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Increased sodium–lithium countertransport activity (SLC) associates with hypertension and is highly
heritable, yet the underlying genes remain unknown. SLC, measured on 1113 and remeasured 2–3 years
later on 675 adult members of 48 Utah pedigrees, was tested for candidate gene association, major locus
inheritance, and linkage to genome scan markers using a bivariate model with genotype-specific effects of
age, body mass index (BMI), and triglycerides level (TG). No effect of the a-adducin Gly460Trp
polymorphism on SLC was found. In contrast, SLC increased with age in carriers of apolipoproteinE e2
(85 individuals; 8.7% of the sample) and decreased in noncarriers. Model-fitting analyses inferred two
additional loci with genotype-specific responses to BMI and TG. Using the inferred model, lod scores
42 were obtained for D3S3038, D11S4464, and D10S677 for the BMI-responsive locus, and for D8S1048
for the TG-responsive locus.
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Introduction
Increased sodium–lithium countertransport activity (SLC)

in hypertensive patients was first reported over 20 years

ago.1 Many studies since support the hypertension associa-

tion; in addition, hyperlipidemia and possibly diabetic

nephropathy associate with increased SLC.2

SLC is highly heritable with heritability X65% estimated

in Utah pedigrees.3,4 Nevertheless, no studied polymorph-

ism affects SLC more than modestly (b3-adrenergic receptor
Trp64Arg,5 a-adducin (ADD1) Gly460Trp6,7), while others

are non-significant (Na-H antiporter,8,9 angiotensin-con-

verting enzyme insertion/deletion,10,11 G-protein b3-sub-
unit C825T12) or inconsistent (blood group MNS,10,13

haptoglobin,10,13 apolipoproteinE (apoE)14,15).

Genome scans have implicated various genomic loca-

tions. Variance components linkage analysis applied

to nuclear family data produced lod¼2.83 on chromo-

some 15q at marker D15S64216 and applied to baboon

pedigrees produced lod¼9.3 on chromosome 5, in the

region homologous to human chromosome 4q near

marker D4S1645.17 Genome-wide association analysis of

SLC in immortalized lymphoblasts identified multiple

associations, many with markers near genes involved in

glutathione metabolism.18

Herein, we analyzed SLC measured twice at a 2–3 years

interval on members of 48 pedigrees. We tested forReceived 28 December 2003; revised 26 May 2004; accepted 6 July 2004
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association with ADD1 and apoE polymorphisms, fit

genetic models, and tested for linkage to genome-wide

markers.

Subjects and methods
A total of 98 Utah pedigrees were ascertained through 2–3

siblings with stroke death before age 74, hypertensive and

normotensive subjects from the Salt Lake Center of the

Hypertension Detection and Followup Program, and men

with coronary disease onset before age 55. Approximately

2500 members of the extended pedigrees were examined in

1980. Over 90% were re-examined in 1983. The study,

described extensively elsewhere,19 was approved by the

Institutional Review Board of the University of Utah.

SLC was measured as the rate of sodium-dependent

lithium efflux from lithium-loaded red blood cells using

the method of Canessa et al1 as adapted by Smith et al20

Body mass index (BMI) was computed as the ratio of weight

to height squared. Triglycerides level (TG) was measured

using a coupled enzymatic method and commercial

reagents. ApoE genotyping was performed on the Light-

Cycler (Roche) using a commercial mutation detection kit

(Roche) and rapid cycle real-time PCR; ADD1 genotyping

was performed on the LightTyper (Roche) using a single

fluorescent-labeled mutation detection probe (18-base

synthetic oligonucleotide); postamplification fluorescent

melting curve analysis followed both procedures.

The Mammalian Genotyping Service21 genotyped 393

autosomal markers from Screening Set 9 on a sample subset

comprising 1855 members of 49 pedigrees. Relationship

and genotype incompatibilities were identified and cor-

rected.22 Mistyping analysis in Simwalk2,23,24 using multi-

point genotypes and files produced by MEGA2,25 identified

1444 genotypes (B1.5% of the total) with error probability

X25%, each henceforth designated as missing.

