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Phosducin influences sympathetic activity and
prevents stress-induced hypertension
In humans and mice
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Hypertension and its complications represent leading causes of morbidity and mortality. Although the cause
of hypertension is unknown in most patients, genetic factors are recognized as contributing significantly to
an individual’s lifetime risk of developing the condition. Here, we investigated the role of the G protein regu-
lator phosducin (Pdc) in hypertension. Mice with a targeted deletion of the gene encoding Pdc (Pdc~ mice)
had increased blood pressure despite normal cardiac function and vascular reactivity, and displayed elevated
catecholamine turnover in the peripheral sympathetic system. Isolated postganglionic sympathetic neurons
from Pdc~/- mice showed prolonged action potential firing after stimulation with acetylcholine and increased
firing frequencies during membrane depolarization. Furthermore, Pdc~/~ mice displayed exaggerated increases
in blood pressure in response to post-operative stress. Candidate gene-based association studies in 2 differ-
ent human populations revealed several SNPs in the PDC gene to be associated with stress-dependent blood
pressure phenotypes. Individuals homozygous for the G allele of an intronic PDC SNP (rs12402521) had 12-15
mmHg higher blood pressure than those carrying the A allele. These findings demonstrate that PDC is an
important modulator of sympathetic activity and blood pressure and may thus represent a promising target

for treatment of stress-dependent hypertension.

Introduction
Hypertension and its cardiovascular consequences contribute to the
leading causes of morbidity and mortality worldwide (1). In over
90% of hypertensive patients, the causes of increased blood pressure
are unknown. Thorough clinical investigation may help to identify
metabolic or endocrine causes, tumors, or other treatable conditions
that contribute to the development of secondary hypertension in
less than 10% of individuals. The remaining majority of patients in
whom no cause can be found are diagnosed with primary, or “essen-
tial,” hypertension (2). Besides environmental factors, a significant
portion of the risk for hypertension is determined by genetic factors
(3). There is increasing evidence that many forms of hypertension
are initiated and maintained by elevated activity of the sympathetic
system (4, 5). However, the molecular mechanisms underlying sym-
pathetic activation in essential hypertension are largely unknown.
Cardiovascular function is modulated by signals, hormones,
and transmitters that activate G protein-coupled receptors (6),

Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: J. Clin. Invest. 119:3597-3612 (2009). doi:10.1172/JCI38433.

The Journal of Clinical Investigation

http://www.jci.org

G proteins (7), and G protein regulators (8). Thus, we hypoth-
esized that phosducin (Pdc), which was identified in retina and
brain as a 33-kDa protein and binds to the fy subunits of hetero-
trimeric GTP-binding proteins (9, 10), might affect cardiovascular
homeostasis. Despite the fact that Pdc and its homologs have been
shown to regulate several aspects of G protein-coupled receptor
signaling, gene transcription, and protein folding and degrada-
tion (11-14), its physiologic role in vivo is largely unknown. Here
we demonstrate that mice deficient in Pdc develop significant
stress-dependent hypertension due to increased sympathetic tone.
In order to test whether PDC may also affect blood pressure in
humans, we performed a candidate-gene association analysis in
2 populations of French-Canadian (FC) and African-American
(AA) origin. PDC was significantly associated with both wake and
stress-response blood pressure phenotypes. FC and AA individu-
als showed a 15- and 12-mmHg difference, respectively, in wake
systolic blood pressure (SBP) between the 2 homozygous versions
of a single nucleotide polymorphism in PDC. Taken together, we
believe that both human and animal studies establish PDC as a
novel hypertension gene. Modulating the function of PDC may
Number 12 3597

Volume 119 December 2009



research article

A Phosducin gene (Pdc)
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Phosducin (106 bp PCR product)

represent a novel mechanism to control sympathetic activity and
to treat stress-induced hypertension without adversely affecting
resting blood pressure.

Results

Generation of Pdc-deficient mice. To obtain Pdc-deficient mice, the
murine Pdc gene was disrupted by gene targeting (Figure 1, A-C).
Mice lacking 1 or 2 copies of the Pdc gene were viable and fertile
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and developed normally. Pdc protein was completely absent in the
retina of Pdc”/~ mice (Figure 1D). By means of Western blotting,
quantitative RT-PCR, and a branched DNA assay we detected Pdc
protein and mRNA in different adult wild-type tissues including
retina, pineal gland, and sympathetic ganglia but not in the heart
(Figure 1E), blood vessels, or kidney (data not shown). The pres-
ence of Pdc in RT-PCR products was verified by sequencing (Figure
1F). Heterozygous Pdc deletion led to a 51% + 9% reduction in Pdc
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mRNA and a 12% * 1% decrease in Pdc protein expression in the
retina compared with Pdc** specimens (data not shown).

