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Mutations in the 3' - untranslated region (3 '-UTR) of the ATP 1 a2 gene, which 

encodes the a2 subunit ofNa+-K+-ATPases are reportedly associated with hypertension. 

This study was initiated: 1) to identify and to determine the frequency of the single 

nucleotide polymorphism (SNP) responsible for a 3 '-UTR restriction fragment length 

polymorphism (RFLP) of the ATP la2 gene in African Americans (AAs) and Caucasian 

Americans (CAs), 2) to test for association of these SNPs with baseline blood pressure, 3) 

to determine whether pressor responses of cardiovascular variables are affected by these 

SNPs, and 4) to test whether endothelial dysfunction is associated with these SNPs. 

RFLP analysis using the Bglii restriction enzyme was performed on DNA 

obtained from 63 normotensive subjects and results were confirmed by sequencing. 

Responses of blood pressure, heart rate, muscle sympathetic nerve activity (MSNA) and 

systemic vascular resistance (SVR) to pressor stimuli of two different origins (cold 

pressor and hypoxic apnea) were tested in 37 individuals. Endothelial function was tested 

using ultrasound imaging of the brachial artery. 

Six SNPs were detected in the sequenced region at mRNA positions G3756C, 

A3788G, T3849C, G3853A, C3913T and C3915T, of which T3849C, G3853A and 

C3913T are novel SNPs. Mutant allele frequencies for these SNPs were higher in AAs 

than in CAs. SNPs at mRNA positions G3756C, G3853A, C3913T and C3915T were 

associated with baseline blood pressure. The ancestral haplotype G37s6GJssJC3913C39Is 



constructed from these 4 SNPs associated with lower blood pressure in AAs and with 

higher blood pressure in CAs. Haplotypes GGTT and CATT were associated with higher 

mean and diastolic blood pressures, respectively in AAs. Responses of blood pressure, 

MSNA and SVR to the pressor stimuli were not different across haplotype (p 2: 0.61). 

Similarly, no endothelial dysfunction was associated with the SNPs (p 2: 0.56). Haplotype 

groups associated with higher baseline blood pressure tended to have higher systemic 

vascular resistance (SVR), suggesting increased vascular tonicity as a primary 

mechanism for the higher blood pressure. 

These data suggest that although SNPs in the 3 '-UTR of the ATP la2 gene and 

haplotypes constructed from the SNPs affect baseline blood pressure in an ethnic-specific 

manner at a young age, neither the responses to pressor stimuli nor endothelial function 

are affected. Thus, these SNPs and haplotypes are associated with an increased arterial 

pressure that is likely mediated by an increased vascular tone. 
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CHAPTER! 

INTRODUCTION 

Hypertension has long been an important public health problem worldwide. 

According to the Centers for Disease Control (CDC), one in every three adult Americans 

has high blood pressure. In 2002, hypertension was listed as a primary or contributing 

cause of death for 277,000 Americans. In 2003, there were more than 35 million 

physician office visits for hypertension. About 90% of middle-aged adults will develop 

high blood pressure in their lifetime. The direct and indirect costs of hypertension were 

around $63 .5 billion in the year 2006. From a public health perspective, hypertension 

represents a major modifiable risk factor for heart disease, stroke, congestive heart 

failure, and kidney disease. 

Hypertension is caused by the multifactorial interplay among genetics, lifestyle 

and the environment~ The influence of genetic factors on hypertension is supported by the 

observation that hypertension runs in families. Offspring and siblings of hypertensive 

individuals are more likely to be hypertensive themselves as compared to the relatives of 

non-hypertensive individuals (6, 7, 18, 51, 55). Another observation supportingthe role 

of heredity in the causation of hypertension is the differential distribution of hypertension 

among ethnic groups. Hypertension is more prevalent in adult African Americans than in 
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Caucasian Americans (Age-adjusted preval~nce in persons 20 years and older: around 

41% in African Americans and around 27% in Caucasian Americans). 

Early research efforts conclude that hypertension is a polygenic disease. A 

number of genes act in concert with environmental factors to give rise to this enigmatic 

disease. Multiple candidate genes have been associated with hypertension. Examples 

include genes coding for the adrenergic receptors, the nitiric oxide synthases and the 

components of the renin-aldosterone-angiotensin axis (50). Hypertension has been 

recently associated with the ATP 1 a2 gene that codes for the alpha 2 subunit of the N a+­

K+-ATPase (17, 57). 

The Na+-K+-ATPases are plasma membrane enzymes found in all cells in the 

body. These enzymes which consume 20-30% of cellular ATP are responsible for 

maintaining cellular ionic gradients and thus they regulate cell volume, membrane 

potentials, and secondary active transport of solutes (78). Na + -K+ -ATPases are 

heterodimers composed of a catalytic alpha subunit and a smaller beta subunit. There are 

4 known isoforms of the a subunit (at- <4) and 3 known isoforms of the P subunit CPt· 

PJ). This means thai there are 12 Na+-K+-ATPase isozymes to be expressed in a tissue 

specific manner. Na+-K+-ATPases with the alpha 2 subunit are prevalent in skeletal 

muscle, vascular smooth muscle, and glia of the central and peripheral nervous systems. 

A number of restriction fragment length polymorphisms (RFLPs) and single 

nucleotide polymorphisms (SNPs) occur in both the coding and non-coding regions of the 

ATP la2 gene. Non-synonymous SNPs in the coding region of the gene are associated 

with some forms of migraine (29, 83, 85). In the context of hypertension, the 3' 
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untranslated region seems to be particularly important. RFLPs in this region are more 

common in hypertensives as compared with normotensives (17, 57). These RFLPs are 

also more common among African Americans as compared with Caucasians (17, 57). 

African Americans are particularly susceptible to developing hypertension which leads to 

the suggestion that there might be a causal relationship between the SNPs in this gene 

and the susceptibility to hypertension. 

Considering the known and unknown aspects of the genetic susceptibility to 

hypertension described above, the genetic and physiological studies in this project were 

designed to address the following specific aims: 

Specific Aim 1: To compare the prevalence of the ATPla2 gene's 3'-UTR SNPs in 

African Americans and Caucasians. The specific hypothesis tested was: 

Hypothesis 1: The allele frequencies for the SNPs are differentially distributed m 

African Americans and Caucasians. 

Specific Aim 2: To compare the responses of physiological variables (sympathetic nerve 

activity, heart rate and blood pressure) to graded pressor stimuli of two different types 

(cold pressor and hypoxic apnea) in persons with different genetic backgrounds conferred 

by the ATP 1 a2 SNPs. In relation to specific . aim 2, the following two hypotheses were 

tested. Hypothesis 2a: Persons carrying the mutations at the SNPs will have an altered 

sympathoexcitatory and pressor response to the cold pressor stimulus as compared to 

persons lacking the mutations. The differential of altered response will depend on the 
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number of mutated alleles in an individual, that is, mutant homozygotes will have the 

greatest response; heterozygotes will have an intermediate response and wild-type 

homozygotes will have the least response. Hypothesis 2b: Persons carrying the 

mutations at the SNPs will have an altered sympathoexcitatory and pressor response to 

the hypoxic apnea stimulus as compared to persons lacking the mutations. The 

differential of altered response will depend on the number of mutated alleles in an 

individual, that is, mutant homozygotes will have the greatest response; heterozygotes 

will have an intermediate response and wild-type homozygotes will have the least 

response. 

Specific Aim 3: To determine whether the exaggerated pressor response in persons 

carrying the ATP 1 a2 mutations is related to endothelial dysfunction. The following null 

hypothesis was tested: Hypothesis 3: Endothelial dysfunction is not responsible for the 

exaggerated response seen in persons carrying the polymorphism. 
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CHAPTER2 

REVIEW OF LITERATURE 

Hypertension as a major public health problem 

Hypertension has long been recognized as a major public health problem in the 

US. According to the National Heart Lung and Blood Institute, over 65 million people in 

the US are afflicted with this "silent" disease. Hypertension can lead to major 

complications including stroke, coronary artery disease, end-stage renal disease, heart 

failure, and many other secondary co-morbidities. Aggressive screening and treatment 

approaches have led to early recognition and containment of the disease; however, given 

the major public health impact of the disease, better approaches to identify subjects who 

are prone to develop hypertension are needed. Although hypertension can result from 

known clinical conditions (renal disease, endocrine disorders, and vascular disorders), the 

vast majority of patients have essential hypertension, in which the cause is unknown. A 

genetic predisposition may be responsible for most of the cases of essential hypertension. 

In support of this theory, hypertension runs in families and offspring of hypertensives and 

have a greater probability of becoming hypertensive themselves as compared to offspring 

of non-hypertensives (6, 7, 18, 51, 55). The Centers for Disease Control reports a strong 

racial difference in the incidence of hypertension, as hypertension is much more common 

in African Americans (age-adjusted prevalence 40.5%) as compared to whites (age-
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adjusted prevalence 27.4%). These observations have catalyzed an intensive search for 

genetic substrates that are associated with hypertension. Numerous studies have 

identified a number of genes and their variations that are found to be associated with a 

greater incidence of hypertension. As reviewed by Naber and Siffert (50) some of the 

important genes implicated in hypertension include those encoding the renin-angiotensin 

system, adrenergic receptors, and nitric oxide synthases among others. Additional 

candidate genes include genes encoding for specific subunits of the Na+-K+-ATPase 

pump. The pump is ubiquitous and may be involved in hypertension (10, 17, 31, 39, 80). 

One of the genes encoding for a subunit of the Na+-K+-ATPase is the focus of this 

research. 

The Na + -IC -ATPase and hypertension 

The Na+-K+-ATPase is an integral membrane protein that catalyzes the active 

transport ofNa + and K+ across the cell membrane. The enzyme is composed of a catalytic 

a subunit and an associated ~ subunit that is also necessary for proper enzyme function. 

There are four distinct isoforms for the a subunit that have variable tissue distributions 

(78). The a1 subunit is ubiquitous and mutations in the gene for this subunit have been 

implicated in renal salt-sensitive hypertension in Dahl S rats (25). The a2 isoform is 

found in vascular smooth muscle, cardiac muscle sarcolemma, skeletal muscle 

sarcolemma and adipocytes, as well as in astrocytes, oligodendrocytes, and Schwann 

cells ofthe central and peripheral nervous systems (17, 35, 54, 75, 78, 79). Studies ofthe 

normotensive offspring of hypertensive parents indicate a possible role for Na + -K+-
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ATPase in the susceptibility to develop hypertension later in life. A recent study has 

reported decreased pump activity in hypertensives (59). The authors suggest that the 

pump may play a role in the development of essential hypertension by affecting fatty acid 

metabolism. Inhibition of this pump has been shown to increase vascular smooth muscle 

contractility via an increase in Ca++ entry (19). In this regard, it should be noted that the 

Na+-K+-ATPase is linked to the Na+-ca++ exchanger. A decrease in the activity of the 

former will result in increased intracellular Ca ++ concentration via the exchanger. 

Calcium activates the contractile machinery in smooth muscle cells and an increased 

intracellular Ca ++ concentration will lead to greater vascular tonicity and increased 

peripheral vascular resistance, leading to higher blood pressure. Hypertension induced by 

high salt intake also seems to involve the inhibition of the Na+-K+-ATPase via 

endogenous cardiac glycosides (28). 

The ATP1a2 gene and hypertension 

The ATPJa2 gene encodes the n2 isoform of Na+-K+-ATPase. This gene is 

present on the long arm of human chromosome 1. Restriction fragment length 

polymorphisms (RFLPs) in the Na+-K+-ATPase genes have been described (31 , 39, 46, 

64, 65), and these RFLPs are of interest as potential markers of susceptibility to 

hypertension (10, 23, 49, 74). ABglii restriction fragment polymorphism downstream of 

the gene (in the 3' untranslated region) is co-dominantly inherited with an allele 

frequency of 0.2 (17). In a middle-aged African American population, the allele 

frequency for the downstream mutation was higher and may be associated with 
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hypertension (adjusted odds ratio 7.69 in . homozygotes as compared to persons not 

carrying the RFLP) (17). Restriction enzyme studies have shown that the mutant RFLP is 

10.5 kilobase (kb) and the normal RFLP is 4.3 kb (17). Several other studies have found 

support for the link of the Na+-K+-ATPase with hypertension (21, 33, 66). Knockout of 

the ATP 1 a2 gene in rats is lethal in homo zygotes (26, 63 ). Partial knockout of the gene 

(i.e. heterozygote rats) leads to increases in force of contraction of heart muscle(41), 

plasma glucose levels (36), resting plasma Ca ++ and Ca ++-transients (22, 63). Thus, 

collectively these studies in rodents provide evidence of changes in cellular function that 

may contribute to a risk for developing hypertension. 

The 3 '-UTR RFLP may be more prevalent in African Americans, a population 

that is particularly prone to develop hypertension, than in Caucasians (17). Also, 

individuals who carry the 3 '-UTR RFLP are more prone to develop hypertension than 

those who do not (17). Thus this downstream RFLP in the ATP 1a2 gene seems to be a 

potential genetic locus for hypertension. This research project was directed at better 

defining the prevalence of SNPs in the 3 '-UTR of the ATP 1 a2 gene in a larger sample of 

African Americans (particularly those with a family history of hypertension) and in 

investigating whether their presence confers an increased risk for developing 

hypertension upon carriers. In addition, this project will be the first to relate these SNPs 

to a difference in physiologic function that may also be predictive of risk for 

hypertension. 
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Pressor responses of hypertensives 

A number of studies have previously compared responses of physiologic 

parameters to pressor stimuli in hypertensives and normotensives (47, 58). The stimuli 

used to obtain pressor responses include cold pressor stimulus (47, 58), lower body 

negative pressure ( 47, 58), hypoxia (72, 88), among other stimuli. Hypertensives 

consistently have elevated baseline heart rate, blood pressure, and muscle sympathetic 

nerve activity as compared to normotensives. In addition, when subjected to pressor 

stimuli, hypertensives show an exaggerated rise in blood pressure and muscle 

sympathetic nerve activity as compared to normotensives, thus suggesting that the 

pathophysiology involves altered vascular control. In addition, this altered control 

involves altered neural reflex mechanisms and may also involve end-organ changes. 