The analysis sample excluded members of ungenotyped

pedigrees, individuals of age o18, women who were

pregnant or taking oral contraceptives or hormone repla-

cement therapy, and nine individuals with Exams 1–2

transformed SLC difference 40.25 since a large disparity

suggested a measurement error. The analysis sample

totaled 1113 individuals from 48 pedigrees ranging from

1 to 86 members, including 832 Exam 1 and 956 Exam 2

(675 overlap) measurements. SLC was square root trans-

formed; BMI and TG were natural logarithm transformed.

We performed likelihood analysis of genetic models

using Pedigree Analysis Package (PAP);26 the mixed model

likelihood was approximated.27 No correction was made

for ascertainment since most probands, being deceased,

were unmeasured, and the pedigrees, extended to all

available members, were not enriched for hypertension.

We assumed a mixture of bivariate normal densities for

Exams 1 and 2 SLC with mixture proportions determined

by genotype frequencies in Hardy–Weinberg equilibrium.

Univariate replaced bivariate densities for single-exam

measurements. Parameters, assumed equal across exams,

were estimated by maximizing the likelihood. Linear

covariate effects were genotype-specific for age, BMI, and

TG and genotype-constant for gender. The genotype-

constant variance within major locus genotypes was

partitioned between polygenes, a day-of-measurement

effect shared within pedigrees, and random environmental

effects. Setting the within-genotype genetic correlation¼ 1

specified that the same polygenes affected Exams 1 and 2

SLC; the within-genotype environmental correlation was

estimated. We tested significance of genotype-specific

effects, by covariate and locus, using w2 statistics computed

from likelihoods maximized assuming genotype-constant

and genotype-specific effects.

We used measured genotype analysis to test whether

ADD1 or apoE affected SLC by fixing each individual’s

genotype to his/her observed genotype in a one-locus

version of the model described above. In each case, the

sample was restricted to genotyped individuals.

The model-fitting analyses assumed the model described

above with three unlinked loci, two alleles at each locus,

and additivity across the loci.28 One locus represented apoE

by fixing each individual’s genotype to his/her observed

apoE genotype; apoE allele frequencies were fixed at

estimates obtained from the sample assuming Hardy–

Weinberg equilibrium and all familial relationships. The

global maximum likelihood of the model was obtained

through repeated searches of the likelihood surface starting

from different sets of parameter values.

Linkage analysis of each marker to each of the two

unidentified loci assumed the inferred three-locus model

using PAP.26 To speed computation, pedigree-specific lods

included only informative marker alleles (producing a two-

allele lod exceeding 70.1 for recombination¼0.05 for the

designated allele versus all others) and multiallelic lods

were computed only for promising markers (sum 40 of the

two-allele lods across alleles and pedigrees) and for

unpromising markers (sum o�1.5).

Results
Table 1 describes the analysis sample. A subset of 386 men

and 289 women were measured twice at an average 2.4

years interval. The unadjusted Exams 1 and 2 SLC

correlation equaled 0.753 (Po0.0001, N¼675).

ADD1 Gly460Trp was genotyped on 359 sample mem-

bers. The 460Trp allele frequency was estimated as 0.215,

similar to control samples.29,30 Genotype-specific effects

were not significant for age (w2(1)¼3.38, P¼0.18), BMI

(w2(1)¼4.26, P¼0.12), or TG (w2(1)¼0.98, P¼0.61). Assum-

ing genotype-constant covariate effects, the genotype-

specific means decreased nonsignificantly with the number

of 460Trp alleles (w2(2)¼1.12, P¼0.57).
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ApoE was genotyped on 981 sample members. The

frequencies of alleles e2, e3, and e4 (0.056, 0.772, and

0.172, respectively) resemble estimates from comparable

populations.31 Because of small numbers, genotypes e2/e2
(N¼ 2) and e2/e4 (N¼16) were combined with e2/e3
(N¼ 67) and e4/e4 (N¼21) was combined with e3/e4
(N¼ 282). The effects of e3 and e4 did not differ

