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Abstract

We tested the hypothesis that blood pressiB®) responses to physical and mental stress are associated with
polymorphisms in thg8-2 adrenergic receptdAR) gene. We studied normotensive, young, monozygddZ ) and
dizygotic(DZ) twins. The subjects underwent automated BP measurements at the brachial and digital arteries and were
subjected to mental arithmetic and cold pressor stress. We used allele-specific PCR to genotype four single nucleotide
polymorphisms in th@-2 AR gene. The most functionally relevant polymorphism ingh2 AR gene, Arg18Gly, was
associated with systolic and diastolic BP under resting conditions, during mental arithmetic, and during the cold pressor
test, as well as with the increase in diastolic BP during both forms of stress. These findings support a rolg{r the

AR gene in BP regulation. They also indicate that @& AR gene influences the level of not only resting but also
stress-related BP.

Descriptors: 8-2 adrenergic receptor, Molecular genetics, Twins, Blood pressure regulation, Stress, Reactivity

Weitz was the first to recognize the heritable nature of blood The B-2 adrenergic receptdiB-2 AR) has been implicated in
pressuréWeitz, 1923 and was also the first to study hypertension the pathogenesis of hypertension, both on the basis of studies
in twins (Weitz, 1925. Genetic variability of blood pressure is suggesting altered-2 mediated vasodilatatioiSkrabal, Kotanko,
invariably found in twin studiesWard, 1990. Differences in the & Luft, 1989) and on the basis of molecular genetic association
heritability estimates may be attributed to population differencesstudies(Svetkey et al., 1996; Svetkey, Chen, McKeown, Preis,
differences in protocols, numbers of subjects, and study design. IWilson 1997. Recently, Kotanko et al1997) found an associa-
addition to the basal level of blood pressure, blood pressure retion between the Arglg5ly polymorphism in the3-2 AR gene
sponses to exogenous physical stress are also influenced by genedied hypertension in an African-Caribbean population. They showed
variability (Boomsma, Snieder, de Geus, & van Doornen, 1999;that the Gly16 allele was more common in hypertensive subjects
Ditto, 1993; Rose, 1992 The heritability estimates of these re- than in normotensive African-Caribbean controls. Because the
sponses are variable as well, perhaps because the populatio@dy16 allele indicates an increased propensity for downregulation
differ or the tests employed are insufficiently standardized. Be-of the receptofTurki, Pak, Green, Martin, & Liggett, 1995the
cause stress and autonomic hyperactivity have been associatadthors raised the possibility that an impaired vasodilatation in
with the development of hypertension later in lifilius & John-  peripheral arteries in response@eé2 AR agonists may play a role
son, 1985; Manuck, 1994and because both the blood pressurein the hypertension of individuals carrying the Gly16 allele. We
level and the stress-related reactivity of blood pressure seem to mibsequently examined the first-born normotensive adult children
important(Lambrechtsen, Rasmussen, Hansen, & Jacobsen, 1998f couples documented to be normotensive or hypertensive in the
Light, Sherwood, & Turner, 1992we studied basal blood pressure Bergen Blood Pressure Studiffimmermann et al., 1998 Off-
and heart rate under resting conditions as well as under mental argpring of two hypertensive parents had higher blood pressures.
physical stress in 166 pairs of monozygotdZ) and dizygotic ~ Furthermore, in contradistinction to the findings of Kotanko et al.,
(DZ) twins. We employed both a mental arithmetic task and thea preponderance of the Arg16 allele, compared to offspring of two
cold pressor test, because these tests are comparable betwewrmotensive parents, was observed. To further examine the ge-
studies(Sherwood & Turner, 1992 netic variability at theB-2 AR locus and its relevance for the
cardiovascular system in northern Europeans, we performed an
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of accuracy. Indeed, we were only able to find associations fomental arithmetic task is primarily g-adrenergic task, whereas
systolic, but not for diastolic blood pressures in that study. the cold pressor test is a-adrenergic task. Thus they are not