Young normotensive hyper-responders to the stressor stimuli are reportedly at an 

elevated risk of developing hypertension in the future (8, 45, 48, 77, 81 ). 

Racial differences in pressor reponses 

Race is a compound construct with strong genetic undertones and is known to be 

an important modifier of blood pressure homeostasis (3, 42). Normotensive African 

Americans and Caucasians have comparable baseline heart rate, blood pressure, and 

muscle sympathetic nerve activity (4, 5, 11, 32, 76). However, in response to pressor 

stimuli, African Americans show an exaggerated pressor response compared to 

Caucasians (4, 5, 11, 32, 76). Genetic differences might be responsible for this 

differential effect between the two races. 
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Endothelial dysfunction and hypertension 

The endothelium is an important regulator of vessel diameter and blood flow. The 

endothelium synthesizes both potent vasodilators and vasoconstrictors (43 , 44, 87). An 

important vasodilator secreted by the endothelium is nitric oxide which can be released 

from the endothelium in response to many different stimuli including high flow states and 

shear stress (86). Nitric oxide acts on the vascular smooth muscle cells and causes G­

protein mediated vasodilation (86). Endothelial function can be tested by occluding the 

forearm conduit artery (brachial artery) by inflating a cuff around the forearm to 

pressures above the systolic blood pressure and then releasing the cuff to produce a rapid 

increase in blood flow through the vessel which in turn results in shear stress-mediated 

nitric oxide release and subsequent vasodilation (86). If the endothelium is damaged, this 

flow-mediated vasodilation is attenuated (86). Change in flow-mediated dilation can be 

tested using ultrasound-derived measurements of the vessel lumen diameter pre- and 

post-occlusion. Flow-mediated dilation is expressed as a percentage of increase in vessel 

diameter over baseline values. Hypertensives have been shown to have endothelial 

dysfunction as evidenced by a reduced nitric oxide synthesis in response to post 

occlusion reperfusion (40, 52, 56). 

Cold water as a pressor stimulus 

Cold water serves as a potent pressor stimulus. The cold pressor test is usually 

administered by placing one hand in a cold water bath. Cold water is a painful stimulus 

conducted by the peripheral sensory nerves, and leads to an increase in heart rate, blood 
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pressure and muscle sympathetic nerve activity (12, 62, 84). The response of these 

physiologic variables to the cold pressor stimulus is temperature dependent - the colder 

the water, the greater the pressor response. Studies by Victor eta/. (84) investigated the 

effects of the cold pressor test on sympathetic outflow and tested the strength of the 

correlation between sympathetic nerve discharge and the changes in arterial pressure, 

heart rate, and plasma norepinephrine. Arterial pressure rose steadily during the first and 

second minutes of the cold pressor stimulus. Sympathetic activity did not increase in the 

first 30 seconds of the test but increased significantly by the end of the first minute and 

during the second minute of the test. The increases in sympathetic activity during this test 

were correlated with the increases in both mean arterial pressure and peripheral venous 

norepinephrine. This stimulus is therefore a useful tool for assessing sympathoexcitatory 

and associated pressor responsiveness. Lafleche et al. (34) have found an exaggerated 

blood pressure response to cold pressor stimulus in borderline hypertensives as compared 

to normal controls. The cold pressor stimulus can be therefore be used to investigate the 

link between the presence of the SNPs and an exaggerated response to a cold pressor 

stimulus. 

Hypoxia as a pressor stimulus 

The chemoreflexes are important modulators of sympathetic activation. The 

peripheral chemoreceptors located in the carotid and aortic bodies have been shown to 

respond primarily to a low oxygen tension in blood (hypoxia) (15). Peripheral 

chemoreceptors elicit increases in MSNA, with consequent increases in blood pressure 
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(71, 73) and respiratory rate (16, 24). Increased blood pressure and increased minute 

ventilation both inhibit the sympathetic response to chemoreflex activation (71, 73). Yet, 

during apnea, when the inhibitory influence of lung stretch is eliminated, there is a 

potentiation of the sympathetic response to hypoxia. This inhibitory influence of the 

pulmonary afferents was more dramatic on the sympathetic response to peripheral 

compared with central chemoreceptor activation (30). 

Several studies have shown increases in MSNA during> 5 min of hypoxia (61, 

70, 73). Rowell eta/. exposed subjects to 12%, 10%, and 8% 02 and found that MSNA 

increased under all three conditions (61). Studies by Cutler et al. have found that short­

term exposure to intermittent hypoxic apnea results in sustained elevation ofMSNA and 

that hypoxia is the primary mediator of this response (9). Experimental studies in dogs (2) 

and rats (13, 14) support the hypothesis that intermittent hypoxia can cause persistent 

hypertension. Using experimental protocols that simulate obstructive sleep apnea, these 

studies reported that hypoxia alone can cause an increase in daytime blood pressure (2, 

13, 14). This sustained increase in blood pressure has been postulated to be due to 

enhanced sympathetic activity (1) and has been shown to be prevented by sympathetic 

denervation using 6-0H dopamine (14). The link to hypertension in these studies is likely 

mediated in part by altered chemoreflex control of sympathetic nerve activity. Thus, 

hypoxic apnea serves as a potent stimulus for increased sympathetic activity and can be 

used to investigate the potential link between the presence of the 3 '-UTR RFLP and an 

exaggerated pressor response. 
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Theoretical basis for a link between the S~Ps and hypertension 

The SNPs are present at the 3' end of the gene. Since they are not present in the 

coding region, they are not expected to affect transcription and structure of the Na+-K+­

ATPase. However, they may affect translation or mRNA half-life. Changes in either 

translation efficiency or mRNA half-life could lower a.2 subunit expression and hence 

lower Na + -K+ exchange. Studies have shown that there is an increased intracellular 

sodium concentration in hypertensives (38, 67). An increase in intracellular sodium will 

theoretically reduce the activity of the sodium-calcium exchanger which normally 

extrudes calcium out of the cell in exchange for sodium efflux. Increase in intracellular 

sodium reduces the concentration gradient for sodium entry into the cell, thereby 

reducing sodium influx and calcium effiux via the sodium-calcium exchanger. This will 

lead to accumulation of calcium inside the cell. Calcium activates the contractile 

machinery inside smooth muscle cells of the vasculature, thereby setting up a condition 

of increased vascular reactivity. Studies done in optic nerve astrocytes have shown 

increased intracellular calcium in the cells of mice with a partial knockout of the ATP 1 a2 

gene (22). A previous study has reported that knockout of the ATP la2 gene leads to 

malfunction in neuronal activity (26). But this should not affect the sympathetic efferent 

nerves as the a2~2 isozyme is found only in astrocytes, oligodendrocytes, and Schwann 

cells. 

13 



CHAPTER3 

EXPERIMENTAL DESIGN AND METHODS 

The studies were designed to address the following questions: (1) What are the 

SNPs commonly found in the 3'-UTR oftheATPla2 gene? (2) What is the prevalence of 

these SNPs in healthy Mrican Americans and Caucasians? (3) Does the presence of these 

SNPs affect the baseline levels of blood pressure, muscle sympathetic nerve activity, 

heart rate, and other cardiovascular variables? (4) Does the presence of the SNPs affect 

the response of cardiovascular variables to pressor stimuli? (5) Does the presence of the 

SNPs affect vascular reactivity? 

STUDY I 

Study 1 addressed questions 1 and 2. It was hypothesized that the allele 

frequencies for the mutant alleles will be different in AAs as compared to CAs. In 

addition, there will be an association with the presence of these SNPs and a family 

history of hypertension. Blood/buccal swab samples were obtained from healthy 

volunteers drawn from African American and Caucasian populations and genotyping was 

done to determine whether SNPs were present in the 3 '-UTR of the ATP 1 a2 gene. 

Subjects: 63 healthy volunteers were recruited for this study. They included 38 

AAs (14 males, 24 females) and 26 CAs (12 Males and 13 females). The subjects 
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reported no history of cardiovascular, pulmonary or neurological disease. After obtaining 

written informed consent, details of family history of hypertension were elicited from 

each subject. 

Experimental Protocol: Sample preparation DNA samples for genotyping were 

obtained via one of two methods: 1) collection of 3 milliliters of blood through a 

venipuncture or 2) through a buccal swab. DNA was organically extracted from the 

WBCs from the blood samples and from the cells from the buccal swabs with Phenol­

chloroform-isoamyl alcohol followed by ethanol precipitation. 

PCR Amplification The ATP1A2 gene was amplified for RFLP analysis using 22.5flL of 

PCR Supermix (Invitrogen), 0.4f.lM forward primer (5' -CCAGGCATGGAAAGATGG-

3'), 0.4flM reverse primer (5'-TAGCCTTGTGCCCTGAGAGT-3 '), and 10-50 ng 

genomic DNA in a 25flL final reaction volume under the following conditions: 

95°C 95°C k51°C 72°C 72°C 4°C 

11:00 p:10 p:30 0:30 10:00 00 

Highly polymorphic segments of the 3' UTR of the ATP1A2 gene were PCR amplified 

as above with forward and reverse primers. Post-PCR clean-up was performed 

enzymatically using 5flL Exo-SAP-it (USB Corp.) at 37°C for 30 minutes followed by 

enzyme deactivation at 80°C for 15 minutes. 

RFLP (Restriction Fragment Length Polymorphisms) 1 OflL of each PCR amplicon was 

digested with 1 U Bgl II restriction enzyme with appropriate buffer for a 20flL reaction 

15 



volume. Samples were incubated at 37°C for 2 hours. Digestions were run on a 1.2% 

agarose gel, stained with SybrGold, and viewed on a Hitachi Fl\.1BIOII Imager. 

DNA Sequencing RFLP results were confirmed by sequencing with BigDye® 

Terminator v3 .1 Cycle Sequencing Kits (Applied Biosystems). Highly polymorphic 

segments of the 3' UTR of the ATP 1 A2 gene were sequenced using either the forward 

pnmer 5' -GCCTGAGACTGGAAAAGGTG-3' or reverse pnmer 5'-

TGGAGCTCTGAGGACTTAGTATT ACA-3' . Cycle sequencmg was performed in a 

GeneAmp® PCR System 9700 thermal cycler using 0.8uL BigDye Terminator v3.1 

Cycle Sequencing Ready Reaction mix (Applied Biosystems, USA), 1.6uL BigDye® 

Terminator vl.1 & v3 .1 5X Sequencing Buffer (Applied Biosystems, USA), 1JlL 3.3J.!M 

primer, 3J.!L PCR product, and 3.6J.!L molecular grade water. Cycling conditions 

consisted of 25 cycles: 96°C denature 10 sec, 50°C anneal 5 sec, 72°C extension 30 sec. 

DNA samples were sequenced in an ABI PRIS~ 3100 sequencer (Applied Biosystems, 

USA). The sequence was analyzed and aligned using Sequencing Analysis Software v5 .2 

(Applied Biosystems, USA) and Sequencher™ v4.2 (Gene Codes Corporation, USA). 

Data Analysis: Arlequin ver. 3.0 was used for locus, haplotype, and gametic 

phase estimation, as well as Hardy-Weinberg, linkage and sample differentiation 

analysis. Haplotype, and gametic phase estimation was confirmed using PHASE 

software. Linkage disequilibrium was tested using an extension of Fisher exact 

probability that uses a Markov chain to efficiently explore the space of all possible 

contingency tables (68). This Markov chain consists of a random walk in the space of all 

contingency tables. It is done in such a way that the probability to visit a particular table 
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corresponds to its actual probability under the null hypothesis of linkage equilibrium 

(20). An extended Fisher' s exact test using a modified version of the Markov-chain 

random walk algorithm was also used to detect significant departure from Hardy­

Weinberg equilibrium (20, 37). The non random association of haplotypes into 

individuals was tested in the same fashion using sample haplotype frequencies (60, 68, 

69). 

Study 2 

Study 2 was designed to address questions 4 and 5 by comparing baseline values 

of cardiovascular variables and their values in response to pressor stimuli in people with 

different SNPs. Effort was made to match groups for similar mean age and Body Mass 

Index [BMI: calculated as (body weight in kg/(height in emil 

Subjects: A subgroup of37 subjects, of the 63 who consented to the genotyping, 

volunteered for this study. They included 21 AAs (12 females and 9 males) and 16 CAs 

(10 females and 6 males). The mean age of the subjects was 24 ± 5.5 years. After giving 

written informed consent, each subject completed a medical history questionnaire prior to 

participation in the study. All subjects reported no history of hypertension, diabetes, 

cardiovascular disease, pulmonary disease or neurological disease and were not currently 

using any medications other than oral contraceptives. All female subjects were 

administered a urine pregnancy test to ensure that they were not pregnant and female 

subjects were not tested during menses to eliminate potential confounding effects · of 

menses on fluid metabolism, blood volume and cardiovascular function. Subjects were 
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instructed to abstain from vigorous exercise and alcohol for 24 hours and from caffeine 

for 12 hours prior to the start of the study. All studies were performed around the same 

time of day to minimize effects of diurnal variation. The studies were performed in the 

semi-recumbent position to minimize the diuresis that may occur in the supine position 

and thus help prevent increases in sympathetic nerve activity over time which can occur 

with severe bladder distention. 