(w2(4)¼1.41, P¼0.84), so further comparisons were limited

to e2 carriers (N¼85) and noncarriers. Genotype-specific

effects on SLC were not significant for BMI (w2(1)¼2.70,

P¼0.10) or TG (w2(1)¼0.41, P¼0.52), but were significant

for age (w2(1)¼5.37, P¼ 0.020). Upon excluding the rare

genotypes, we reached the same conclusions.

In addition to apoE, two unidentified loci affected SLC.

Genotype-specific slopes differed significantly only for age

for apoE, only for BMI at a second locus, and only for TG at

a third locus (Table 2). None remained significant in

univariate analysis after excluding repeat measurements

(Table 2). The parsimonious model (all nonsignificant

effects made genotype-constant) did not differ from the

full model (w2(10)¼10.39, P¼0.41). Allele frequencies were

estimated as 0.165 and 0.218 for the BMI- and TG-

responsive loci, respectively. We partitioned the within-

genotype variance as 50.4% to polygenes, 15.4% to

measurement date, and the remaining 34.2% to random

environmental effects. The within-genotype environmen-

tal correlation between exams was estimated as 15.9%.

Figure 1 shows individual Exam 1 to Exam 2 changes

with age in SLC by e2 carrier status. Annual rates of change,

computed as Exams 1 and 2 transformed adjusted SLC

difference divided by elapsed time, differed significantly

between e2 carriers and noncarriers (t¼2.24, P¼0.026).

Figure 1 also shows the inferred slopes with age in e2
carriers and noncarriers.

Figure 2 shows individual Exam 1 to Exam 2 changes

with BMI in SLC. At the BMI-responsive locus, SLC

increased least for common homozygotes (estimated as

73% of the population), most for rare homozygotes (2%),

and intermediate for heterozygotes (25%).

Figure 3 shows individual Exam 1 to Exam 2 changes

with TG in SLC. At the TG-responsive locus, SLC increased

the least for heterozygotes (38%), intermediate for com-

mon homozygotes (55%), and the most for rare homo-

Table 1 Mean7SD by exam and gender

Exam 1 Exam 2

Variable Men Women Men Women

Number 448 384 536 420
Number hypertensive 47 45 54 46
Age (years) 39.2713.8 39.9714.8 39.4714.5 40.9714.6
BMI (kg/m2) 26.073.9 25.675.8 26.174.2 26.176.1
TG (mg/dl) 128787 101761 1497102 110774
SLC (mmol/l RBC/h) 0.29070.111 0.25770.105 0.30270.108 0.26170.102

Table 2 P-valuesa for genotype-specific effects by locus,
covariate, and sample

Covariate

Locus Sampleb Age BMI TG

ApoE Bivariate 0.025 0.14 0.63
Univariate 0.17 0.11 0.63

BMI-responsive Bivariate 0.58 0.030 0.76
Univariate 0.85 0.054 0.94

TG-responsive Bivariate 0.057 0.39 0.010
Univariate 0.18 0.18 0.13

aFor w2 statistic with df¼1 for apoE, df¼2 otherwise, testing genotype-
constant versus genotype-specific effects of the covariates on SLC.
bThe univariate sample was derived from the bivariate sample by
excluding Exam 2 SLC whenever Exam 1 SLC was measured.

Figure 1 Genotype-specific age effects for apoE e2
carriers (heavy line) and noncarriers (light line), assuming
the most common genotypes at the BMI- and TG-
responsive loci. Individual Exam 1 to Exam 2 changes with
age in SLC adjusted for gender, BMI, and TG for e2 carriers
(short black lines) and noncarriers (gray lines) are pre-
sented.
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zygotes (7%). Heterozygotes did not differ significantly

from common homozygotes (w2(2)¼3.18, P¼0.20).