In the present study, we measured blood pressure with autadirectly comparable as they invoke different physiological path-
mated devices relying on different physical principles. We incor-ways. For the resting blood pressure, we chose to use the averaged
porated physical and mental stress tests. Our rationale was thhtood pressure values obtained continuously for 2 min, 3 min after
systolic and diastolic blood pressure, blood pressure in response the cold pressor test to avoid any possible pretest anxiety. These
stressors, and the increase in blood pressure in response to stregatues were lower than pretest valgdata not showp suggesting
ors might very well involve different genes. We were able tothat indeed the posttest values were obtained with less anxiety.
confirm a role for the3-2 AR gene in blood pressure regulation. Ditto (1993 also relied on the posttest values in his twin study.
Our techniques for zygosity testing and genotyping of microsatel-
lites have been previously describéBecker et al., 1997 We
genotyped the functionally relevant polymorphisms of #hi2 AR
We recruited 166 pairs of twindiZ 100 and DZ 66 by adver- by means of allele-specific PCR as described elsew{igusjahn
tisement to participate in studies involving blood pressure regulaet al., 2000.
tion and cardiovascular phenotyp&usjahn, Faulhaber, Viken, Statistical analysis was conducted using the SPSS program.
Rose, & Luft, 1996; Busjahn et al., 1997The subjects were all The p values were adjusted for multiple testing by Bonferroni’'s
German Caucasians, recruited from various parts of Germany. Thaethod. Blood pressure values were adjusted for sex and age by
protocol was approved by Humboldt University’s committee onmultiple linear regression. Heritability was estimated based on
the protection of human subjects and written informed consent wasariance covariance matrices by structural equation moddlikeale
obtained from all participants. Blood was obtained for the deter-& Cardon, 1992 using the MX progran{Neale, 1997. Associa-
mination of zygosity and other molecular genetic studies from alltion analysis was based on quantitative measures. As association
the twins and the parents of the DZ twins. Each participant un-analysis based on ANOVA ditest might be prone to false positive
derwent a medical history and physical examination. Subjectsesults due to population stratification, an analysis based on sib-
taking antihypertensive medication or being affected by any othepair data was carried odFulker, Cherny, Sham, & Hewitt, 1999;
chronic medical illness were excluded. Neale, 1997; Neale et al. 19990 test for association, structural

Blood pressure and heart rate were measured in the nondoméquation modeling was used to obtain maximum likelihood esti-
nant arm by an automated oscillometric metibéthamap; Tampa, mates for the allelic effect, based on within-family and between-
FL) every minute as well as continuously at a finger of the family differences. Significance was tested by computing nested
dominant arm by the Finaprg®©hmeda, Louisville, COblood models with and without allelic effects and comparing the log-
pressure monitor. The latter device relies on the Penaz principle, itikelihood between model$ values were obtained on the basis of
which the blood pressure is determined in the middle finger.the x? distribution. To test for stratification effects, both estimates
Although the absolute values of this method may be influenced byf allelic effect were constrained to be equal. In the absence of
various factors, intra-individual comparisons within one sessiorstratification, both estimates were then set to zero. In the presence
are highly reliable(Bos, Imholz, van Goudoever, Weseling, van of stratification effects, setting only the within-family estimate to
Montfrans, 1992 All blood pressure level data were based on thezero provides an unbiased test for true allelic association.
averaged Dinamap measurements, and blood pressure reactivity
was calculated based on continuous Finapres blood pressure V%esults
ues. This approach allowed us to observe blood pressure differ-
ences on a beat-to-beat basis with the Finapres values. We coullemographic data, blood pressure values, and heritability esti-
then check the absolute accuracy of these measurements by meanates of blood pressure in 200 MZ and 132 DZ twins are given in
of the Dinamap values. Furthermore, the Dinamap measuremeniable 1. There were no significant differences between MZ and DZ
provided highly accurate inter-individual differences, whereas thewins for any of the variables examined. Height, weight, and body
Finapres values provided unbiased intra-individual differencesmass indeXBMI) were strongly influenced by genetic variance.
The dependent variables that were studied were blood pressufrthermore, resting systolic and diastolic blood pressure, heart
level at rest, during mental arithmetic and cold pressor, and bloodate, blood pressure under stress, heart rate and blood pressure
pressure increases during mental arithmetic and cold pressor. increase under stress were all heritable, albeit to variable degrees