Experimental Protocol: Prior to instrumentation, all subjects were allowed to use 

the restroom. The subjects were then placed on a reclining chair in a semi-recumbent · 

position in a laboratory setting with an ambient temperature of 23-24 °C. The subjects 

were instrumented for measurement of heart rate, blood pressure, respiratory function, 

arterial oxygen saturation (Sa02) and muscle sympathetic nerve activity (MSNA). After a 

20-minute quiet rest, the subjects were given two kinds of pressor stimuli - 3 bouts of 

hypoxic apnea and 3 bouts of cold pressor test. During the hypoxic apnea stimulus, 

subjects breathed for 1 minute through a face mask connected to a Douglas bag 

containing air with different concentrations of oxygen (12%, 16%, and 21%). At the end 

of the minute, the subjects held their breath at end-expiration for 20 seconds (lung 

volume equal to FRC). The 3 bouts of hypoxic apnea were given in a completely random 

order. During the cold pressor stimulus, subjects immersed their one hand for 2 minutes 

in a cold water bath with set temperature (2°, 10°, or 18°C). The bath contained water 

with or without ice cubes to obtain and maintain the desired temperature. The 3 bouts of 

the cold pressor test were also administered in a completely random sequence. A washout 

window of 5 and 15 minutes was used in between the bouts of hypoxic apnea and cold 
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pressor stimuli, respectively. After these 6 stimuli, the subjects rested comfortably until 

all the recording instruments had been removed. 

Data analysis: One-way ANOV A was used to discern differences in 

cardiovascular variable baseline values and response to stimulus across genotype. For all 

statistical analyses, significance was set at an a level of0.05 . 

Study3 

Study 3 sought to address question 6 i.e., whether vascular reactivity is affected · 

by the SNPs in the ATP 1 a2 gene. Flow-mediated dilation in the brachial artery was tested 

using ultrasonographic techniques as an assessment of endothelial function. 

Subjects: All the 37 subjects who consented to study 2 also volunteered to do 

Study 3. 

Experimental Protocol: The testing was done in a supine position in a quiet 

laboratory setting at an ambient temperature of 23-24 °C. All studies were performed at 

the same of the day. The subjects were connected to an electrocardiogram and made to lie 

supine on an examination table. The subjects' non-dominant arm was rested on a side . 

table on a pillow and secured in place by using a vac-pac. A small sphygmomanometer 

cuff was placed around the subjects' forearm. Using B-mode ultrasonography with a 

transducer of frequency 7.5 Hz, the subject's brachial artery was identified about 3-5 em 

above the elbow and the probe was fixed in place at the point of maximum clarity using a 

custom designed mechanical stand with a moving mechanical arm. The images were 

saved to the hard disk on the ultrasound machine. After instrumentation, subjects were 
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given a IS minute rest period at the end of which, the forearm cuff was inflated to a 

pressure 50 mm Hg above the subjects' systolic blood pressure. The cuff was left inflated 

for 5 minutes and then released. Images were saved every IS seconds beginning with the 

release of the cuff until 2 minutes after the cuff-release. After another IS minute baseline 

period, the cuff was reinflated for 5 minutes and again images were obtained at IS­

second intervals for 2 minutes after the release of the cuff. All images were saved to the 

hard disk on the ultrasound machine for later offline analysis. Brachial artery diameter 

was measured at 3 locations along the length of the artery and all measurements in each· 

subject were done at the same points in the artery for comparison. 

Data analysis: Differences in increase in brachial artery diameter due to flow­

mediated dilation across genotype was assessed using a one-way ANOV A. All statistical 

analyses were performed with a significance level (a) set at 0.05. 

Measurements and Procedures 

Cardiovascular measurements: Heart rate (HR) was measured using standard 

limb-lead electrocardiography (ECG). Continuous ECG data was fed into a data 

acquisition system. Beat-to-beat HR. was derived from the ECG waveform using the 

built-in peak detection algorithm in the Windaq® software and by manually scanning the 

ECG waveforms. 

Arterial blood pressure was measured non-invasively usmg 

photoplethysmography at the finger (Finometer model I, Finapres Medical Systems BV, 

Amsterdam, Netherlands). The measurements were made continuously throughout the 
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duration of the experiment, with a few breaks during baseline periods. The data was fed 

into the WinDaq acquisition system. This method has been shown to be a reliable and 

valid measure of blood pressure (27, 53). Additionally, Finometer obtained blood 

pressure was confirmed with manual auscultation during baseline periods. The analog 

signal was digitally sampled at 1000 Hz for later offiine analysis. Beat-to-beat systolic 

and diastolic blood pressure was derived from the arterial blood pressure waveform using 

the built-in peak-and-valley detection algorithm in the Windaq® software, a routine 

written in Visual Basic® and by manually scanning the blood pressure waveforms. 

Respiratory measurements: Respiration was monitored using an elastic 

respiratory monitoring band placed around the subject's abdomen (Grass Instruments, 

West Warwick, RI), allowing the investigator to confirm that the apneas were at end­

expiration. The breathing circuit consisted of a nasal mask, a 3-way Rudolph valve, and 

Douglas bags which were filled with gas containing the various concentrations of oxygen 

used for administering hypoxia. End-tidal carbon dioxide (ET c02) was measured using a 

gas mass spectrometry machine (model MGA 1100 B, Perkin-Elmer, St. Louis, MO) via 

a port at the side of the mouthpiece. Arterial oxygen saturation was assessed by non­

invasive pulse oximetry at the finger (DS-1 OOA Durasensor, Nell cor Puritan Bennett Inc., 

Pleasanton, CA). 

Muscle Sympathetic Nerve Activity: Muscle sympathetic nerve activity was 

directly measured from the peroneal nerve either at the popliteal fossa or at the fibular 

head using standard microneurographic techniques (82). First, the course of the nerve in 

the leg was determined by stimulating through the skin with a pencil-shaped electrode. 
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Two sterile tungsten microelectrodes (tip di_ameter 5-10 J..Lm, length 35 mm, Frederick 

Haer and Co., Bowdoinham, ME) were inserted with one serving as a reference and the 

other inserted into the peroneal nerve to measure MSNA. Due to their small size and 

their ability to cause only minimal discomfort, the microelectrodes were inserted without 

local anesthesia to avoid any effect anesthesia might have on local nerve function. Nerve 

signals were processed by a preamplifier and an amplifier (Nerve Traffic Analyzer Model 

662C-3, Department of Bioengineering, University of Iowa, Iowa City, lA) with a total 

gain of 99,000. Amplified signals were band-pass filtered (700-2,000 Hz), rectified and 

discriminated. Finally, a resistance-capacitance (RC) circuit with a time constant of 0.1 s 

was used to integrate the raw nerve signals. MSNA recordings were confirmed using the 

following criteria: 1) pulse-synchronous bursts occurring 1.2-1.4 s after the associated 

QRS complex, 2) reproducible activation during phase II and III of the Valsava 

maneuver, and 3) no activation following a pinch, skin stroking, or startle stimuli (all of 

which activate skin sympathetic fibers). The MSNA signal was acquired using the 

Windaq® software and stored for later offiine analysis. Muscle sympathetic nerve 

activity bursts were identified using the following criteria: 1) signal: noise ratio 

exceeding 2.5; 2) symmetrical shape; and 3) temporal association with a preceding (by 

1.2- 1.4 s) R wave on electrocardiogram. 

Ultrasound measurements: Brachial artery diameter was measured using B-mode 

ultrasonography (Philips HDI 5000) with a transducer of frequency 7.5 Hz. Images were 

obtained during baseline periods and at IS-second intervals after release of the occluding 

cuff for 2-minutes. The images were stored on the machine's hard disk for later offiine 
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analysis. Arterial diameter was measured using the in-built program in the machine at 3 

points along the length of the arterial segment imaged. All repeated measurements were 

made on the same points for comparison. All readings were made by the same 

investigator to avoid inter-observer variability. 

Recruitment of Subjects: Subjects were recruited from the surrounding 

community and area universities. The principal investigator or collaborators explained 

the nature of the study, the inclusion/exclusion requirements, and the right to withdraw at 

any time without affecting their medical care to each volunteer prior to enrollment. All 

subjects gave written informed consent prior to participation in the study. In addition, 

verbal explanation was given to each subject at the time of testing. Subjects were given 

financial reimbursement for their time and effort during the study. 

Protection of human subjects: The risks associated with the measurements of 

blood pressure, heart rate, respiration, Sam, ultrasound measurements, and buccal 

swabbing are minimal. Such risks are not significantly increased over that ordinarily 

encountered in daily life. For most people, needle sticks for blood draws do not cause 

any serious problems. However, they may cause dizziness or bleeding, bruising, 

discomfort, thrombosis or blood clotting, infections and/or pain at the needle site. The 

cold pressor and hypoxic apnea stimuli are standard procedures used in neurologic and 

physiologic testing of autonomic function. The primary risks are an excessive elevation 

of blood pressure and resulting possibility of stroke. Exposure to hypoxic gases may 

cause bradyarrhythmias, lightheadedness, and anxiety. The sympathetic nerve recording 

procedure occasionally (3-1 0%) results in transient localized soreness or numbness where 
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the electrode was placed. Rarely, the subject will experience some parasthesias in the 

foot or toes. Each of these side effects resolves within 1-7 days. The potential for 

physical and psychological injury from the study protocol is minimal. The laboratory was 

also equipped with full resuscitative equipment and drugs for any emergencies. A 

physician was present or on call on the Health Science Center campus during all 

experimental procedures. None of the study subjects experienced any adverse events 

during the study procedures. 

Inclusion of Women, Children and Minorities: There was no exclusion based on 

gender, religious affiliation, or sexual orientation. Because ofthe very nature of the study 

question, the study subjects were drawn from only two ethnic groups: AAs and CAs. 

Female subjects of child-bearing age were given urine pregnancy test, and were not 

studied if pregnant. This exclusion is due to the potential confounding effects of 

pregnancy on blood volume and cardiovascular function, as well as, unnecessary risk of 

exposure to hypoxic gas. Female subjects were not studied during or within two days of 

menses to eliminate potential confounding effects of menses on fluid metabolism, blood 

volume and cardiovascular function. Children under the age of 18 years were excluded 

from these studies as the potential complications from the procedures used in the study 

are not well-studied in children. 

Medical Exclusion Criteria: participants were excluded if they reported a personal 

history of any of the following conditions: 1) hypertension, 2) diabetes, 3) coronary 

artery disease, 4) angina pectoris, 5) myocardial infarction, 6) heart failure, 7) diabetes, 8) 

peripheral vascular disease, 9)chronic obstructive lung disease, 1 0) neuromuscular 
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disease, and 11) seizures. As explained above, pregnant women and children were also 

excluded from the study. 

Risk/Benefit Assessment: A risk/benefit ratio is difficult to establish for each 

individual subject. Overall, the risk is low for the subjects as a group, while the potential 

gain in knowledge is great~ the advancement of knowledge far outweighs the risks. The 

specific benefit to the individual subject is likely to be minimal. The overall clinical 

benefit has the promise of: 1) developing a better understanding of the link between 

genes and hypertension, 2) development of a genetic screening process for identifying 

people susceptible to developing hypertension, 3) the potential development of a 

treatment modality for the arrest of progression of the disease in susceptible individuals. 

Confidentiality: All data gathering procedures were performed by trained project 

personnel. All medical records will remain confidential. The blood/swab samples were 

labeled with a number and stripped of personal identifiers. All participants were assigned 

code numbers. The codes will be kept confidential and locked and no unauthorized 

person will have access to them. Only laboratory staff, representatives of the Institutional 

Review Board, and federal regulatory personnel will have access to study data and 

medical records. Additionally, electronic transmission of data will be performed in a 

secure manner with no direct identifying information included. 
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ABSTRACT 

Background. Na+-K+-ATPases ofthe plasma membrane play key roles in cellular 

homeostasis. The ATPases are heterodimers composed of a catalytic a. subunit and a 

glycoprotein ~ subunit, each of which has several isoforms combining in different 

isozymes of the pump in a tissue-specific manner. lsozymes with the a.2 catalytic subunit 

are expressed in skeletal muscle, vascular smooth muscle, and glial cells. A restriction 

fragment length polymorphism (RFLP) in the 3 '-untranslated region (3 '-UTR) of the 

ATP Ja2 gene, encoding the a. 2 isoform, associates with hypertension [Glenn et al, Am J 

Epidemio/153: 537-545, 2001]. This study was initiated to identify and to determine the 

frequency of the single nucleotide polymorphism (SNP) responsible for the 3 '-UTR 

RFLP of the ATP la2 gene in African Americans (AAs) and Caucasian Americans (CAs), 

as well as to confirm the previously reported association of these SNPs with baseline 

blood pressure. 

Methods. Sixty-three normotensive subjects consented to the genotyping, of 

which thirty-seven volunteered to undergo physiologic testing. DNA, extracted from 

whole blood/buccal swab samples, was amplified using polymerase chain reaction. 

Agarose gel electrophoresis analysis of Bglll digests of the amplicons were validated by 

sequence analysis. Arterial blood pressure was measured non-invasively using finger 

photoplethysmography. 

