b) 75–
150 and (c) >150, the slopes of the regression lines

Fig. 2. Diagram showing impact of estimated error obtained at a single
external sodium concentration (141 mM). A representative kinetic prog-
ress curve (ROrig,m) has been constructed from the raw efflux rates
measured at each of the six external sodium concentrations shown in
Fig. 2 (subject DW). Two additional progress curves have been derived
(RU, – – – and RL, • • • • ), which have incorporated the upper (RU, m)
and lower (RL, n) estimates of error obtained at 141 mM external
sodium concentration.
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for each group diminished progressively (0.64, 0.49
and 0.23 respectively), yet the correlations within each
group remained significant (P < 0.001,P < 0.001 and
P < 0.02 respectively) (Fig. 4). However,km values did
not display a significant correlation with individual so-
dium-lithium countertransport activities (r 4 0.035; P
4 NS).

OPTIMUM NUMBER OF DATA POINTS FOR

KINETIC ANALYSIS

Comparison of the three assay conditions (5, 10 and 17
point assays), showed that increasing the number of
points representing sodium concentrations within the
range 0–150 mM, improved the confidence in the emerg-

Fig. 3. Data from subject DW has been submitted in its final stages to alternative methods of kinetic analysis. The diagram shows (a) one of the
two methods of linear transformation employed (Eadie-Hofstee) (b) nonlinear regression and (c) statistical manipulation (Cornish-Bowden). Data
points for all substrate concentrations [19, 33.5, 55, 92, and 141 mM external sodium] are included in figures (a) and (b). Figure (c) focuses on data
relating to one point [141 mM]. Cornish-Bowden manipulation shown in Figure (c) is determined by connecting a point on thex-axis that represents
the substrate concentration with a point on they-axis, which is a derived efflux rate for that substrate concentration. This line is then extrapolated
beyond they-axis. The coordinates of the point where that line intersects the extrapolated curves from other sodium concentrations gives an estimate
of bothVmax(y -value) andkm (x-value). The median of all the estimates obtained gives the overall values ofVmaxandkm. In this diagram, additional
to the line representing the original data at Na4 141 mM, two further lines representing those derived using the upper (RU, m) and the lower (RL,
n) estimates of error around this point are shown. The influence of the variations around the 141 mM Na efflux value can be clearly seen by noting
the distinct intersections with the line that represents the original efflux data at Na4 19 mM. The coordinates of these separate intersections provide
the distinct estimates ofVmax andkm.

Table 1. Lithium efflux rates into each incubation medium of different ionic composition

Medium (n) Ionic content
[mM]

Mean ± SD

Lithium efflux
(mmol Li/I RBC.h)

Statistical
significance

Sodium-rich
(i) Traditional 20 [Na, 150] 0.335 ± 0.100 P < 0.03
(ii) Revised 20 [Na, 149; Mg, 1] 0.298 ± 0.085

Sodium-free
(iii) Traditional Magnesium* 20 [Mg, 75] 0.088 ± 0.027 P < 0.03

P 4 NS(iv) Revised Choline 20 [choline, 149; Mg, 1] 0.109 ± 0.034
(v) Choline plus Bumetanide 20 [choline, 149; Mg, 1; 0.090 ± 0.048 P < 0.01

bumetanide, 0.02]

All incubation media contained glucose (10 mM), ouabian (0.1 mM) and Tris-MOPS (10 mM; pH 7.4 at 37°C) and
had osmolalities between 292 and 302 mosmol/kg. *The traditional magnesium medium also contained 85 mM

sucrose.
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ing estimates ofVmax and km by either transformation.
The distribution of error around these estimates was low-
est in the 17 point assay. With regard toVmax, both
Eadie-Hofstee and Hanes-Woolf transformations yielded
similar error values for each type of assay (Table 3).
In the case ofkm however, there was a significant reduc-
tion in error in the Hanes-Woolf but not the Eadie-
Hofstee transformation as the number of points em-
ployed increased from 5 to 17 (Table 3).

INFLUENCE OF EXPERIMENTAL ERROR ON OUTCOMES OF

KINETIC ANALYSIS

The techniques of analysis applied to the data in these
studies allowed estimates of error to be incorporated
when the various types of transformation were under-
taken. The results showed that the variance surrounding
the original estimates ofVmaxandkm (derived fromROrig)
was approximately twice as large forkm as compared

with Vmax (P < 0.001), irrespective of the method of
analysis of data used (Table 4).

Comparison of the data subjected to the two types of
linear transformation analysis showed that Eadie-Hofstee
and Hanes-Woolf analysis yielded similar values of
mean (SD) Vmax (P 4 0.28; Students paired-t) and me-
dian [range]km values (P 4 0.15; Wilcoxon) (Table 5).
Collective comparison of the results yielded by all four
analytical methods using ANOVA showed that there
were no significant differences between the estimates
yielded ofVmax (P 4 0.88; NS; ANOVA) and km (P 4
0.92,NS; Kruskal-Wallis).