The three-minute mental arithmetic task consisted of multipli-with the exception of systolic blood pressure increase with mental
cations. Tasks were presented on a computer screen; the level afithmetic.
tasks was adapted to reaction times, to reduce any possible differ- We next performed allele-specific PCR for four polymorphisms
ences related to education levels as well as to ensure a similaesponsible for amino acid exchanges. The gene frequencies in our
demand level independent of abilities. For exogenous physicasubjects are given in Table 2. Table 3 shows the results for the
stress we relied on the cold pressor test in our studies. This testssociation analysis for the ArgA@ly polymorphism. We elected
exhibits considerable standardization and reliabi(ityathias &  to show this polymorphism because it gave the strongest associa-
Bannister, 199B8and does not require the subject’s cooperation agions. The other three polymorphisms were in linkage disequilib-
does the handgrip test. The sympathetic activation of the coldium with Argl6/Gly to variable degrees. Argl&ly showed
pressor test in terms of increases in plasma norepinephrine valuasrong association to systolic and diastolic blood pressure levels, as
is establishedLeBlanc, Cote, & Jobin, 19799 The cold pressor well as with diastolic blood pressure increases to both stressors.
test has been used in earlier twin studi®cllhany, Shaffer, &  GIn27/Glu was only related to diastolic blood pressure level and
Hines, 1975%. For the cold pressor test, the subjects rested semito diastolic blood pressure increases during cold pressor and dur-
recumbent in a dental chair. The studies were conducted in a quieihg mental arithmetic. Thrlg4le and the promotor polymor-
sound-proof room at 20C. The subjects immersed the left hand phism —47C/T were not associated with any measu(@sta not
into cold (<4 °C) water for 2 min after a 5-min rest period. The shown.

Methods
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Table 1. Demographic Data (Mear: SD) and Heritability Estimates

Phenotype MZ twins DZ twins a? (ryz/roz)
N 200 132
Age, y 29+ 12 31+ 12
Sex M/F 52/148 8547
Height, cm 169+ 8 170+ 8 0.96(0.96/0.45
Weight, kg 65+ 11 67+ 12 0.88(0.88/0.42
BMI, kg/m? 224+ 35 22.8+ 3.4 0.68(0.83/0.49
Systolic BP rest, mmHg 114517.3 112.1+13.7 0.24(0.550.43
Diastolic BP rest, mmHg 631111 61.8+ 8.5 0.40(0.65/0.45
Heart rate rest, bpm 71911.0 71.7£ 9.5 0.54(0.53/0.35
Systolic BP mental arithmetic, mmHg 1341820.1  132.9-19.5  0.34(0.59/0.42
Diastolic BP mental arithmetic, mmHg 75#411.9 74.5+ 9.6 0.48(0.65/0.41)
Heart rate mental arithmetic, bpm 88:816.6 88.8+ 15.4 0.42(0.52/0.3))
Systolic BP cold pressor, mmHg 128t919.2  123.6+ 16.9  0.30(0.550.40
Diastolic BP cold pressor, mmHg 744711.8 70.9+10.2 0.59(0.59/0.31)
Heart rate cold pressor, bpm 7THEN1.9 76.8£ 10.5  0.40(0.60/0.40
Systolic BP increase mental arithmetic, mmHg 15.26.1 13.7+ 14.6 0.00(0.17/0.23
Diastolic BP increase mental arithmetic, mmHg 12.3.4 12.6£ 7.7 0.12(0.250.19
Heart rate increase mental arithmetic, bpm w012 17.2-10.1  0.52(0.52/0.26
Systolic BP increase cold pressor, mmHg 1+.31.9 8.8+ 9.6 0.08(0.290.25
Diastolic BP increase cold pressor, mmHg 11.7.2 9.4+ 6.1 0.30(0.45/0.30
Heart rate increase cold pressor, bpm 522 5.1+ 4.1 0.40(0.46/0.26
Discussion ations in theB-2 AR gene under both resting and stress conditions