Results. Six SNPs were detected in a 200 base pair (bp) region of the 3 '-UTR at 

mRNA positions G3756C, A3788G, T3849C, G3853A, C3913T and C3915T, ofwhich 

those at positions 3849, 3853 and 3913 are novel SNPs discovered in this study. All 
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SNPs were in Hardy-Weinberg equilibrium _ (HWE) and mutant allele frequencies for 

these SNPs were higher in AAs than in CAs. Eight haplotypes were present in the 

samples tested, haplotype h6 being present only in CAs and haplotypes h3 , h4, h5, h7 and 

h8 being unique to AAs and two were shared by the two populations. All haplotypes were 

in HWE in both races. The mutant SNPs at mRNA positions 3756, 3853, 3913 and 3915 

were associated with baseline blood pressure. The ancestral haplotype GGCC constructed 

from these 4 SNPs associated with lower blood pressure in AAs and with higher blood 

pressure in CAs. Haplotypes GGTT and CATT are associated with higher mean and 

diastolic blood pressures, respectively in AAs. 

Conclusions. Haplotypes constructed from these SNPs appear to affect baseline 

blood pressure in an ethnic-specific manner. Further studies are required to investigate 

the mechanistic reasons for the increased baseline blood pressures seen in association 

with these genotypes. 
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INTRODUCTION 

Na+-K+-ATPase is an integral membrane protein that transportsNa+ and K+ across 

the plasma membrane against their respective concentration gradients. The enzyme is 

composed of two essential subunits, a catalytic a. subunit and an associated glycoprotein I3 

subunit that is necessary for the enzyme's maturation, localization to the plasma 

membrane, and stabilization of the K+ -occluded intermediate for proper enzyme function 

(23). There are four isoforms of the a. subunit with variable tissue distribution (23, 33, 

34). The a.l isoform is ubiquitous and predominates in the kidney. The a.2 isoform is 

expressed in brain, heart, vasculature, and skeletal muscle and it is encoded by the 

ATP 1 a2 gene present on human chromosome 1. The a.3 isoform is limited to neural, heart 

and vascular smooth muscle tissues (34), while the a.4 isoform is distributed in the testes 

(33). The Na+-K+-ATPase has an evolutionarily conserved cardiac glycoside binding 

site that binds ouabain, digoxin, and digitoxin. This site plays an important role in 

adrenocorticotropic hormone ( ACTH)-induced hypertension 
. . 
m mtce. Chronic 

administration of ACTH causes hypertension in wild type mice but not in genetically 

engineered mice in which the Na+-K+-ATPase was made resistant to cardiac glycosides. 

This demonstrates that the cardiac glycoside binding site of the Na+-K+-ATPase plays an 

important role in one form of hypertension (11). 

Abnormalities of myocardial Na+-K+-ATPase are observed in various forms of 

experimental hypertension (6, 8, 16, 32, 37). The induction of hypertension by low-dose 

ouabain augments baseline myogenic tone and myogenic reactivity in small arteries by 

interacting specifically with arterial myocyte Na + -K+ -ATPase. Low-dose ouabain inhibits 
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a2 activity in mice, resulting in elevated myocyte Ca2+ and arterial constriction (38). Na+­

K+-ATPase influences blood pressure and vascular resistance through coupling with the 

Na+-ca++_exchanger (NCX). Reduced Na+-K+-ATPase activity promotes Ca2+ entry via 

NCX in arterial myocytes as a consequence of a reduced Na + concentration gradient 

across the plasma membrane (2, 13, 18, 19). Ouabain-induced hypertension is blocked in 

genetically engineered mice expressing a ouabain-insensitive a2-isoform, indicating that 

the ATP 1 a2+t- hypertension model is ouabain and salt independent ( 11). Therefore, 

ouabain-induced increase in myogenic reactivity, myogenic tone, and elevated blood 

pressure, are primarily due to reduction of arterial myocyte Na+-K+-ATPase activity. In 

this model, reduced Na+-K+-ATPase activity is both necessary and sufficient to induce 

hypertension, which demonstrates a central role of arterial myocyte Na+-K+-ATPase 

activity in regulating blood pressure (38). 

Lower levels of Na+-K+-ATPase activity m erythrocytes and leukocytes are 

reported in hypertensive individuals (3, 35). Na+-K+-ATPase activity is inversely 

associated with systolic, diastolic, and mean blood pressure. African Americans have a 

significantly lower erythrocyte Na+,K+- ATPase activity than Caucasians. Provided that 

findings in erythrocytes also reflect the relative levels of Na+-K+-ATPase in vascular 

smooth muscle cells, decreased Na + -K+ -ATPase activity may predispose African 

Americans to higher blood pressure and hypertension (28). 

A Bglll restriction fragment length polymorphism (RFLP) in the 3 '-UTR of 

ATP1a2 was associated with percent body fat (10}, resting heart rate and rate-pressure 

product, post-glucose plasma insulin level with regard to resting systolic blood pressure, 

30 



resting systolic blood pressure and exercise diastolic blood pressure (10), respiratory 

quotient in men (20), trainability of maximal oxygen consumption in sedentary 

Caucasian American subjects (25), and regulation of hemodynamic phenotypes in healthy 

subjects (26). The variant allele was also associated with hypertension and was 1.8 times 

more common among African Americans than among Caucasian Americans (12). 

The present study was designed to investigate whether the haplotypes derived 

from the single nucleotide polymorphisms (SNP) in the 3 'UTR region of the ATP Ja2 

gene are differentially distributed between African Americans and Caucasian Americans 

and whether these haplotypes are associated with blood pressure in normotensive 

representatives ofthese ethnic groups. 

MATERIALS AND METHODS. 

Study Subjects. Clinical information was collected on 63 consenting 

normotensive subjects included body mass, sleep apnea, smoking and detailed family 

history of hypertension, family history of diabetes mellitus~ and measurement of weight 

(to the closest 50g), height (to the closest mm) and body mass index (BMI). Ethnicity 

was self-reported. Thirty seven subjects consented to the physiologic studies. All37 were 

non-hypertensive, non-diabetic and reported no history of cardiovascular, pulmonary or 

neurologic disease. No medication use other than oral contraceptives was reported by 

study subjects. Urinary human chorionic gonadotropin was evaluated to rule out 

pregnancy in female subjects and cardiovascular function was not tested during menses to 

reduce the variance associated with changes in fluid volume. Subjects refrained from 
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vigorous exercise and alcohol for 24 hours and caffeine for 12 hours prior to the start of 

the study. The study was approved by the Institutional Review Board of the University of 

North Texas Health Science Center, Fort Worth, Texas, USA. 

Sample Preparation. Whole blood samples or buccal swabs were collected from 

37 African Americans and 25 Caucasian Americans. DNA was extracted with Phenol­

chloroform-isoamyl alcohol followed by ethanol precipitation. 

PCR Amplification. The ATP Ja2 gene was amplified for RFLP analysis using 

22.5!-lL of PCR Supermix (Invitrogen), 0.41lM forward pnmer (5'-

CCAGGCATGGAAAGATGG-3'), OA11M reverse pnmer (5'-

TAGCCTTGTGCCCTGAGAGT-3'), and 10-50 ng genomic DNA in a 251lL final 

reaction volume under the following conditions: 

95°C 95°C 61 oc 72°C 72°C 4°C 

11:00 0:10 0:30 0:30 10:00 00 

32 Cycles 

Highly polymorphic segments of the 3' UTR of the ATP 1 a2 gene were PCR amplified as 

above with forward and reverse primers (5'-GCCTGAGACTGGAAAAGGTG-3' ; 5'-
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TGGAGCTCTGAGGACTTAGTATTACA-3', respectively). Post-PCR clean-up was 

performed enzymatically using 5f.1L Exo-SAP-it (USB Corp.) at 37°C for 30 minutes 

followed by enzyme deactivation at 80°C for 15 minutes. 

RFLP (Restriction Fragment Length Polymorphisms). A sample (10f.1L) of the 

PCR amplicon from each subject was digested with 1 U Bglll restriction enzyme with 

appropriate buffer for a 20f.1L reaction volume. Samples were incubated at 3 7°C for 2 

hours. Digests were separated on a 1.2% agarose gel, stained with SybrGold, and viewed 

on a Hitachi FMBIOII Imager. 

DNA Sequencing. RFLP sequences were confirmed by analysis with BigDye® 

Terminator v3.1 Cycle Sequencing Kits (Applied Biosystems). Highly polymorphic 

segments of the 3' UTR of the ATP 1 a2 gene were sequenced using either the forward 

pnmer 5' -GCCTGAGACTGGAAAAGGTG-3' or reverse pnmer 5'-

TGGAGCTCTGAGGACTTAGTATTACA-3' . Cycle sequencing was performed in a 

GeneAmp® PCR System 9700 thermal cycler using 0.8uL BigDye Terminator v3.1 

Cycle Sequencing Ready Reaction mix (Applied Biosystems, USA), 1.6uL BigDye® 

Terminator v1.1 & v3.1 5X Sequencing Buffer (Applied Biosystems, USA), 1J.1L 3.3J.l.M 

primer, 3J.1L PCR product, and 3.6J.1L molecular grade water. Cycling conditions 

consisted of 25 cycles: 96°C denature 10 sec, 50°C anneal 5 sec, 72°C extension 30 sec. 

DNA samples were sequenced in an ABI PRIS~ 3100 sequencer (Applied Biosystems, 
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USA). The sequence was analyzed and aligned using Sequencing Analysis Software v5.2 

(Applied Biosystems, USA) and Sequencher™ v4.2 (Gene Codes Corporation, USA). 

Measurement of arterial blood pressure signal. Arterial blood pressure was 

measured continuously by finger photoplethysmography (Finometer model 1, Finapres 

Medical Systems BY, Amsterdam, Netherlands). During the testing protocol, finometer 

blood pressures were standardized and confirmed with manual auscultation. The analog 

signal was digitally sampled at 1000 Hz for offline analysis. Beat-to-beat systolic and 

diastolic blood pressure was derived from the arterial blood pressure waveform using the 

built-in peak-and-valley detection algorithm in the Windaq® software, a routine written in 

Visual Basic® and by manually scanning the blood pressure waveforms. 

Statistical Analysis. Arlequin ver. 3.0 was used for locus, haplotype, and 

gametic phase estimation, as well as Hardy-Weinberg, linkage and sample differentiation 

analysis. Haplotype and gametic phase estimation were confirmed using PHASE 

software. ANOV A, Student's t test, and Wilcoxon!Kruskal-Wallis Tests were performed 

using RviP® 6.0.0 Statistical Discovery™ from SAS. 

RESULTS. 

Bgll/ RFLP analysis of C3913T SNP (mRNA position) revealed 36 +/+ 

homozygotes, 19 +/- heterozygotes, and 7 -/- homozygotes. Results were confirmed by 

sequencing (Figure 1). Sequencing revealed a polymorphic region within a 250 bp range 
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with 5 additional SNPs not assayed by RFLP analysis (mRNA positions 3756, 3788, 

3849, 3853, and 3915) (Figure 2). All samples were genotyped for all 6 SNPs. Allele 

frequencies are reported in Table 1. Population diversity for A3788G (Hapmap-CEU) 

and C3915T (Hapmap-CEU, -HCB, -JPT, and -YRI) was previously reported in NCBI's 

dbSNP (29). No prior population diversity was reported for G3756C, and T3849C, 

G3853A, and C3913T are newly identified SNPs. 

Linkage disequilibrium was tested using an extension of Fisher exact probability 

that uses a Markov chain (chain length = 1 0000) for polymorphic pairs of loci in our 

African American (Table 2) and Caucasian American (Table 3) populations. The 

Markov chain consists of a random walk to efficiently explore the space of all possible 

contingency tables (30). In this analysis, the probability of visiting a particular table 

corresponds to its actual probability under the null hypothesis of linkage equilibrium 

(15). An extended Fisher' s exact test using a modified version of the Markov-chain 

random walk algorithm was also used to detect significant departure from Hardy­

Weinberg equilibrium (HWE) (15, 22). All SNPs for African and Caucasian American 

populations {Tables 4 and 5, respectively) were in HWE. The non random association of 

haplotypes was also tested in the same fashion using sample haplotype frequencies and 

revealed no significant departures from HWE (p = 0.88 and p = 0.34) (27, 30, 31). 

Maximum-likelihood haplotype frequencies were estimated using an Expectation­

Maximization (EM) algorithm {9, 21, 31, 36). EM is an iterative process aiming at 

obtaining maximum-likelihood estimates of haplotype frequencies from multi-locus 

genotype data when the gametic phase is unknown. ELB algorithm is then used to 
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reconstruct the unknown gametic phase of multi-locus genotypes based on a Gibbs 

sampling strategy. Phase updates are made on the basis of a window of neighboring loci 

based on the local level of linkage disequilibrium (31 ). A total of 8 estimated gametic 

phase haplotypes are present in the samples tested. The most common haplotype {hl) has 

the highest frequencies in both populations. Haplotype h6 is unique to the Caucasian 

American population, while haplotypes h3, h4, h5, h7, and h8 are only present in the 

African American samples. Haplotype frequency distributions are reported in Table 6. 

Genetic structure analysis was performed using the exact test of sample 

differentiation based on haplotype frequencies as described by Raymond and Rousset 

(1995). This test is analogous to Fisher's exact test of the contingency tables explored 

with a Markov chain similar to that described for the case of the linkage disequilibrium 

test. The probability of observing a table less or equally likely than the observed sample 

configuration is estimated under the null hypothesis of panmixia, the random mating 

within a breeding population (14, 27). Global test of differentiation among African 

Americans and Caucasian Americans (30000 Markov steps done) and differentiation test 

between all pairs of samples (Markov chain length: 100000 steps) yielded significant 

differences between both populations (p < 0.001). 