Table 2. Constituent cations of the efflux media used to determine sodium-lithium
countertransport activity and the median acitvity values observed

Method Ionic content
[mM]

Median [range] sodium-
lithium countertransport activity
(mmol Li/l RBC.h)

Traditional
(i) Sodium-rich [Na, 150]

0.246 [0.074 - 0.472]

P 4 0.06

(iii) Sodium-free [Mg, 75]
Revised

(ii) Sodium-rich [Na, 149; Mg, 1]
0.189 [0.084 - 0.413](iv) Sodium-free [Choline, 149; Mg, 1]

Fig. 4. Graph showing the relationship of activity to derivedVmax of
the countertransporter in 35 healthy subjects. The subjects have been
divided into tertiles according to individualkm values (<75 [h], 75–150
[s] and >150 [n]). The regression lines foractivity vs. Vmax are given
for each tertile.

Table 3. Decreasing errors with increasing number of observations
used for estimation ofVmax andkm

Kinetic
parameter

(n) Trans-
formation

Percentage error (Mean ±SD)

5 point 10 point 17 point

Vmax 35 EH 13.5 ± 9.0 9.6 ± 7.7 5.7 ± 5.4*
35 HW 15.1 ± 9.5 11.3 ± 7.5 5.1 ± 5.4*

km 35 EH 14.5 ± 6.1 12.4 ± 6.1 10.4 ± 5.0
35 HW 12.5 ± 5.2 9.1 ± 4.1 5.0 ± 4.8*

EH 4 Eadie-Hofstee, HW4 Hanes-Woolf
* < 0.05 - 5 point versus 17 point

Table 4. Mean estimates of variation (%) about the original estimates
of Vmax andkm

Method of
analysis

Vmax

(%)
km

(%)

Eadie-Hofstee 5.8 ± 3.7 10.9 ± 7.4
Hanes-Woolf 6.5 ± 3.4 10.9 ± 5.9
Nonlinear regression 4.7 ± 3.0 9.6 ± 5.6
Cornish-Bowden 4.6 ± 2.5 9.5 ± 6.3

Mean 5.4 ± 1.0 10.2 ± 0.8

Data obtained using four different analytical methods in six subjects,
the first two being linear transformations (Eadie-Hofstee and Hanes-
Woolf) plus nonlinear regression and Cornish-Bowden analysis.
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Discussion

In the present study, lithium chloride was used to load
the erythrocytes for efflux measurements. Lithium car-
bonate has also been used by others and tends to allow
more rapid loading to occur. No significant difference is
seen in efflux behavior whether chloride or carbonate
salts are used [3, 11].

Our findings have shown that magnesium inhibits
lithium efflux when used as a substitute for sodium in
sodium-free media. The rates of lithium efflux into mag-
nesium-based solutions were similar in magnitude and
correlated with those into bumetanide-containing cho-
line-based media. As bumetanide, at the concentration
used, specifically inhibits sodium-potassium cotransport,
these results confirm the earlier observation that magne-
sium reduces that component of lithium leak that is
handled by the cotransport mechanism [19]. A small de-
gree of inhibition of lithium efflux occurred with 1 mM
magnesium in the sodium-rich media. This suggests that
the component of efflux that is influenced by external
magnesium is extremely sensitive to this ion. These par-
ticular experiments in sodium rich media did not incor-
porate the addition of bumetanide.

Our data imply that the predominant use of magne-
sium-based media in the sodium-lithium countertrans-
port assay over the past fifteen years, 90% from 1980 to
1986 and 51% from 1986 to date, has led to a consistent
overestimation of the activity of this membrane trans-
porter [14]. Involvement of the sodium-potassium co-
transporter, a transport system with its own inherent
variation, may be partly responsible for the high degree
of interindividual variability in countertransport activity
reported within the literature [10]. Even where investi-
gators are aware of the merits of using choline in their
sodium-free media, problems may still arise. Thus for
example, continued acceptance of the 0.400 mmol Li/l

RBC.h ‘‘cutoff’’ value first proposed in 1980 as the up-
per limit of ‘‘normal’’ countertransport activity, may not
be valid since the 0.400 mmol Li/l RBC.h value was
derived originally from experiments using magnesium
substitution [5]. It could also be argued that the critical
impact of the sodium substituent would be lessened by
routine inclusion of bumetanide as an inhibitor of co-
transport, analogous to the use of ouabain in blocking
sodium-potassium ATP-ase, yet this is not the accepted
practice.