Cardiac morphology and function of Pdc-deficient mice. Expression of
Pdc in sympathetic ganglia indicated that Pdc may play a role in
cardiovascular regulation. Thus, we initially investigated cardiac
morphology and hemodynamic function of Pdc-deficient mice.
Cardiac gross anatomy, heart weight, and histology did not differ
between Pdc7~ and Pdc*/* mice at an early age of 1.5-2 months (Fig-
ure 2, A-C). Upon catheterization of the aorta and left ventricle
using a microtip catheter, SBP and diastolic blood pressure (DBP)
as well as left ventricular contractility (dP/dt,..) were significantly
elevated in Pdc/~ compared with Pdc”* mice (SBP Pdc7/~126.4 + 4.3
mmHgvs. Pdc”*89.8 = 2.0 mmHg; P < 0.01; Figure 2, D-F). Resting
heart rate did not differ between genotypes (Figure 2G). In order to
test whether hypertension in Pdc 7/~ mice was due to increased sensi-
tivity to adrenergic stimulation, the adrenoceptor agonists norepi-
nephrine and dobutamine were applied by i.v. infusion in anesthe-
tized mice (Figure 2, H-]). Activation of a; and 3; adrenoceptors by
norepinephrine caused similar increases in mean arterial pressure
(Figure 2H) and heart rate (data not shown) in both groups of mice.
Dobutamine, which primarily activates cardiac f3; adrenoceptors,
had identical positive inotropic and positive chronotropic effects
in Pdc7/~ and Pdc”* mice (Figure 2, I and J). Taken together, these
results indicate that deletion of the Pdc gene causes hypertension
without primarily affecting cardiac function in young mice.

Vascular function of Pdc-deficient mice. In order to determine
whether hypertension was due to increased vasoconstriction or
vascular remodeling, arterial vascular function was assessed in a
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small vessel myograph in vitro (Figure 3). Histological analysis of
isolated vessel segments from mouse iliac arteries at young adult
age (1.5-2 months) did not reveal any structural changes of the
intima, media, or adventitia (Figure 3, A and B). Media thickness
or smooth muscle cell cross-sectional areas did not differ between
iliac arteries isolated from wild-type or Pdc-deficient mice (Figure 3,
C and D). After mounting vessel segments from the iliac artery
of Pdc”/* and Pdc~/~ mice in a myograph, internal vessel diameters
set to a pretension corresponding to an intraluminal pressure of
100 mmHg were identical between genotypes (Figure 3E). Con-
tractile responses elicited by potassium depolarization or the o
adrenoceptor agonist phenylephrine were not altered in Pdc-defi-
cient vessels (Figure 3F). Furthermore, the muscarinic agonist
carbachol induced similar endothelium-dependent relaxation in
arteries from Pdc*/* and Pdc”/~ mice (Figure 3G). Similar results
were obtained with vessel segments isolated from the abdominal
aorta or mesenteric artery (data not shown). Histological inves-
tigation of arteries and capillary density in the hindlimb did not
reveal differences between genotypes (data not shown). Thus, in
addition to cardiac function, vasoconstriction and vasorelaxation
of isolated arteries was not affected by deletion of the Pdc gene at
ayoung age. Moreover, we did not identify any differences in renal
development, histology, or function between genotypes that may
have affected blood pressure regulation (data not shown). Neither
plasma renin activity nor plasma levels of angiotensin peptides or
aldosterone were elevated in Pdc-deficient mice (data not shown).

Pdc/~ mice show stress-dependent hypertension. In order to further
dissect the mechanism of hypertension in response to Pdc ablation,
Volume 119 Number 12
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telemetric pressure transducers were implanted into the carotid or
femoral arteries of Pdc”* and Pdc/~ mice. Two weeks after implan-
tation of the telemetry devices, circadian rhythm was present in
both strains of mice (Figure 4, A and B). However, nighttime arte-
rial SBPs and DBPs were significantly higher in Pdc/~ mice com-
pared with Pdc”/* mice (Figure 4, A-D). Heart rate did not differ
between genotypes (Figure 4E).