One-way analysis of variance (ANOVA) and Student's t-test were performed to 

calculate the mean systolic, diastolic, and mean arterial blood pressures (SBP, DBP, and 

MAP) for African American and Caucasian American populations, and to test for equal 

means between homozygous normal (+/+), homozygous mutant (-/-) and heterozygous 

(+/-) genotypes for all polymorphic SNPs (1). Significant findings are summarized in 
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Table 7. There are significant differences in mean blood pressures in the various 

genotypes in African Americans. One-way ANOVA detects unequal means in G3756C, 

C3913T, and C3915T. DBP and MAP for African Americans with the homozygous(-/-) 

genotype at mRNA position 3756 was significantly higher than heterozygotes (+/-) 

(Student t-test, p = 0.0058, p = 0.0211). Homozygous(-/-) at mRNA positions 3913 and 

3915 have significantly higher SBP, DBP, and MAP than homozygous (+/+) and 

heterozygous(+/-) African Americans. Student's t-test reveals significantly higher DBP 

in African Americans with (-/-) genotype than (+/+) at mRNA position 3853 . G3756C, 

G3853A, C3913T, and C3915T are in linkage disequilibrium, as detailed in Table 2. The 

combination of these 4 SNPs exhibits a non-random association with each other. 

Therefore, mean blood pressures were compared for each individual's haplotype 

consisting of these SNPs. One-way analysis of variance (ANOVA) and Student's t-test 

were performed to compare the mean systolic, diastolic, and mean arterial blood 

pressures (SBP, DBP, and MAP) for African and Caucasian American populations, and 

to test for equal means in groups. Groups were based on the number of haplotype copies 

comprised in individuals: 0 =does not exhibit haplotype; 1 = 1 copy (heterozygote); 2 = 

2 copies (homozygote). One-way ANOVA revealed significant differences in means of 

SBP (p = 0.011), DBP (p = 0.001), and MAP (p = 0.002) for the GGCC haplotype and 

SBP (p = 0.007), DBP (p = 0.043), and MAP (p = 0.013) for the GGTT haplotype 

(Figure 3). 

African Americans with heterozygous or homozygous GGCC haplotypes have 

significantly lower SBP, DBP, and MAP than the wild type group (p < 0.05). Significant 
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increases in SBP, DBP, and MAP are seen in carriers of the GGTT haplotype (p < 0.05). 

A significant increase in DBP was found in homozygous CATT and significant decrease 

in DBP in heterozygous CGCC compared to non-carriers (p < 0.05); however, these 

results are suspect as these haplotypes were only exhibited in one individual. Caucasians 

homozygous for the GGCC haplotype have a significant increase in SBP and MAP 

compared to other CA non-carriers (p < 0.05). An opposite effect was found in the 

African American population. Significant findings are summarized in Table 8. 

DISCUSSION 

Six SNPs at the 3' UTR of the ATP 1 a2 gene were genotyped and variation in four 

linked SNPs, G3756C, G3853A, C3913T and C3915T was associated with baseline 

blood pressure. Certain haplotypes associated with BP in an ethnic-specific manner. The 

common haplotype GGCC was associated with lower blood pressure in African 

Americans, while the reverse is true with Caucasian Americans. Haplotypes GGTT and 

CATT were associated respectively with higher baseline MAP and DBP in African 

Americans. 

The 3'-UTRs of human genes play an important role in regulating mRNA 3' end 

formation, stability/degradation, nuclear export, subcellular localization and translation 

( 4, 5, 7). They are rich in regulatory elements and are involved in regulating gene 

expression at the pre-mRNA level. (5). The processing of 3' ends is also important for 
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transcription termination downstream of cleavage sites, polyadenylation, and assembly of 

an export-competent mRNA (39). 

The current study was based on a small, relatively young, population of 

normotensive, non-diabetic subjects with no reported history of cardiovascular, 

pulmonary or neurologic disease. The results demonstrated significant association 

between ATP 1 a2 single SNPs and haplotypes with baseline blood pressure in the African 

American population. Further studies in large samples drawn from the general population 

will be needed to explain the possible effect of ATP la2 on BP variation. Although the 

exact mechanism remains to be understood, it is not irrational to speculate that increase 

of mean BP values results from decreased Na+-K+-ATPase activity due to 

haploinsufficiency. Future functional studies are necessary to test this hypothesis. 
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FIGURE LEGENDS 

Figure 1. Representative results of agarose gel electrophoresis of Bgl/l digests of the 

DNA samples are shown on the left. The panels on the right represent the base present at 

the location of the bands, indicated by circles and arrows from the left panel. 

Figure 2. The structure of the ATP 1 a2 gene is diagrammed above and the location of the 

six SNPs detected in the 3'-UTR of the ATPla2 gene in this population of subjects is 

explained below. The 3 SNPs in black have been reported previously while the 3 in red 

are SNPs being reported for the first time. 

Figure 3. ANOV A results for GGCC and GGTT haplotypes. The means diamond (green) 

illustrates a sample mean and 95% confidence interval. The vertical span of each 

diamond represents the 95% confidence interval for each group, while the horizontal 

extent of each group along the x-axis is proportional to the sample size. Blue lines 

represent the mean of each group with error bars one standard error above and below 

each group mean. Dashed lines identify one standard deviation above and below the 

group means. (A-B) Compare SBP in GGCC and GGTT haplotypes. (C-D) Compare 

DBP in GGCC and GGTT haplotypes. (E-F) Compare MAP in GGCC and GGTT 

haplotypes. 
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Table 1. Frequencies of wild type and mutant alleles are listed for the six studied SNPs 

present in the subject populations evaluated. 

mRNA 
Allele Frequencies 

position 
African American Caucasian American 

3756 G: 0.70 c: 0.30 G: 0.84 c: 0.16 

3788 A: 0.82 G: 0.18 A: 1.00 

3849 T: 0.92 c: 0.08 T: 1.00 

3853 G: 0.86 A: 0.14 G: 0.90 A: 0.10 

3913 c: 0.68 T: 0.32 c: 0.84 T: 0.16 

3915 c: 0.68 T: 0.32 c: 0.84 T: 0.16 

50 



Table 2. The table shows significant linkage disequilibrium in African American 

population: Fisher exact probability (Markov chain length = 1 0000) for polymorphic 

pairs of loci. 

'+'Significance level :S 0.05; '-'Not significant; '*' Novel SNP 

G3756C A3788G T3849C* G3853A* C3913T* C3915T 

G3756C + - + + + 

A3788G + - - + + 

T3849C* - - - - -
G3853A* + - - + + 

C3913T* + + - + + 

C3915T + + - + + 
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Table 3. The table shows significant linkage disequilibrium in Caucasian American 

population: Fisher exact probability (Markov chain length = 10000) for polymorphic 

pairs of loci. 

'+'Significance level :S 0.05; '-'Not significant;'*' Novel SNP 

G3756C G3853A* C3913T* C3915T 

G3756C - + + 

G3853A* - - -

C3913T* + - + 

C3915T + - + 
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Table 4. Hardy-Weinberg Equilibrium for African American Population: Observed and 

Expected Heterozygosities were compared for each SNP. No significant departures from 

HWE were detected using Fisher's Exact test. 

'*'Novel SNP 

Locus Obs.Het Exp.Het P-value s.d. 

G3756C 0.432 0.424 1.000 0.000 

A3788G 0.297 0.294 1.000 0.000 

T3849C* 0.108 0.151 0.197 0.000 

G3853A* 0.216 0.237 0.503 0.000 

C3913T* 0.432 0.444 1.000 0.000 

C3915T 0.432 0.444 1.000 0.000 
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Table 5. Hardy-Weinberg Equilibrium for Caucasian American Population: Observed 

and expected heterozygosities were compared for each SNP. No significant departures 

from HWE were detected using Fisher's Exact test. 

'*' Novel SNP 

Locus Obs.Het. Exp.Het. P-value s.d 
> 

G3756C 0.240 0.274 0.484 0.000 

G3853A* 0.120 0.184 0.197 0.000 

C3913T* 0.240 0.274 0.484 0.001 

C3915T 0.240 0.274 0.484 0.001 
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Table 6. Haplotype frequency distribution among the samples: Relative and absolute 

frequencies of the 8 haplotypes for African American (AA) and Caucasian American 

(CA) populations. 

Haplotype Haplotype Relative Frequencies Absolute Frequencies 
ID definition AA CA AA CA Total 

ril GATGCC 0.405 0.740 30 37 67 

h2 CATGTT 0.149 0.160 11 8 19 

h3 GGTGCC 0.176 --- 13 0 13 

h4 CATATT 0.135 --- 10 0 10 

h5 GACGCC 0.081 --- 6 0 6 

h6 GATACC --- 0.100 0 5 5 

h7 GATGTT 0.041 --- 3 0 3 

h8 CATGCC 0.014 --- 1 0 1 

Total 74 50 124 

55 



Table 7. The table shows association of the SNPs with baseline systolic, diastolic and 

mean blood pressures. The numbers in parentheses after the p values indicate the groups 

being compared with 0 being wild type, 1 being heterozygotes and 2 being homozygotes 

for the SNP. 

SNP TEST SBP DBP MAP (mRNA pos) 

G3756C 
ANOVA ns 0.0192 0.0381 

Student's t ns 0.0058 (1 2) 0.0211(1 2) 

G3853A 
ANOVA ns ns ns 
Student's t ns 0.0441 (0 2) ns 

ANOVA 0.0158 0.0029 0.0037 
C3913T Student's t 0.0049 (1 2) 0.0011 (1 2) 0.0012 (1 2) 

Student's t 0.0193 (0 2) 0.0026 (0 2) 0.0042 (0 2) 

ANOVA 0.0158 0.0029 0.0037 

C3915T Student's t 0.0049 (1 2) 0.0011 (1 2) 0.0012 (1 2} 

Student's t 0.0193 (0 2) 0.0026 (0 2) 0.0042 (0 2) 
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Table 8. Association of haplotypes of the ATP 1 a2 gene with baseline blood pressure. 

One-way ANOV A was used to compare means. The asterisks and daggers refer to pairs 

of groups compared using t-tests and the corresponding p-values. 

African Americans 

Haplo- Copy SBP DBP MAP 
N type . # Mean P- Mean Mean 

(s.dJ value (S.d.) P-value 
(S.d.) P- value 

153.61 *t 83.61 *t 
106.94 

0 4 0.0113 0.0014 (8.91) 0.0019 (17.75) (5 .32) 
*t 

GGCC 123.38* *0.003 64.29* 
83.99 

1 10 
(14.23) 1 (9.55) 

*0.0003 (10.48) *0.0005 
* 

2 7 
131.56 t f0.030 69.11t 

f0.0059 
89.92 

f0.0082 
(14.58) 6 (3.74) _{6.76Ji 

0 14 
129.30 67.60* 88.16 
(16.70) 

ns 
(9.49) 

ns 
(11.33) 

ns 

CATT 1 6 
134.07 70.98 

*0.0441 
92.01 

(21.85) (9.48) (12.95) 

2 1 154.61 88.85* 110.77 

128.55 * 68.14* 
88.28 

0 19 0.0065 0.043 (10.73) 0.0134 
(3.51) (9.51) 

GGTT * 

2 
163.37* *0.006 83.16* 

*0.043 
109.90 

*0.0134 1 
(10.831 5 (4.73) (9.42)* 
132.67 70.40* 91.16 

0 20 
(18.33) 

ns (9.65) 
ns 

(11.98) ns 
CGCC 

1 1 115.77 52.99* *0.0471 73.91 

Caucasian Americans 

0 I 113.86* ns 54.71 ns 74.42* ns 

126.68 *0.044 63.23 84.38 
*0.0492 GGCC 1 4 

1_3.72) 3 (5.93) (4.38) 
130.02* 65.91 87.28* 

2 11 
(7.66) (9.36) (6.01) 
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ABSTRACT 

Background. The Na+-K+ ATPase is a key determinant of blood pressure 

homeostasis. Restriction fragment length polymorphisms (RFLPs) in the 3' untranslated 

(UTR) region of the ATP 1a2 gene that encodes the a.2 catalytic subunit have been 

reported to be associated with hypertension [Glenn eta/, Am J Epidemio/153: 537-545, 

2001]. In a study of healthy normotensive subjects, 6 single nucleotide polymorphisms 

(SNPs) were discovered in a 200 base pair region in the 3'-UTR of this gene. Four of 

these SNPs (at mRNA positions 3756, 3853, 3913 and 3915) and haplotypes constructed 

from these SNPs (particularly the ancestral GGCC haplotype and the haplotypes CGTT 

and CATT) appeared to significantly influence baseline blood pressure in an ethnic­

specific manner. The follow-up study was conducted to determine whether the 

differences in basal blood pressure were associated with altered reflex control mechanism 

of blood pressure, endothelial dysfunction and/or altered basal tone in the vasculature. 

Methods. Responses of cardiovascular variables (blood pressure, heart rate, 

muscle sympathetic nerve activity, cardiac output and systemic vascular resistance) to 

pressor stimuli of two different origins (cold pressor and hypoxic apnea) were studied in 

37 individuals. Endothelial function was tested using ultrasound-aided measures of 

brachial artery flow-mediated dilation. 