Tables3 and 4 present all lod scores 41.5 for the two

inferred loci. For the BMI-responsive locus, 3 markers

produced suggestive linkage evidence (lod41.932); for the

TG-responsive locus, one marker produced suggestive

linkage evidence; no significant linkage evidence

(lod43.332) was obtained for either locus. The most highly

negative lods obtained equaled �5.54 and �1.59 for the

BMI- and TG-responsive loci, respectively, demonstrating

substantially more power for the former than the latter.

Discussion
The inheritance of SLC appears very complex. This analysis

suggests that, rather than acting directly, genes instead

affect SLC through interaction with correlates; conse-

quently, other genes acting on the correlates would

indirectly affect SLC. BMI and TG are the strongest

population-level correlates;33–35 our model inferred an

increase in SLC with BMI and TG at genotype-dependent

rates. Although a weaker correlate, we found an interactive

effect of age for apoE. We did not test for genotype-specific

effects of other weaker correlates, such as HDL, glucose,

and insulin.33,34,36

SLC was measured on our sample 20þ years ago. Since

then, kinetic studies have shown that variation in activity

reflects independent variation in Vmax and km.
37 The

hypertension association has been attributed to lower

km,
38 whereas the hyperlipidemia association has been

attributed to higher Vmax.
37 Possibly, the BMI- and TG-

responsive loci affect km and Vmax, respectively.

The genotype-specific responsiveness of SLC to BMI or

TG implies that weight loss or lipid reduction decreases

SLC. In agreement, lipid reduction decreased SLC,39–41

through decreased Vmax with unchanged km.
41 However,

SLC remained unchanged following weight loss accompa-

nied by decreased TG, but the sample included only eight

women.42 Our model predicts a substantial response only

in the subset of individuals with the responsive genotype.

The three major loci accounted for roughly 26% (apoE:

1%; BMI-responsive: 20%; TG-responsive: 5%) of the total

or 40–45% of the genetic variance of SLC. Computational

constraints prohibited attempting inference of a fourth

locus. Possibly 10þ additional loci underlie the remaining

55–60% of the genetic variance, assuming each contri-

butes less than the TG-responsive locus. The numerous

marker associations18 reported also support the presence of

many genes.

ADD1 may be one of the additional genes, although, if

so, we lacked sufficient power for confirmation. Other

studies report that ADD1 affects SLC, but differ as to

whether 460Trp decreases7 or increases6 SLC. Neither

finding necessarily contradicts ours, since our model,

although nonsignificant, estimates a steeper decrease with

age and a steeper increase with BMI in 460Trp homo-

zygotes compared to 460Gly homozygotes. Consequently,

the ordering of the means across genotypes depends, as

does the power, on the age and BMI profile of the sample.

Another possibility, that ADD1 is the inferred BMI-

responsive locus, is unlikely given the lack of evidence of

linkage to markers on chromosome 4p16.3 near ADD1.

2

Figure 2 Genotype-specific BMI effects for rare homo-
zygotes (heavy line), heterozygotes (medium line), and
common homozygotes (light line) at the BMI-responsive
locus, assuming the most common genotypes at the apoE-
and TG-responsive loci. Individual Exam 1 to Exam 2
changes with BMI in SLC adjusted for gender, apoE
genotype, and TG (gray lines) are presented.

Figure 3 Genotype-specific TG effects for rare homo-
zygotes (heavy line), heterozygotes (medium line), and
common homozygotes (light line) at the TG-responsive
locus, assuming the most common genotypes at apoE- and
BMI-responsive loci. Individual Exam 1 to Exam 2 changes
with TG in SLC adjusted for gender, apoE genotype, and
BMI (gray lines) variables are shown.
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In contrast to ADD1, apoE attained significance; SLC

increased with age in e2 carriers and decreased in

noncarriers. The small estimated difference in the slopes

made significance surprising, but demonstrated the power

inherent in measured, compared to unmeasured, geno-

types. We estimated that e2 carriers have lower SLC before

and higher SLC after age 45. In disagreement, Wierzbicki

et al15 found e2 associated with lower SLC, despite a mean

age of 56. Stiefel et al14 found no difference between e4
carriers and noncarriers, in agreement with our results.