Postoperative stress or transfer of mice into novel environments
elicited greater increases in blood pressure in Pdc”~ than in Pdc*/*
mice (Figure 4, F-K). During the first 12 hours of recovery from
anesthesia after implantation of telemetric devices, SBP reached
180 mmHg in Pdc/~ mice, whereas it remained around 140 mmHg
in Pdc”* mice (Figure 4F). We observed a gene-dosage effect, as
postoperative blood pressure was already increased in mice with
only 1 deleted copy of the Pdc gene (Pdc”~; Figure 4, F and G). Fur-
thermore, hypertension was elicited by stress induced by transfer of
mice into empty cages that had previously been used by other male
mice (Figure 4, I and J). SBP increased by 57 + 3 mmHg in Pdc/~
mice compared with 37 + 4 mmHg in Pdc”* mice (Figure 4,1 and J).
Heart rates during recovery from anesthesia or cage switching did
not differ between Pdc~~ and Pdc*/* mice (Figure 4, H and K). Acute
blockade of vasoconstrictory o adrenoceptors by prazosin lowered
SBPs and DBPs to similar levels in awake, freely moving Pdc** and
Pdc”/~ mice (Figure 4, L and M), providing evidence that enhanced
sympathetic tone elicited hypertension in Pdc-deficient mice.

In order to exclude a possible contribution of Pdc in the retina or
pineal gland for blood pressure regulation, several conditions were
tested (Supplemental Table 1; supplemental material available
online with this article; doi:10.1172/JCI38433DS1). The targeted
Pdc allele was crossed onto a C3H/HeN mouse background for 2
reasons. First, we wanted to prove that Pdc ablation caused hyper-
tension in mice irrespective of the genetic background. Second,
we wanted to address whether hypertension would also occurina
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Figure 3

Vascular function in Pdc-deficient mice at a young age. (A-D) Longitudi-
nal sections through the iliac artery of wild-type (A) and Pdc~- mice (B)
revealed no alterations in microscopic structure, media thickness (C), or
vascular smooth muscle cell cross-sectional area (D) in Pdc~- mice (n =4
per genotype, age 1.5-2 months). Scale bars: 20 um. E, endothelium;
M media layer; A, adventitia. (E) Internal diameter of isolated iliac artery
segments mounted in a small vessel myograph and prestretched to a
wall tension corresponding to 100 mmHg intraluminal pressure (n = 6
per genotype). (F) Vasoconstrictory response to depolarization by 80
mM K+ or a4 adrenoceptor activation by phenylephrine was similar in
Pdc-and Pdc*+ iliac artery segments (n = 6-10). (G) Vasorelaxation
induced by the muscarinic receptor agonist carbachol was unaltered in
Pdc-- compared with Pdc++ vessels. Vessel segments were precon-
tracted by 10 uM phenylephrine (n = 6 vessels per genotype).

melatonin-deficient mouse strain (C57BL/6]) versus a melatonin-
proficient strain (C3H/HeN) (15). On the C3H/HeN background,
Pdc/~ mice still showed significant postoperative hypertension
compared with C3H/HeN Pdc*/* mice (Supplemental Table 1). In
order to investigate whether modulation of endogenous melato-
nin production by external light conditions affects the postop-
erative hypertensive response, mice were maintained for 2 weeks
under long daylight (20-hour light/4-hour dark) or long night
(4-hour light/20-hour dark) conditions. However, external lighting
conditions did not affect postoperative hypertension in Pdc”/~ or
Pdc”* mice (Supplemental Table 1). Furthermore, genetic ablation
of melatonin signaling in MT1,/MT1, melatonin receptor-defi-
cient mice did not induce significant postoperative hypertension
(Supplemental Table 1). Taken together, these results indicate that
external light/dark cycles do not affect stress-dependent hyperten-
sion in Pdc-deficient mice.