Results. Responses of systolic and diastolic blood pressures, muscle sympathetic 

nerve activity and systemic vascular resistance to the pressor stimuli were not different 

across haplotype (p ~ 0.61). Similarly, no endothelial dysfunction was present in 

individuals carrying the SNPs associated with higher baseline blood pressure levels (p 2:: 
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0.56). Haplotype groups associated with higher baseline blood pressure tended to have 

higher systemic vascular resistance (SVR), suggesting increased vascular tonicity as a 

likely primary mechanism for the higher blood pressure levels. 

Conclusions. These results suggest that although the SNPs influence baseline 

blood pressure levels at a young age, neither the responses to pressor stimuli nor 

endothelial function are affected; thus, collectively, these data suggest that these SNPs 

and haplotypes are associated with an increased arterial pressure that is likely mediated 

by an increased vascular tone. 
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INTRODUCTION 

Hypertension 1s a maJor public health problem associated with long-term 

complications affecting the heart, kidneys and nervous system. Hypertension represents a 

major burden on the health care industry in terms of direct and indirect costs. The 

majority of cases of hypertension are idiopathic and genetic mechanisms are strongly 

suspected in many cases. Genetic influences on hypertension are supported by the 

observations that offspring and siblings of hypertensive individuals have greater 

susceptibility to hypertension than do relatives of non-hypertensive individuals (4, 7, 16, 

31, 34). Hypertension is also subject to racial influences and is more prevalent in the 

African American (AA) population than in Caucasian Americans (CA) (1). The ATP1a2 

gene is among the genes with mutations that have been implicated in hypertension. The 

gene encodes the a.2 subunit of the Na+-K+-ATPases, a family of plasma membrane 

enzymes present in all cells in the body. Because the Na+-K+-ATPases are responsible for 

maintaining ionic gradients across the cell membrane, they regulate cell volume, 

membrane potentials, and secondary active transport of solutes. They consume 20-30% 

of cellular ATP for the vectoral transport ofNa+ and K+ across the membrane. Na+-K+­

ATPases are heterodimers composed of a catalytic alpha subunit and a smaller beta 

subunit. Because there are 4 isoforms of the a subunit (at- <4) and 3 isoforms of the ~ 

subunit (~1 - ~3), there are 12 possible isozymes of the pump that appear to be expressed 

in a tissue specific manner. Na+-K+-ATPases with the a2 subunit are prevalent in skeletal 

muscle, vascular smooth muscle, and glia (15, 24, 33, 46-48). Mutations in the ATP1a2 
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gene can potentially affect the function of the pump in these tissues and thus alter blood 

pressure via central or end-organ mechanisms. 

A number of restriction fragment length polymorphisms (RFLPs) and single 

nucleotide polymorphisms (SNPs) are known to occur in both the coding and non-coding 

regions of the Na+-K+-ATPase genes (15, 36). Rankinen et al (36) demonstrated that an 

RFLP in the ATP 1 a2 gene is associated with higher resting systolic blood pressure in 

healthy Canadians. Two years later, Glenn et al ( 15) demonstrated that the same RFLP 

influences the association between blood pressure and blood lead levels. They also 

reported that the prevalence of this polymorphism is higher in populations of African 

descent in whom the prevalence of hypertension is also high (15, 36). Since then, there 

have been several murine studies (8, 10, 19, 49, 57) that have established the cardinal role 

of this gene in blood pressure regulation. The genetic variation studied by Rankin en et al 

(36) and Glenn et al (15) was localized in the 3' untranslated region (3' UTR) of the 

ATPla2 gene. Whether this region has a functional role in blood pressure control is not 

currently known. No human studies comparing physiologic responses in individuals 

having different genetic variations in this region have been reported. However, as 

reported elsewhere for a cohort of Caucasian American and African American subjects, 

SNPs (and haplotypes constructed from the SNPs) in this region were associated with 

differential baseline blood pressure levels in an ethnic-specific manner (Thakre et al, 

unpublished report). As a result, the same subject population was evaluated to determine 

if blood pressure control mechanisms are altered in subjects with selected SNPs in the 3 '­

UTR of the ATP Ja2 gene by investigating whether a) the SNPs and haplotypes are 
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associated with differential cardiovascular responses to pressor stimuli and b) the SNPs 

and haplotypes are associated with endothelial dysfunction 

MATERIALS AND METHODS 

Study Subjects. Thirty-seven subjects volunteered for the study. These included 

21 AAs (12 females and 9 males) and 16 CAs (10 females and 6 males). The mean age of 

the subjects was 23.95 ± 5.43 years. The clinical information collected on these subjects 

included history of sleep apnea, smoking and detailed family history of hypertension, 

family history of diabetes mellitus; and measurement of weight (to the closest 50g), 

height (to the closest mm) and body mass index (BMI). Ethnicity was self-reported. All 

of these subjects were non-hypertensive, non-diabetic and reported no history of 

cardiovascular, pulmonary or neurologic disease. None were currently using medications 

other than oral contraception. Urinary human chorionic gonadotropin was evaluated to 

rule out pregnancy in female subjects and cardiovascular function was not tested during 

menses to reduce the variance associate with changes in fluid volume. Subjects refrained 

from vigorous exercise and alcohol for 24 hours and caffeine for 12 hours prior to the 

start of the study. The study was approved by the Institutional Review Board of the 

University ofNorth Texas Health Science Center, Fort Worth, Texas, USA. 

ATP1a2 genotyping. DNA was organically extracted from the WBCs from the 

blood samples and from the cells from the buccal swabs with Phenol-chloroform-isoamyl 

alcohol followed by ethanol precipitation. Sequencing was performed on the plus and 
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minus strands using either the forward primer 5 '-GCCTGAGACTGGAAAAGGTG-3' or 

reverse primer 5'-TGGAGCTCTGAGGACTTAGTATTACA-3'. Cycle sequencing was 

performed in a GeneAmp® PCR System 9700 thermal cycler using 0.8uL BigDye 

Terminator v3 .1 Cycle Sequencing Ready Reaction mix (Applied Biosystems, USA}, 

1.6uL BigDye® Terminator vl.1 & v3.1 5X Sequencing Buffer (Applied Biosystems, 

USA}, 1)JL 3.3J,JM primer, 3)JL PCR product, and 3.6)JL molecular grade water. Cycling 

conditions consisted of 25 cycles: 96°C denature 10 sec, 50°C anneal 5 sec, 72°C 

extension 30 sec. DNA samples were sequenced in an ABI PRIS~ 3100 sequencer 

(Applied Biosystems, USA). The sequence was analyzed and aligned using Sequencing 

Analysis Software v5.2 (Applied Biosystems, USA) and SequencherTM v4.2 (Gene Codes 

Corporation, USA). 

Experimental protocol for pressor responsiveness testing. The experimental 

protocol is depicted in Figure lA. The experiments were performed in a semi-recumbent 

position. After voiding, subjects were instrumented for measurement of heart rate (HR.), 

arterial blood pressure, respiratory function, arterial oxygen saturation (Sam) and muscle 

sympathetic nerve activity (MSNA). Heart rate was measured using standard limb-lead 

electrocardiography (ECG). Blood pressure was measured usmg finger 

photoplethysmography (Fino meter model 1, Finapres Medical Systems BV, Amsterdam, 

Netherlands). The measurements were made continuously throughout the duration of the 

experiment, with a few breaks during baseline periods. Respiration was monitored using 

an elastic respiratory monitoring band placed around the subject's abdomen (Grass 
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Instruments, West Warwick, Rl), allowing the investigator to confirm that apnea was 

initiated at end-expiration. The breathing circuit consisted of a nasal mask, a 3-way 

Rudolph valve, and Douglas bags which were filled with gas containing the various 

concentrations of oxygen used for administering hypoxia. Arterial oxygen saturation was 

assessed by pulse oximetry at the finger (DS-IOOA Durasensor, Nellcor Puritan Bennett 

Inc., Pleasanton, CA). Muscle sympathetic nerve activity was directly measured from the 

peroneal nerve either at the popliteal fossa or at the fibular head using standard 

microneurographic techniques (51, 52). Two sterile tungsten microelectrodes (tip 

diameter 5-10 Jlm, length 35 mm, Frederick Haer and Co., Bowdoinham, ME) were 

inserted with one serving as a reference and the other inserted into the peroneal nerve to 

measure MSNA. Nerve signals were processed by a preamplifier and an amplifier 

(Nerve Traffic Analyzer Model 662C-3, Department of Bioengineering, University of 

Iowa, Iowa City, IA) with a total gain of 99,000. Amplified signals were band-pass 

filtered (700-2,000 Hz), rectified and discriminated. Finally, a resistance-capacitance 

(RC) circuit with a time constant of 0. 1 s was used to integrate the raw nerve signals. 

Sympathetic nerve recordings were confirmed using the following criteria: 1) pulse­

synchronous bursts occurring 1.2-1. 4 s after the associated QRS complex, 2) reproducible 

activation during phase II and III of the Valsava maneuver, and 3) no activation 

following a pinch, skin stroking, or startle stimuli (all of which activate skin sympathetic 

fibers). 

The subject responses to two different pressor stimuli were assessed: hypoxic 

apnea and cold pressor test. During the hypoxic apnea stimulus, subjects breathed for 1 
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minute through a face mask connected to Douglas bags containing air with different 

concentrations of oxygen. At the end of the minute, the subjects held their breath at end­

expiration for 20s. During the cold pressor stimulus, subjects immersed one hand for 2 

minutes in cold water baths with one of three set temperatures. Each stimulus was applied 

in three bouts of different intensities- Hypoxic apnea was conducted with 12%, 16%, 

and 21% oxygen in the inspired air and the cold pressor stimulus was applied at 2°, 10°, 

and 18°C. Subjects were permitted 5 and 15 minutes was used in between the bouts of 

hypoxic apnea and cold pressor stimuli, respectively to recover. The order of the six 

experimental conditions was randomized for each subject. Representative responses of 

Blood pressure, MSNA and HR to the two stimuli are depicted in Figure 2. 

Experimental protocol for endothelial dysfunction. The testing protocol is 

depicted in Figure lB. The testing was conducted in a supine position in a quiet 

laboratory setting at an ambient temperature of 23-24 °C. All studies were performed at 

the same time of the day. The subjects were connected to an electrocardiogram and made 

to lie supine on an examination table. The subjects' non-dominant arm was rested on a 

side table on a pillow and secured in place by an orthopedic pillow that was shaped 

around the arm (vac-pac). A small occlusion cuff was placed around the subjects' . 

forearm. Using B-mode ultrasonography (Philips HDI 5000) with a broadband linear 

array transducer (L7-4), the subject's brachial artery was identified about 3-5 em above 

the elbow and the probe was fixed in place at the point of maximum clarity using a 

custom designed mechanical stand with a moving mechanical arm. The images were 
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recorded digitally. After instrumentation, a standard flow-mediated dilation procedure 

was performed (12). After a 15 minute rest period, the forearm cuff was inflated to a 

pressure 50 mm Hg above the subjects' systolic blood pressure. The cuff was left inflated 

for 5 minutes and then released. Images were saved every 15 seconds for 2 minutes 

beginning with the release of the cuff. After another 15 minute baseline period, the 

procedure was repeated. Brachial artery diameter was measured at 3 locations along the 

length of the artery and all subsequent measurements in each subject were done at the 

same points in the artery for comparison. 

Statistical Analysis. Baseline cardiovascular variables were compared in the two 

races using a Student's t-test. Baseline cardiovascular variables by genotype were 

compared using a Student's t-test and a one-way analysis of variance (ANOVA). 

Association of the haplotypes of the ATP Ja2 gene with responses of HR., BP and MSNA 

to the pressor stimuli was examined separately in AAs and CAs by using a two-way 

ANOV A. Association of haplotypes with change in brachial artery diameters to test for 

presence of endothelial dysfunction was tested using a one-way ANOV A. Slopes of the 

responses to the pressor stimuli were derived using linear regression. All values are 

expressed as means± S.D. For all statistical analysis, significance was set at an a-error 

rate of0.05. 
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RESULTS 

Race and baseline cardiovascular variables. Table 1 shows baseline 

cardiovascular variables in the two races. Baseline Systolic blood pressure, Mean arterial 

pressure, MSNA and cardiac output were not different in the two races (p 2: 0.16). 

Baseline heart rates were significantly higher in AAs than in CAs (p = 0.01). Disatolic 

blood pressure tended to be higher in AAs than in CAs, although the difference did not 

reach statistical significance (p = 0.08). 

To facilitate the following discussion of the results, individuals with 2 copies of 

the ancestral haplotype (GJ7s6GJssJCJ9IJCJ9Is) are wild type (WT), individuals with one 

copy are heterozygous (MT 1) and individuals with zero copies are homozygous (MT 2). 

For the C37s6GJss3T3913T391s haplotype, individuals with 2 copies are homozygotes (MT 

2), individuals with one copy are heterozygotes (MT 1) and individuals with zero copies 

are wild type (WT). 

Baseline values and responses of cardiovascular variables by the GGCC 

haplotype. In AAs, baseline HR. and CO were not significantly different in the WT, MT 

1 or MT 2 groups. Muscle sympathetic nerve activity tended to be higher in the MT 2 

group as compared to the MT 1 and WT groups (p = 0.06). Baseline Systemic vascular 

resistance (SVR) tended to be higher in the homozygous mutant group as compared to the 

heterozygous and wild type groups (p = 0.08, Figure 3). Figures 4-6 and Table 2 show 

the responses to pressor stimuli. In response to either pressor stimulus, SBP, DBP, HR 

and MSNA increased by similar amounts in the WT, MT 2 and MT 1 groups although the 
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absolute values reached were higher for SBP, DBP and MSNA in the homozygous group 

as compared to the heterozygous and wild type groups (p > 0.17). In CAs, baseline HR (p 

= 0.45) and MSNA (p = 0.63) were not different in the wild type and heterozygous 

groups (data not presented). Similarly changes in SBP, DBP and MSNA were not 

different in WT and MT 1 groups in response to the pressor stimuli in CAs (p ~ 0.1 0). 