At the BMI-responsive locus, genotype affected SLC little

in lean individuals, but increasingly with obesity. This

model was not confirmed through significant linkage, but

produced three suggestive linkages. One of these, D3S3038

on chromosome 3p21, produced a strong suggestive

lod¼2.91. Two other markers, D11S4464 (lod¼2.45) and

D15S655 (lod¼1.52), fall 2.1 and 2.8 cM, respectively, on

the Marshfield map from D11S137 and D15S539, found to

associate with SLC.18

At the TG-responsive locus, the rare homozygotes had

the lowest SLC at low TG but the highest SLC at high TG,

possibly because the linearity assumption is invalid. The

TG-responsive locus produced only one suggestive linkage,

to D8S1048, 4.6 cM on the LDB2000 map from the b3-
adrenergic receptor, for which SLC associates with

Trp64Arg.5 Although failing the suggestive linkage thresh-

old, D10S1221 (lod¼1.75) and D8S2324 (lod¼1.55) fall

on the Marshfield map o1 and 1.1 cM, respectively, from

markers D10S122 and D8S1475 found to associate with

SLC.18

Standard segregation analysis of SLC on this sample

inferred major locus inheritance in only the pedigrees

ascertained through coronary heart disease, but not stroke

or hypertension,4 motivating the inclusion herein of

multiple loci to model genetic heterogeneity. In a previous

attempt to dissect the heterogeneity, segregation analysis

of principal component (PC) scores supported major locus

inheritance of three scores to which SLC contributed

substantially.43 For PC1, homozygotes for a common allele

showed higher SLC, BMI, and TG. For PC9, heterozygotes

for a rare allele had higher SLC, but lower BMI. For PC11,

homozygotes for a rare allele had higher SLC, but lower TG.

Two-point model-based linkage analysis produced

lod¼2.05 for PC1 with D3S3038 (Table 3), lod¼1.58 for

SLC and lod¼ 1.54 for PC9 each with D1S160 (Table 4), and

lod¼1.36 for PC9 with D1S1612 (Table 4). No other Table 3

or 4 markers produced lod41 and no other lod42 was

obtained from two-point linkage analysis using the

previously inferred models for SLC or the three scores.

Significant linkage evidence occasionally, but rarely,

results when using models inferred from segregation

analysis.44,45 At fault may be the simplicity of standard

segregation analysis models. In contrast, herein, we

allowed for locus heterogeneity and genotype-specific

covariate effects, and obtained higher lods than were

obtained with the simpler model discussed above, and

also higher lods than using variance components linkage

analysis, which produced no lod42 for either Exam 1 or

Exam 2 SLC (results not shown).

In summary, we conclude that at least three genes affect

SLC. For apoE, SLC increased significantly with age in e2
carriers and decreased in noncarriers. In addition to apoE,

we inferred that two unidentified loci, one showing a

genotype-specific response to changes in BMI and the

other showing a genotype-specific response to changes in

TG. Lod scores 42 were obtained for markers D3S3038,

D11S4464, and D10S677 for the BMI-responsive locus, and

for D8S1048 for the TG-responsive locus.

Acknowledgements
This project was funded by NIH Grants HL21088, HL24855,
HL44738, AG18734, and HD17463. Genotyping was performed by
the NHLBI Mammalian Genotyping Service, ARUP Laboratories
(apoE), and Idaho Technology Inc. (ADD1).