o ) . was somewhat surprising. The associations were present for both
The findings of the present study confirm and extend our earlielyygyjic and diastolic blood pressure irrespective of whether the
report in which we showed linkage of t&2 AR gene 1ocus 10 gres5 was mental or physical in nature. Also unexpected was the
systolic blood pressure in these same twin subjects and assoCigyging that the increase in diastolic, but not systolic, blood pres-
tions between the various polymorphisms and systolic blood presg e in response to both stress forms also was associated with this
sure (Busjahn et al., 2000 In that study, we relied on blood game polymorphism. Systolic blood pressure may be more a func-
pressure measurements obtained with a mercury manometer. TR, of aortic elasticity and pulse wave velocity, whereas diastolic
values tested here were obtained by the Dinamap oscillometrigy,,g pressure may be more related to peripheral vascular resis-
method and with the Finapres device. These more sensitive dete{énce(Safar, London, Asmar, & Frohlich, 1988Such influences

minations extend the significance of the observations to diastoliq.nay explain why only diastolic blood pressure increases were
blood pressure, which is more accurately recorded with the autozqqqciated with the Ant3ly polymorphism.

mated methods applied in this study. Furthermore, we were NoW \ya examined four biallelic polymorphisms in t8e2 AR gene,
able to extend the observations to blood pressure responses und@fi-h result in amino acid substitutiorisiggett, 1995. A fifth
mental and physical stress conditions. Val34/Met, was not encountered in our subjects. We reported only
In an earlier twin studyBusjahn et al., 1996we had observed ¢ resyits for the Arg185ly polymorphism because it gave the
that resting levels and stress-related blood pressure increases mighlst consistent results. The polymorphisms are in linkage disequi-

be regulated by entirely different genes. Furthermore, the Samg,jm The strongest linkage was found between polymorphisms
may very well be true of systolic and diastolic blood pressure.;, ¢jose spatial relationship to one another, namel7C/T,

Thus, the finding of consistent Arg1&ly polymorphism associ- Argl6/Gly, and GIn27Glu. Thri64lle was independent of

—47C/T, GIn27/Glu, and Arg1@Gly. We believe that our asso-

ciation approach strongly supports an important role forgke

AR gene in blood pressure regulation. We base this statement on
Table 2. Position, Consequence, and Genotype Frequencies  the association between the genotypes and blood pressure levels at
for Polymorphisms rest and during stress. However, the nature of that role is not
entirely clear. Furthermore, only the diastolic blood pressure in-
creases in response to the stress stimuli were associated with the

Polymorphism

;zsclltgoorlide base (;?ecfefrf%?qu'%s Chﬁ?&;%g:ilt?on genotypes, which makes any role g2 AR in the degree of
increase less clear.

—47 Co>T (regulatory regioh In our study, the Gly allele was consistently associated with the
(38%/62%) lower blood pressure values, irrespective of the conditions. In the

+46 ( 4%;53% % Arg — Gly/16 report by Kotanko et al1997), the Arg allele was associated with

+79 C5G ’ Gln = Glu/27 the lower blood pressures. Kotanko et @997) interpreted their
(619%/49%) results by suggesting that because the Gly allele has been shown to

+491 G—>A Thr — lle/164 feature a receptor that downregulates more effectively when ex-
(99%/1%) posed to agonigfTurki et al., 1995, the Arg allele would be more

likely to permit vasodilatation in response 62 AR stimulation.
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Table 3. Blood Pressure (BP) and Heart Rate Association Analyses for the A@J¥6
Polymorphisms in th@-2 AR Gene