The assumption has frequently been made that when
sodium-lithium countertransport activity has been deter-
mined, it equates with the maximum rate of turnover of
the transporter. This presupposes that an external so-
dium concentration of 150 mM is sufficient to saturate
the external binding sites and thus stimulate maximal
turnover. The present work employed kinetic progress
curves to characterize the countertransporter, as have
been used in investigation of the sodium-hydrogen ex-
changer [7]. It showed that although there is a degree of
similarity and a strong correlation between countertrans-
port activity andVmax, they are not necessarily one and
the same;Vmax values were consistently greater than
their corresponding sodium-lithium countertransport ac-
tivities. Since the internal lithium concentrations were
sufficient to ensure saturation of the internal lithium
binding sites [4], it is unlikely that the discrepancy be-
tween activity andVmax was due to intracellular events.
When our subject group was divided into tertiles accord-
ing to individualkm values, the regression lines forac-
tivity vs. Vmaxshowed that the relationship between these
two parameters is dependent onkm [Fig. 4]. Viewed in
this way,km, emerged as a critical, although not direct,
determinant of measured activity;km can be taken to
represent a function of the extent to whichactivity fails
to represent trueVmax. Although the difference between
activity andVmaxvalues was greatest at higherkm values,

Table 5. Individual estimates ofVmax andkm for the six different subjects investigated using the original
efflux data values

Linear transformation

Subject Eadie-Hofstee Hanes-Woolf

Vmax

(mmol Li/l RBC.h)
km

(mM)
Vmax

(mmol Li/l RBC.h)
km

(mM)

1. PW 0.337 116.1 0.361 129.3
2. MH 0.262 63.8 0.256 60.9
3. TI 0.459 88.9 0.468 92.0
4. DW 0.352 151.3 0.349 149.7
5. TT 0.349 87.6 0.363 93.6
6. DP 0.201 50.2 0.198 55.3

Mean ±SD 0.327 88.2* 0.333 92.8*
Median[range]* ± 0.088 [50.2 – 151.3] ± 0.094 [55.3 – 149.7]
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in contrast to what has been reported elsewhere [4], dif-
ferences between countertransport activity andVmax

were still present even at the lowestkm values (<25 mM).
Sodium-lithium countertransport activity must therefore
be viewed not so much as a biochemical constant but
more as a measure of lithium efflux determined under
clearly defined conditions. It follows that measuring so-
dium-lithium countertransport activity without full char-
acterization of the conditions of measurement is confus-
ing and runs the danger of yielding data of limited cred-
ibility [1].

Work which has focused on the kinetic characteris-
tics has started to throw light on the relationship between
the membrane transporter and disease [14]. In the cal-
culation ofVmax andkm, Michaelis-Menten kinetics were
assumed and if measurements of the lithium efflux rates
used to derive these parameters were made under ideal
conditions, there would be no error. Only 2 points would
be needed to define the straight line relationship obtained
by derivation [17]. Under normal experimental condi-
tions, however, more than two data points are needed to
obtain estimates of confidence forVmax and km. In our
study, we attempted to determine how many data points
would supply a reasonable degree of confidence for these
parameters. The two linear transformations of the Mi-
chaelis-Menten equation that were used (Eadie-Hofstee
and Hanes-Woolf) both gave similar values forVmax and
km; using both transformations the errors for the respec-
tive regression coefficients however, diminished as the
number of data points employed increased. A ten point
assay emerged as an optimum procedure that balanced
practicability against generation of estimates ofVmax and
km with minimal error. In addition to linear transforma-
tions, it was also possible to subject data to nonlinear
regression and statistical analysis. These two additional
techniques were used to investigate the degree of robust-
ness of the various analytical methods with respect to the
influence of experimental error. Although there were
differences between the estimates ofVmax and km ob-
tained using the four different methods of analysis,
within the limits of the small number of subjects studied,
the overall values forVmax andkm did not differ signifi-
cantly. Critical review of the results in six subjects using
all four transformations (two linear, one nonlinear and a
statistical method) showed no significant difference in
the magnitude of the errors surrounding the estimates of
Vmaxandkm; though there was a consistent trend to lower
error estimates with the statistical Cornish-Bowden
method (Table 4).

One limiting factor with the present study could
have been that only six efflux media of differing external
sodium concentrations (0, 19, 33.5, 55, 92 and 141 mM)
were used; increasing this number would be likely to
increase the confidence of the emerging estimates of
Vmax and km for each of the four transformation tech-

niques. With linear and nonlinear regression, increasing
the number of data points to 10 would have resulted in a
further 4 data sets being included in the final analysis.
With the statistical method however, including four fur-
ther external sodium concentrations, would have resulted
in an extra 26 data sets being incorporated in the final
analysis. Whether such data expansion would impact
significantly on the relative robustness of this analytical
approach compared to the other techniques, has yet to be
tested.

The relative advantages of one method of deriving
the kinetic constants over another have often been dis-
cussed within the literature [2, 8, 9, 15]. The main ad-
vantage of using either linear or nonlinear methods in
place of statistical analysis appears to be that of conve-
nience [9, 15]. Our experience with use of the statistical
method suggests that it may minimize the deleterious
effect of random errors and thus lead to more definitive
estimates ofVmax andkm [8].

In conclusion, the present study has emphasized the
critical role of the detailed conditions used in undertak-
ing characterization of sodium-lithium countertransport.
These ranged from media composition to the impact of
changes upon other neighboring transport systems resid-
ing within the cell membrane. Kinetic characterization
of the countertransporter offers greater insight into the
biological relevance of this transport system. Of the
various transformations of kinetic data, the statistical
approach appears to offer advantages in diminishing
the influence of errors on the derived estimates ofVmax

andkm.
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