Electronic database information
URLs for data presented herein are as follows:
LDB2000 http://cedar.genetics.soton.ac.uk/public.html/LDB20001.html
Marshfield Linkage Maps, http://research.marshfieldclinic.org/genetics/
Mega2, http://watson.hgen.pitt.edu/mega2.html
PAP, http://hasstedt.utah.edu/
SimWalk2, http://www.genetics.ucla.edu/software/simwalk2.html

References
1 Canessa M, Adragna N, Solomon HS, Connolly TM, Tosteson DC:

Increased sodium–lithium countertransport in red cells of
patients with essential hypertension. N Engl J Med 1980; 302:
772–776.

2 Van Norren K, Thien T, Berden JHM, Elving LD, De Pont JJ:
Relevance of erythrocyte Na+/Li+ countertransport measure-

Table 3 Lod scores 41.5 for the BMI-responsive loci

Marker Chromosome Locationa Lod

D3S3038 3 45 2.91
D11S4464 11 123 2.45
D10S677 10 117 2.15
ATA58A02 17 107 1.57
D15S655 15 83 1.52

acM from pter on the sex-averaged Marshfield map.

Table 4 Lod scores 41.5 for the TG-responsive loci

Marker Chromosome Locationa Lod

D8S1048 8 54 2.19
D10S1221 10 76 1.75
D1S160 1 0 1.75
D1S1612 1 16 1.67
D8S2324 8 94 1.55

acM from pter on the sex-averaged Marshfield map.

Model-fitting and linkage analysis of SLC
SJ Hasstedt et al

1059

European Journal of Human Genetics



ment in essential hypertension, hyperlipidaemia and diabetic
nephropathy: a critical review. Eur J Clin Invest 1998; 28:
339–352.

3 Dadone MM, Hasstedt SJ, Hunt SC, Smith JB, Ash KO, Williams
RR: Genetic analysis of sodium–lithium countertransport in
10 hypertension-prone kindreds. Am J Med Genet 1984; 17:
565–577.

4 Hasstedt SJ, Wu LL, Ash KO, Kuida H, Williams RR: Hypertension
and sodium–lithium countertransport in Utah pedigrees:
evidence for major-locus inheritance. Am J Hum Genet 1998; 43:
14–22.

5 Pamies-Andreu E, Garcia-Lozano R, Palmero-Palmero C et al:
Genetic variation in the b3-adrenergic receptor in essential
hypertension. Life Sci 2000; 67: 391–397.

6 Glorioso N, Filigheddu F, Cusi D et al: a-Adducin 460Trp allele is
associated with erythrocyte Na transport rate in north Sardinian
primary hypertensives. Hypertension 2002; 39: 357–362.

7 Grant FD, Romero JR, Jeunemaitre X et al: Low-renin
hypertension, altered sodium homeostasis, and an a-adducin
polymorphism. Hypertension 2002; 39: 191–196.

8 Dudley CR, Giuffra LA, Raine AE, Reeders ST: Assessing the
role of APNH, a gene encoding for a human amiloride-sensitive
Na+/H+ antiporter, on the interindividual variation in red
cell Na+/Li+ countertransport. J Am Soc Nephrol 1991; 2:
937–943.

9 Lifton RP, Hunt SC, Williams RR, Pouyssegur J, Lalouel JM:
Exclusion of the Na+-H+ antiporter as a candidate gene in human
essential hypertension. Hypertension 1991; 17: 8–14.

10 Tournoy KG, Delanghe JR, Duprez DA et al: Genetic poly-
morphisms and erythrocyte sodium–lithium countertransport
in essential hypertension. Clin Chim Acta 1996; 255: 39–55.

11 Hardman TC, Wierzbicki AS, Croft P, Feher M, Cox A, Lant AF:
Angiotensin-converting enzyme (ACE) gene polymorphism
and the erythrocyte sodium–lithium countertransporter
(SLC) phenotype in hypertension. J Hum Hypertens 1997; 11:
251–252.