Phenotype ArgArg Arg/Gly Gly/Gly p
n (subject$ 86 120 101

Systolic BP rest, mmHg 116915.5 112.6+ 16.7 110.6£14.3 <.05
Diastolic BP rest, mmHg 64.2 9.6 62.0+10.3 60.9+ 9.3 <.05
Heart Rate rest, bpm 72412.2 73.1£9.0 709+ 111 n.s.
Systolic BP mental arithmetic, mmHg 137#918.7 133.3+ 20.9 131.6-19.1 <.05
Diastolic BP mental arithmetic, mmHg 76:211. 74.8+ 10.7 74.2+ 10 <.05
Heart rate mental arithmetic, bpm 88:214.8 91.5+ 15.5 86.7+ 16.0 n.s.
Systolic BP cold pressor, mmHg 130t120.2 126.0+ 17.9 125.3+ 176 <.05
Diastolic BP cold pressor, mmHg 764813.2 72.6+10.4 714103 <.05
Heart rate cold pressor, bpm 7TH012.6 78.1+9.9 76.0£11.9 n.s.
Systolic BP increase mental arithmetic, mmHg 15.77.9 14.2+15.2 14.5+14.2 n.s.
Diastolic BP increase mental arithmetic, mmHg 16.00.1 8.0+ 8.6 75+75 <.05
Heart Rate increase mental arithmetic, bpm 1¥610.2 18.5+11.6 15.8£9.3 n.s.
Systolic BP increase cold pressor, mmHg 14+.73.7 10.7£9.5 10.8+9.4 n.s.
Diastolic BP increase cold pressor, mmHg 874.6 7.0£5.0 7.0£6.0 <.05
Heart rate increase cold pressor, bpm 485 5.0£55 5.1+ 4.6 n.s.

In support of their interpretation, Kirby, Woodworth, Woodworth, 8-1 AR andpB-2 AR densities in these subjects, illustrating how
and Johnson(1991) have demonstrated the importance @2 subtle changes in noradrenergic function in the central nervous
AR-mediated vasodilatation in spontaneously hypertensive ratsystem may influence mental well-being. Furthermore, Tangri,
Gratzke et al(1999 reported similar findings in normal human Gupta, Vrat, and Husaii1993 have demonstrated that neuro-
subjects, namely, persons with the Arg allele showed more dilatatransmitters administered directly into the lateral cerebral ventri-
tion in response to isoproterenol than persons harboring the Glgle of humans influence central and 8 adrenergic receptors,
allele. We found the opposite in the present and in our earliethereby influencing blood pressure and temperature regulation.
studies(Timmermann et al., 1998; Busjahn et al., 2D00e also  Our subjects were all normal and thus likely represent the nor-
have a rationale to explain our results. A more downregulgt@d  mal spectrum of receptor variation. We have not yet tested the
AR would be consistent with the pharmacological effects engenhypothesis that genetic variations in adrenergic receptors might
dered by beta blockade. The value of beta blockers in the treatmeittfluence mood or behavior patterns; however, that hypothesis
of hypertension is not disputed. Further support is perhaps relatelénds itself to testing with our current techniques. Adrenergic
to the fact that the3-2 AR genotypes seemed to influence the neurotransmission is strongly influenced by presynaptic adrener-
blood pressure levels during and after stress. The degree of irgic receptors, including thg-2 AR (Westfall, 1977. Genetic
crease with stress was weak and only apparent for diastolic presnodifications in theB-2 AR would be expected to alter those
sure. Interestingly, beta blockers have little effect on blood pressureesponses.
responses to various acute stressors, although they obviously affect We have no immediate explanation for why the associations did
blood pressure level&ndren & Hansson, 1981Finally, Kotanko  not robustly extend to blood pressure increases under physical and
et al.(1997) studied hypertensive persons of African origin, whereasmental stress. Certainly, our study has limitations. Although our
we investigated normotensive Caucasians. Ethnic differences couktiressors were relatively standard, perhaps they were not suffi-
perhaps explain the discrepancies. Such differences have beerently profound to produce a reliable phenotype. Furthermore, the
described for beta-receptor activigensitivity (Girdler, Hinder-  stressors were necessarily short term. We believe that our mea-
liter, & Light, 1993; Lang et al., 1995 surement techniques, albeit noninvasive, were reliable. We relied
Brain and peripheral adrenergic and noradrenergic receptorsnly on a single gene to seek associations. Clearly, a dozen or more
undoubtedly participated in the blood pressure responses to megenes are involved in the efferent arm of the autonomic systems we
tal and physical stress in our subjects. Klimek et @999 addressed. To study this issue and to illuminate these responses
studied brain noradrenergic receptors in normal subjects and ifurther, a genetic analysis of other receptors, neurotransmitters,
patients with major mental illnesses. They found differences inand metabolizing enzymes will be necessary.
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