Baseline values and responses of cardiovascular variables by the CGTT 

haplotype. In AAs, baseline HR (p = 0.8039) and CO (p = 0.5127) were not different in 

WT, MT 1 and MT 2 groups. Muscle sympathetic nerve acitivity tended to be higher in 

the MT 2 group as compared to WT and MT 1 groups (p = 0.0687). Table 3 shows the 

responses of SBP and DBP to pressor stimuli in the two races. In response to the pressor 

stimuli, SBP and DBP reached higher values in the MT 2 group as compared to the WT 

and MT 1 groups. However, changes from baseline were similar in the three groups (p ~ 

0.14). In CAs, baseline HR (p = 0.3468) and MSNA (p = 0.8115) were not significantly 

different in the WT and MT 1 groups. Responses ofHR, MSNA, SBP and DBP to either 

the cold pressor or the hypoxic apnea stimulus were not different in the wild type and 

heterozygous groups (p ~ 0.26). 

Flow-mediated dilatation. Flow-mediated dilatation (FMD) tended to be higher 

in CAs as compared to AAs, although the difference was not statistically significant (8.49 

± 2.25 % in CAs vs. 7.07 ± 2.69 % in AAs, p = 0.0874). In AAs, WT, MT 1 and MT 2 

groups for the GGCC haplotype had similar FMD (Figure 7A). Flow-mediated dilation 
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was also similar in the WT, MT 2 and MT 1 groups for the CGTT haplotype (p = 

0.2996). In CAs, WT, MT 1 and MT 2 groups for the GGCC haplotype had similar FMD 

(p = 0.565, Figure 7B). FMD was also similar in the WT and MT 1 groups for the CGTT 

haplotype (p = 0.779). Thus, neither race nor genotype was associated with endothelial 

dysfunction in this sample of individuals. 

DISCUSSION 

In accord with the findings of Rankinen et a/ (36), selected 3 '-UTR SNPs of the 

ATP 1 a2 gene are associated with differences in baseline blood pressure. However, 

Rankinen eta/ found (36) this effect for systolic blood pressure only, whereas the current 

findings suggest that diastolic blood pressure is also elevated. The current study was 

designed to test whether these differences in basal blood pressure are associated with 

impairment of neural reflex control or endothelial function. Although the absolute BP 

achieved during the pressor stimuli was greater in the groups associated with higher 

baseline BP, the physiologic response was the same, suggesting that reflex control of 

blood pressure was normal. In addition, neither the haplotypes of the ATP 1 a2 gene nor 

race was associated with endothelial dysfunction. Therefore, people with these particular 

haplotypes have higher blood pressure that is likely due to increased basal vascular tone 

and/or cardiac contractility independent of neural, humoral or endothelial modulation. In 

this context, the connection between the Na+-K+-ATPase and the Na+-ca++_exchanger is 

important. Depression in activity of the former pump decreases the capability of the latter 

to extrude Ca ++ out of the cell and leads to an increased intracellular Ca ++ concentration. 
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Higher intracellular Ca ++may lead to an increased baseline vascular tone and consequent 

increase in baseline blood pressures. Indeed, the MT 2 group for the GGCC haplotype 

was associated with a higher basal S VR, suggesting an increased vascular tone. Future 

studies with a larger number of subjects are needed to address whether this is the 

operating mechanism for the association of these SNPs with increased baseline blood 

pressure. 

The reflex pathway. Blood pressure is determined and regulated by vascular 

tone, cardiac output and by neurohumoral control pathways. Changes in sympathetic 

nerve activity affect blood pressure by affecting cardiac function and systemic vascular 

resistance. The reflex pathway can be activated by pressor stimuli and leads to a 

subsequent increase in blood pressure. The cold pressor test is a potent pressor stimulus 

leading to an increase in blood pressure and MSNA (11, 39, 53). Victor et al (53) 

reported a positive correlation between increases in MSNA and blood pressure and 

between increase in MSNA and plasma venous norepinepinephrine levels during the cold 

pressor test, suggesting an elevated neurohumoral discharge as the primary mechanism 

for elevation of blood pressure. They used ice-cold water in their studies (equivalent to 

the 2° C level cold pressor in the current study). In the current study, we used 3 levels of 

cold pressor and found a graded response of MSNA and blood pressure to the stimulus. 

Kregel eta/ (20) reported that increases in MSNA were correlated with the level of pain 

sensation being perceived by the subjects and suggest that the stimulation of MSNA is 

primarily due to stimulation of high-threshold, cold-pain (primarily C) fibers. Lafleche et 
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a/ (21) have found an exaggerated blood pressure response to cold pressor stimulus in 

borderline hypertensives when compared to normal controls. Miyajima et a/ reported 

exaggerated MSNA and blood pressure responses to the cold pressor stimuli in borderline 

hypertensives as compared to normal controls (29). Borderline hypertensives also have 

greater increases in SVR than normotensive controls during the cold pressor test ( 40), 

suggesting. an increased vascular reactivity as the mechanism for exaggerated blood 

pressure responses. Hypoxia serves as a potent pressor stimulus acting via the peripheral 

chemoreceptors located in the carotid and aortic bodies responding primarily to hypoxia 

(14) and eliciting increases in MSNA and SVR (6), with consequent increases in BP (42, 

45). Morgan eta/ (30) and Xie eta/ (55) reported that hypoxia significantly raises MSNA 

leading to elevation in blood pressure. Apnea superimposed on top of hypoxia removes 

the pulmonary-afferent mediated inhibition of sympathetic activity and augments the 

MSNA and BP response to hypoxia (9, 43). Several studies have shown exaggerated 

increases in MSNA and BP in response to hypoxic apnea in sleep apnea patients (who 

have a high propensity for developing hypertension) as compared to non-sleep apneics 

(37, 41, 45). The chemoreceptor reflex is exaggerated in spontaneously hypertensive rats 

(13) and in hypertensive humans (50), suggesting that this reflex may be involved in the 

pathophysiology of essential hypertension. Borderline hypertensives also have been 

reported to have exaggerated MSNA responses to hypoxia (43, 44), thus suggesting an 

abnormality in the reflex control pathway. Thus, responses to cold pressor test and 

hypoxic apnea serve as valid measures of testing the reflex control of blood pressure. 
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Exaggerated responses to either or both of these stimuli point toward an abnormality in 

this reflex control mechanism of blood pressure. 

In this study, although the absolute values of BP in response to pressor stimuli 

reached in those with higher baseline blood pressure were higher than those reached in 

other groups, the change from baseline was not higher. This implies that the responses to 

pressor stimuli were not exaggerated in these individuals. Thus, although the baseline 

blood pressure was higher in these individuals, the reflex pathway for blood pressure 

control was not affected. The cold pressor test and hypoxic apnea are pressor stimuli 

having different afferent pathways leading to the brain stem. Since both stimuli failed to 

elicit exaggerated responses, it is likely that the afferent arms are not affected and that the 

brainstem or the efferent arm of the pathway (including central nervous discharge and 

end-organ reactivity) are reacting in similar manner to the two stimuli. 

Endothelial dysfunction. The endothelium is an important controller of vessel 

diameter and blood flow. The endothelium synthesizes both potent vasodilator and 

vasoconstrictor substances (27, 28, 56). Nitric oxide is an important vasodilator secreted 

by the endothelium in response to many different stimuli including high flow states and 

shear stress (54). Nitric oxide acts on the vascular smooth muscle cells and causes G­

protein mediated vasodilation (54). Endothelial health is usually evaluated by occluding 

the forearm conduit artery (brachial artery) by inflating a cuff around the forearm to 

pressures above the systolic blood pressure and then releasing the cuff to produce a rapid 

increase in blood flow through the vessel which in tum results in shear stress-mediated 
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nitric oxide release and subsequent vasodilation (54). Endothelial dysfunction can be 

tested using ultrasound-derived measurements of the vessel lumen diameter pre- and 

post-occlusion. This ultrasound-aided evaluation of flow-mediated vasodilation via nitric 

oxide pathway is an important measure of endothelial function. Flow-mediated dilation is 

expressed as a percentage of increase in vessel diameter over baseline values. Endothelial 

dysfunction is an important marker of hypertension. Failure to vasodilate appropriately in 

normotensive individuals may point toward a propensity to develop hypertension later in 

life (5). Hypertensives have a reduced nitric oxide synthesis and flow-mediated dilation 

in response to post occlusion reperfusion (25, 32, 35). There is evidence that the 

endothelial dysfunction associated with hypertension may represent the earliest stage of 

target organ damage (3, 18, 23). Endothelial function evaluation in this cohort of subjects 

was conducted to test whether higher basal BP in young individuals is associated with an 

early manifestation of endothelial dysfunction. If present, endothelial dysfunction may be 

the harbinger of abnormalities in the control of blood pressure later in life. None of the 

haplotypes of the ATP 1 a2 gene investigated in this study or race was associated with 

endothelial dysfunction. This implies that the blood pressure differences in these 

individuals are not explained by a decline in flow-mediated vasodilation. 

Limitations. The following limitations restrict the scope of conclusions from 

these data. First, the number of subjects studied is small. For genotyping individuals and 

comparing physiologic responses in various groups, a larger number of subjects need to 

be studied. Nevertheless, even with a relatively limited number of subjects, the results 
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suggest that these genotypes affect baseline blood pressures. Second, only young 

individuals were studies. The youth and general good health of the subjects might explain 

the similar responses to pressor stimuli that were seen across various genotype groups. 

Also, the absence of endothelial dysfunction in these individuals could be related to their 

young age. Importantly, these data demonstrate that these genotypes are not associated 

with a primary dysfunction of reflex control of blood pressure or endothelial 

mechanisms. Therefore, studies need to be conducted in older subjects to test whether 

responses to pressor stimuli are different across genotype groups and whether endothelial 

dysfunction is associated with particular genotypes. Third, normotensive individuals were 

studied. Studies comparing prevalences of these SNPs in hypertensives and 

normotensives need to be pursued. Also, studies are needed to test whether pressor 

responsiveness is different within hypertensives depending upon their genotype. 

However, these findings are important in identifying a basal change in blood pressure 

prior to the anticipated development of frank hypertension in these young subjects. 

Fourth, the reason to examine the putative association between these ATP la2 haplotypes 

and response to stressor stimuli was to assess for clues to an altered risk of future 

hypertension. Lack of a longitudinal follow-up in our study does not permit us to directly 

address this objective and, based on our results, the question of future risk of 

hypertension remains open. However, considering the knowledge that subjects with high 

baseline systolic blood pressure are also likely to show higher age-related increase in 

blood pressure (26, 36), it appears plausible that ATP la2 haplotypes may play a causal 

role in the development of hypertension by changing the baseline blood pressure. 
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Future directions. As mentioned above, studies are needed to test older subjects 

and hypertensives. Also, the prevalence of these SNPs in families and association with 

higher incidence of hypertension in family members needs to be studied. Also, a larger 

number of subjects need to be studied to test the association of genotype with CO and 

peripheral vascular resistance. Also future studies need to better characterize the cellular 

and physiological mechanisms that can contribute to the effects of the SNPs of the 

ATP1a2 gene on expression of the pump and thereby baseline blood pressure. 

Conclusion. That the baseline blood pressures are altered by genotype but the 

reflex pathway to pressor stimuli is not, points toward an alteration in vascular (end­

organ) function or tone. This may reflect a phase of developing hypertension in that an 

early alteration in baseline blood pressure is followed by impairment in the reflex 

pathway and endothelial dysfunction, which in tum facilitate the progression to essential 

hypertension. The most important observation in this study was the striking difference in 

the pattern of association of the GJ7s6GJssJC39t3C39ts (wild type) haplotype with baseline 

blood pressure in the two ethnic groups studied. Race is a compound construct with 

strong genetic undertones and is known to be an important modifier of blood pressure 

homeostasis {2, 26). The seemingly perplexing interaction between ethnicity and ATP la2 

haplotypes that we observed in our study can be partly examined by a potential 

interaction of the ATP1a2 haplotypes with one or more of the race-specific 

polymorphisms (17) that are known to play a critical role in the control of blood pressure 

in humans. The post-genomics era is expected to be beneficial for management of 
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diseases by permitting personalized care (22, 38). The results of study point to the 

possibility that the management of human hypertension may, in future, need refinement 

based on the knowledge of an individual's ATP1a2 genotype and ethnic background. 

Future studies are required to better delineate the effects of polymorphism of this gene on 

blood pressure control mechanisms. 
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FIGURE LEGENDS 

Figure 1. The experimental protocol used for pressor responsiveness testing and for 

testing endothelial function. A. Protocol for pressor responsiveness testing. 3 levels of 

hypoxic apnea (at 21%, 16% and 12% oxygen) and 3 levels of cold pressor test (at 2° C, 

10° C and 18° C) were administered in a randomized order. B. Protocol for testing for 

endothelial dysfunction. Brachial artery images were obtained using ultrasound during 

baseline periods and after release of the occluding cuff. 