12 Poch E, Gonzalez-Nunez D, Compte M, De la Sierra A: G-protein
b3-subunit gene variant, blood pressure and erythrocyte sodium/
lithium countertransport in essential hypertension. Br J Biomed
Sci 2002; 59: 101–104.

13 Weder AB, Schork NJ, Julius S: Linkage of MN locus and
erythrocyte lithium–sodium countertransport in Tecumseh,
Michigan. Hypertension 1991; 17: 977–981.

14 Stiefel P, Montilla C, Muniz-Grijalvo O et al: Apolipoprotein E
gene polymorphism is related to metabolic abnormalities, but
does not influence erythrocyte membrane lipid composition or
sodium–lithium countertransport activity in essential hyper-
tension. Metabolism 2001; 40: 157–160.

15 Wierzbicki AS, Hardman TC, Cheung J et al: The apolipoprotein
E2 allele modulates activity and maximal velocity of the
sodium–lithium countertransporter. Am J Hypertens 2002; 15:
633–637.

16 Weder AB, Delgado MC, Zhu X, Gleiberman L, Kan D,
Chakravarti A: Erythrocyte sodium–lithium countertransport
and blood pressure: a genome-wide linkage study. Hypertension
2003; 41: 842–846.

17 Kammerer CM, Cox LA, Mahaney MC, Rogers J, Shade RE:
Sodium–lithium countertransport activity is linked to chromo-
some 5 in baboons. Hypertension 2001; 37: 398–402.

18 Schork NJ, Gardner JP, Zhang L et al: Genomic association/linkage
of sodium lithium countertransport in CEPH pedigrees.
Hypertension 2002; 40: 619–628.

19 Williams RR, Hunt SC: Recruitment of members of high-risk Utah
pedigrees. Control Clin Trials 1987; 8: 105S–114S.

20 Smith JB, Price AL, Williams RR et al: A reproducible
sodium–lithium countertransport assay: the outcome of
changing key laboratory parameters. Clin Chim Acta 1982; 122:
327–335.

21 Weber JL, Broman KW: Genotyping for human whole-genome
scans: past, present, and future. Adv Genet 2001; 42: 77–96.

22 Hunt SC, Hasstedt SJ, Coon H et al: Linkage of creatinine
clearance to chromosome 10 in Utah pedigrees replicates a
locus for end-stage renal disease in humans and renal
failure in the fawn-hooded rat. Kidney Int 2002; 62:
1143–1148.

23 Sobel E, Lange K: Descent graphs in pedigree analysis:
applications to haplotyping, location scores, and marker-
sharing statistics. Am J Hum Genet 1996; 58: 1323–1337.

24 Sobel E, Papp JC, Lange K: Detection and integration of
genotyping errors in statistical genetics. Am J Hum Genet 2002;
70: 496–508.

25 Mukhopadhyay N, Almasy L, Schroeder M, Mulvihill WP,
Weeks DE: Mega2, a data-handling program for facilitating
genetic linkage and association analyses. Am J Hum Genet 1999;
65: A436.

26 Hasstedt SJ PAP: Pedigree Analysis Package, Ver. 5. Department of
Human Genetics, University of Utah, 2002.

27 Hasstedt SJ: A variance components/major locus likelihood
approximation for quantitative, polychotomous, and multi-
variate data. Genet Epidemiol 1993; 10: 145–158.

28 Hasstedt SJ, Hoffman M, Leppert MF, Elbein SC: Recessive
inheritance of obesity in familial non-insulin-dependent
diabetes mellitus, and lack of linkage to nine candidate genes.
Am J Hum Genet 1997; 61: 668–677.

29 Bray MS, Li L, Turner ST, Kardia SL, Boerwinkle E: Association
and linkage analysis of the a-adducin gene and blood pressure.
Am J Hypertens 2000; 13: 699–703.