Figure 2. The figure depicts responses of blood pressure, MSNA and heart rate to graded 

cold pressor (A) and hypoxic apnea (B) stimuli. BP, MSNA and HR show graded 

increases in response to the graded pressor stimuli. 

Figure 3. The figure depicts baseline systemic vascular resistance in African Americans 

with 0 (MT 2), 1 (MT 1) or 2 (WT) copies of the ancestral (GGCC) haplotype. The red 

symbols with error bars are Mean ± S.D. SVR tended to be higher in the mutant 

homozygous group as compared to the heterozygous and wild type groups (p = 0.079 ). 

Figure 4. The figure depicts responses of cardiovascular variables (as change from 

baseline levels) to the cold pressor test in African Americans with 0, 1 or 2 copies of the 

ancestral (GGCC) haplotype. A. Systolic Blood Pressure response. B. Diastolic Blood 

Pressure response. C. Heart rate response. D. MSNA response. 0 - mutant homozygote, 1 

- mutant heterozygote, 2 - wild type. CP 2 - cold pressor test at 2° C, CP 10 - cold 
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pressor test at 10° C, CP 18- cold pressor test at 18° C.All values are Mean± S.D. None 

of the responses were significantly higher in any group (p ~ 0.064). 

Figure 5. The figure depicts responses of Cardiovascular variables (as change from 

baseline levels) to hypoxic apnea in African Americans with 0 (MT 2), 1 (MT 1) or 2 

(WT) copies of the ancestral (GGCC) haplotype. A. Systolic Blood Pressure response. B. 

Diastolic Blood Pressure response. C. Heart rate response. D. MSNA response. HY12-

hypoxic apnea at 12% inspired 02, HY16- hypoxic apnea at 16% inspired 0 2, HY21 -

hypoxic apnea at 21% inspired 02. All values are Mean± S.D. None of the responses 

were significantly higher in any group (p ~ 0.172). 

Figure 6. The figure depicts regression curves for individual subjects for peak systolic 

blood pressure values reached during hypoxic apnea in African Americans with 0 (MT 

2), 1 (MT 1) or 2 (WT) copies of the ancestral (GGCC) haplotype. The red lines show the 

mean response curves. A. Response curves for mutant homozygotes. B. Response curves 

for mutant heterozygotes. C. Response curves for wild type. Note the graded responses to 

the stimulus at the 3 levels of stimulus intensity. R2 for the curves ranged from 0.693 to 

0.999. 

Figure 7. Flow mediated dilation is not different in the 3 groups of the GGCC haplotype. 

The graphs show flow-mediated dilation, as percent change in brachial artery diameter 

over baseline values in individual. The red symbols with error bars are Mean± S.D. A-
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Responses in African Americans (p = 0.8937). B- Responses in Caucasian Americans (p 

= 0.565). 
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Figure lB. 
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Figure 6 A. 
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Figure6C. 
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Table 1. Table shows baseline cardiovascular variables in the two races. Values are 

Mean± S.D. 

Cardiovascular variable African Americans Caucasian Americans p 

SBP (mmHg) 132.45 ± 18.69 128.37 ± 7.57 0.42 

MAP(mmHg) 90.03 ± 10.17 85.82 ± 6.20 0.16 

DBP(mmHg) 69.89 ± 10.23 64.54 ± 6.42 0.08 

HR(bpm) 69.71 ± 9.86 61.15 ± 10.34 0.01 

MSNA (AU/min) 353.96 ± 79.80 385.6 ± 118.88 0.37 

CO (L/min) 5.74 ± 1.04 5.16 ± 0.25 0.30 

SVR (mm Hg/L.min-1
) 15.69 ± 4.20 16.35 ± 1.44 0.79 
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Table 2. Responses of SBP and DBP to cold pressor test and hypoxic apnea in 

individuals having 0 (MT 2), I (MT I) and 2 (WT) copies of the ancestral GGCC 

haplotype. The numbers show the difference (mmHg) between the maximum blood 

pressure observed during stimulus and the mean baseline blood pressure.* 

Caucasians African Americans 

Stimulus 
Copies of GGCC Copies of GGCC 

haplotype p haplotype p 

WT MT I WT MTI MT2 

!J. Systolic Blood Pressure 

HY21 10 16 0.19 14 12 13 0.95 

HY16 25 18 0.27 19 17 21 0.59 

HY12 28 31 0.82 35 26 27 0.49 

CP18 18 17 0.56 15 15 11 0.76 

CPIO 33 30 0.64 29 25 33 0.42 

CP2 50 51 0.96 42 46 46 0.94 

!J. Diastolic Blood Pressure 

HY21 9 10 0.72 9 6 9 0.17 

HY16 18 14 0.44 18 11 13 0.19 

HY12 26 24 0.84 27 18 17 0.18 

CP18 16 11 0.10 9 8 11 0.75 

CP10 31 26 0.58 23 14 24 0.06 

CP2 46 40 0.49 37 34 36 0.94 

• HY21- Hypoxic apnea at 21% oxygen, HY16- Hypoxic apnea at 16% oxygen, HY12- Hypoxic apnea 
at 12% oxygen, CP18- Cold pressor at 18°C, CP10 -Cold pressor at l0°C, CP2 - Cold pressor at 2°C 
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Table 3. Responses of SBP and DBP to cold pressor test and hypoxic apnea in 

individuals with 0 (WT), 1 (MT 1) or 2 (MT 2) copies of the CGTT haplotype. The 

numbers show the difference (mmHg) between the maximum blood pressure observed 

during stimulus and the mean baseline blood pressure. • 

Caucasians African Americans 

Stimulus Copies of CGTT haplotype Copies of CGTT haplotype 
p p 

WT MT 1 WT MT 1 MT2 

~ Systolic Blood Pressure 

HY21 17 11 0.32 12 16 11 0.78 

HY16 19 26 0.30 19 20 9 0.14 

HY12 30 31 0.98 29 27 25 0.88 

CP18 18 14 0.58 11 20 14 0.40 

CP10 28 34 0.46 39 25 40 0.75 

CP2 52 46 0.36 46 39 65 0.73 

~ Diastolic Blood Pressure 

HY21 10 9 0.77 8 7 6 0.55 

HY16 15 18 0.51 13 13 5 0.43 

HY12 23 27 0.58 18 23 14 0.87 

CP18 11 15 0.26 8 12 9 0.97 

CP10 25 . 31 0.50 22 14 19 0.55 

CP2 41 45 0.60 88 29 39 0.68 

• HY21- Hypoxic apnea at 21% oxygen, HY16- Hypoxic apnea at 16% oxygen, HY12 - Hypoxic apnea 
at 12% oxygen, CP18- Cold pressor at 18°C, CPlO- Cold pressor at l0°C, CP2- Cold pressor at 2°C 
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CHAPTER6 

CONCLUSIONS AND FUTURE DIRECTIONS 

The present investigation is novel in many regards. The study was initiated to 

expand the results of previous studies by Rankinen eta/ (57) and Glenn eta/ (17) who 

reported association of RFLPs in the ATP 1 a2 gene with hypertension and a greater 

prevalence of the RFLPs in African Americans. To confirm the results of our RFLP 

analysis, we sequenced a 200 bp area around this RFLP in the 3 '-UTR of the ATP 1 a2 

gene. In addition to the 3 previously reported SNPs in this area, we discovered 3 novel 

SNPs, at mRNA positions 3849, 3853 and 3913. The SNP at position 3913 is 100% 

linked with the previously reported SNP at position 3915. In accord with the findings of 

Rankinen eta/ (57), we observed that 3'-UTR SNPs of the ATP1a2 gene influence 

baseline blood pressure. However, Rankinen eta/ found (57) this effect for systolic blood 

pressure only, whereas we found that diastolic blood pressure is also elevated. Similarly, 

we discovered that the prevalence of the mutant alleles for this SNP is higher in African 

Americans as compared to Caucasian Americans. Another important discovery of this 

investigation was that haplotypes constructed from these SNPs influenced blood pressure 

in an ethnic-specific manner. The ancestral GGCC haplotype was associated with lower 

blood pressure in AAs and higher blood pressure in CAs, suggesting some form of 

differential evolutionary pressure in this genetic locus in the two races. 
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Given the association of these SNPs and haplotypes with basal blood pressure, we 

sought to investigate the mechanistic reasons behind this association. This is the first 

human study to investigate the link between the physiology of blood pressure control and 

its link with SNPs in this gene. In this study, we sought to determine whether these basal 

blood pressure effects are associated with impairment of neural reflex control and 

endothelial function. Reflex control was tested by studying responses of blood pressure 

and MSNA to two different pressor stimuli, cold pressor test and hypoxic apnea, since 

exaggerated responses to these stimuli suggest altered blood pressure control mechanism. 

Endothelial function was tested using ultrasound-derived measures of flow-mediated 

dilation in the brachial artery. Endothelial dysfunction is another potential mechanism 

behind altered blood pressure control. In this group of subjects studied, the physiologic 

responses to the two pressor stimuli were not greater in the groups who had higher basal 

blood pressure, suggesting that reflex control of blood pressure was normal. Therefore, 

the most likely mechanism for higher basal blood pressure in these groups is an increase 

in basal vascular tone, as evidenced by a tendency in these individuals to have a higher 

resting systemic vascular resistance. This hypothesis is in agreement with the physiologic 

role of the Na+-K+-ATPase in maintaining ionic equilibrium in cells. The Na+-K+-ATPase 

is functionally connected to the Na+-ca++-exchanger. Depression in activity of the former 

pump decreases the capability of the latter to extrude Ca ++ out of the cell and leads to an 

increased intracellular Ca ++ concentration. This may lead to an increased baseline 

vascular tone and consequent increase in baseline blood pressures. 
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The results from this study raise a number of important questions that need to be 

addressed in future studies: 

1. What is the mechanism for the increased basal blood pressure associated with 

these SNPs and haplotypes? As mentioned above, the most likely mechanism 

is an increased systemic vascular resistance as a consequence of increased 

basal vascular tone. As noted in the limitations, these data are not sufficient to 

definitively prove this hypothesis. Therefore, a larger sample of subjects needs 

to be studied to test whether basal SVR is indeed increased in association with 

certain ATP 1 a2 haplotypes. Based on our power calculations for SVR, we 

need to study at least 4 more individuals who are homozygous mutants for the 

GGCC haplotype. Given the prevalence of the homozygous mutant GGCC 

haplotype was 0.19 among the AAs in this study, we need to recruit at least 

another 22 AAs and test their baseline SVR. 

At the cellular level, it is not known whether these 3 '-UTR SNPs have an 

effect on Na+-K+-ATPase expression. The 3' UTRs of genes determine such 

properties as mature mRNA stability/degradation, nuclear export, subcellular 

localization and translation efficiency (7-9). They are rich in regulatory 

elements and are involved in regulating gene expression at the pre-mRNA 

level. (8). Thus, conceivably, these SNPs can affect the expression and 

stability of N a+-K+-A TPase. Future studies need to address whether this . is 

indeed the case. Studies are also needed to address whether these SNPs affect 
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1omc concentrations inside the cells, particularly the intracellular 

concentrations ofNa+ and Ca++. 

2. Are the effects of these SNPs and haplotypes different in older individuals? 

The subjects for this study were drawn from a young healthy population. It is 

. possible that while only basal blood pressure seemed to be affected in these 

young individuals, even the responses to pressor stimuli could be exaggerated 

in an older population, representing a progression of the disease process. It is 

conceivable that baseline blood pressure is affected by these SNPs at a young 

age and that reflex control of blood pressure is affected later as a consequence 

of this inciting event. Similarly, the lack of endothelial dysfunction in 

association with these genotypes could possibly be because of the young age 

of the individuals studied. It is possible that subjects with higher basal blood 

pressure will develop endothelial dysfunction at a later age. The reason to 

examine the putative association between these ATP 1 a2 haplotypes and 

response to stressor stimuli was to assess for clues to an altered risk of future 

hypertension. Lack of a longitudinal follow-up in our study does not permit us 

to directly address this objective and, based on our results, the question of 

future risk of hypertension remains open. Therefore, longitudinal studies on 

individuals carrying these SNPs need to be done starting at a young age and 

continuing into ages in which hypertension is prevalent. 
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3. What is the prevalence and effect of these SNPs in hypertensive individuals? 

As part of the study design, we recruited only normotensive individuals and 

compared the prevalence ofthe SNPs in theATPla2 gene in these individuals. 

Future studies need to compare prevalence of these SNPs in hypertensive 

individuals to determine whether these SNPs are more prevalent in 

hypertensive individuals as compared with normotensive individuals. Studies 

also need to compare physiologic responses to pressor stimuli in hypertensive 

individuals and test whether these responses are different in individuals 

carrying the SNPs than in individuals not carrying the SNPs. 

4. What is the prevalence of these SNPs in races other than African Americans 

and Caucasian Americans? Data on the prevalence of these SNPs are 

available only in African Americans and Caucasian Americans. The 

prevalence of these SNPs in other races needs to be determined. The effects of 

these SNPs with basal blood pressure need to be studied in other racial groups. 

This is important because a significant finding of the current study was that 

the ancestral haplotype GGCC affected basal blood pressure in an ethnic­

specific manner, suggesting an evolutionary pressure on this genetic locus. 

5. What is the association of these SNPs with family history of hypertension? 

Given the well-known fact that hypertension runs in families and the finding 

of association of these SNPs with blood pressure, it is likely that there is an 
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association of these SNPs with a family history of hypertension. Carefully 

designed future studies need to test this hypothesis by recruiting families and 

studying the prevalence of hypertension and of these SNPs in these families. 
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