30 Wang JG, Staessen JA, Barlassina C et al: Association between
hypertension and variation in the a- and b-adducin genes in a
white population. Kidney Int 2002; 62: 2152–2159.

31 Mahley RW, Rall Jr SC: Apolipoprotein E: far more than
a lipid transport protein. Annu Rev Genomics Hum Genet 2000; 1:
507–537.

32 Lander E, Kruglyak L: Genetic dissection of complex traits:
guidelines for interpreting and reporting linkage results. Nat
Genet 1995; 11: 241–247.

33 Hunt SC, Williams RR, Ash KO: Changes in sodium–lithium
countertransport correlate with changes in triglyceride levels and
body mass index over 21/2 years of follow-up in Utah. Cardiovasc
Drugs Ther 1990; 4 (Suppl 2): 357–362.

34 Cirillo M, Laurenzi M, Panarelli W, Trevisan M, Stamler J:
Prospective analysis of traits related to 6-year change in
sodium–lithium countertransport. Gubbio Population Study
Research Group. Hypertension 1999; 33: 887–893.

35 Herlitz H, Bokemark L, Alenhag EL, Wikstrand J, Fagerberg B:
Sodium/lithium countertransport, insulin resistance, insulin
peptides and microalbuminuria in clinically healthy 58-year-old
men. Clin Sci 2001; 100: 443–449.

36 Ferri C, Bellini C, Desideri G et al: Relationship between insulin
resistance and nonmodulating hypertension: linkage of
metabolic abnormalities and cardiovascular risk. Diabetes 1999;
48: 1623–1630.

37 Hardman TC, Lant AF: Controversies surrounding erythro-
cyte sodium–lithium countertransport. J Hypertens 1996; 14:
1153–1154.

38 Rutherford PA, Thomas TH, Laker MF, Wilkinson R: Plasma lipids
affect maximum velocity not sodium affinity of human sodium–
lithium countertransport: distinction from essential
hypertension. Eur J Clin Invest 1992; 22: 719–724.

39 Carr SJ, Thomas TH, Laker MF, Wilkinson R: Lipid lowering
therapy leads to a reduction in sodium–lithium countertransport
activity. Atherosclerosis 1991; 87: 103–108.

40 Messner H, Kleophas W, Hein D, Gries FA, Kobberling J: Sodium
lithium countertransport is acutely influenced by heparin-
induced extracorporal LDL precipitation. Eur J Clin Invest 1991;
21: 215–218.

41 Rutherford PA, Thomas TH, Wilkinson R: Increased erythrocyte
sodium–lithium countertransport activity in essential hyper-
tension is due to an increased affinity for extracellular sodium.
Clin Sci 1990; 79: 365–369.

Model-fitting and linkage analysis of SLC
SJ Hasstedt et al

1060

European Journal of Human Genetics



42 Wolpert HA, Steen SN, Istfan NW, Simonson DC: Disparate
effects of weight loss on insulin sensitivity and erythrocyte
sodium–lithium countertransport activity. Am J Hypertens 1992;
5: 754–757.

43 Hasstedt SJ, Hunt SC, Wu LL, Williams RR: Evidence for multiple
genes determining sodium transport. Genet Epidemiol 1994; 11:
553–568.

44 Marquet S, Abel L, Hillaire D et al: Genetic localization of a locus
controlling the intensity of infection by Schistosoma mansoni on
chromosome 5q31–q33. Nat Genet 1996; 14: 181–184.

45 Xu J, Bleecker ER, Jongepier H et al: Major recessive gene(s) with
considerable residual polygenic effect regulating adult height:
confirmation of genomewide scan results for chromosomes 6, 9,
and 12. Am J Hum Genet 2002; 71: 646–650.

Model-fitting and linkage analysis of SLC
SJ Hasstedt et al

1061

European Journal of Human Genetics


	Model-fitting and linkage analysis of sodium–lithium countertransport
	Introduction
	Subjects and methods
	Results
	Discussion
	Acknowledgements
	Note
	References