Increased sympathetic activity in Pdc”/~ mice. To further elucidate
the underlying mechanism of stress-induced hypertension in
Pdc/~ mice, we determined the activity of the sympathetic ner-
vous system and found strong evidence for sympathetic activa-
tion in Pdc”~ mice (Figure 5). In arterial blood samples collected
during isoflurane-induced anesthesia, norepinephrine levels were
3.4-fold higher in Pdc7~ than in Pdc*/* mice (Figure 5B), while the
concentration of circulating epinephrine was not altered (Fig-
ure 5C). Renal elimination of norepinephrine was significantly
higher in Pdc7/~ than in Pdc*/* mice during the night but not
during the day (Figure 5D). Furthermore, pre- and postsynaptic
metabolites of norepinephrine, dihydroxyphenylglycol (DHPG)
and normetanephrine (NMN) were significantly increased in car-
diac tissue from Pdc”/~ compared with Pdc*/* mice (Figure 5, E and
F), indicating increased sympathetic neurotransmitter release in
vivo. Inhibition of sympathetic tone by the o, agonist clonidine
led to a greater reduction in SBP in Pdc~/~ than in Pdc”* mice (Fig-
ure 5G), providing further evidence for enhanced sympathetic
tone in Pdc”/~ mice. Similarly, clonidine elicited greater brady-
cardic responses in Pdc/~ (-145 + 14 min"!, » = 8) than in Pdc*/*
mice (-70 £ 34 min!, n =6; P <0.05).

Searching for the mechanism of increased sympathetic activity
and circulating norepinephrine, we studied sympathetic function
at several levels (Supplemental Figure 1), including brain stem,
spinal cord, sympathetic ganglia, and target tissue innervation.
In contrast to the peripheral sympathetic system, we did not find
evidence for increased norepinephrine content or turnover in the
central nervous system, i.e., in whole brain or brain stem, which
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is rich in catecholaminergic neurons regulating hemodynamics
(Supplemental Table 2). To study whether preganglionic sympa-
thetic neurons of the intermediolateral column of the thoracic
spinal cord were differentially activated between Pdc7~ and Pdc**
mice during stress-induced hypertension (Figure 4, F and G),
immunostaining for cFos (16) was performed in mice 2-3 hours
after surgery (Supplemental Figure 2). Preganglionic sympathetic
neurons in the intermediolateral column of the spinal cord were
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identified by choline acetyltransferase expression (17). The per-
centage of cFos-positive preganglionic neurons in the interme-
diolateral cell column did not differ between genotypes (Supple-
mental Figure 2, Pdc”* 25.0% + 3.6% vs. Pdc7/~26.3% + 3.0%,n =6
per genotype; P=0.78).

In order to elucidate whether sympathetic overactivity in Pdc7/~
mice occurred distal to the spinal cord on ganglionic or postgangli-
onic levels, we first investigated hemodynamic responses to direct
Volume 119
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electrical stimulation of the spinal cord during deep anesthesia
(Figure 6). Electrical stimulation of preganglionic neurons in the
thoracic spinal cord at defined frequencies should reveal whether
sympathetic ganglia or distal nerves respond with higher activity
to identical input from preganglionic neurons. As expected, spi-
nal cord stimulation resulted in a frequency-dependent increase in
SBP and DBP in both genotypes (Figure 6, A and B). Blockade of
nicotinic acetylcholine receptors by hexamethonium largely pre-
vented this blood pressure response, proving that indeed sympa-
thetic vasoconstrictory nerves were activated by electrical stimula-
tion of preganglionic neurons in the thoracic spinal cord (Figure
6A). Interestingly, the rise in blood pressure achieved by stimula-
tion at frequencies between 1.25 Hz and 10 Hz was significantly
higher in Pdc/~ than in Pdc”* mice (Figure 6B). Similarly, the rise in
heart rate elicited by spinal cord stimulation was greater in Pdc/~
(+79.9 +£ 22.0 min~!, n = 9) than in Pdc¢*/* mice (+19.5 £ 9.3 min"},
n=7;P<0.05), consistent with an amplification of the neuronal
signal in sympathetic ganglia or distal nerves.

In order to test whether this amplification occurred at the level of
the sympathetic nerves innervating target tissues including vascu-
lature and heart, we next investigated vasoconstrictory responses
and norepinephrine release in target tissues during electrical field
stimulation in vitro. Isolated first order branches of the femoral
artery responded with strong increases in wall tension to electrical
stimulation of intramural sympathetic nerves (Figure 6C). Block-
ade of neuronal voltage-gated Na* channels with tetrodotoxin (0.5
uM) was used to identify the part of the vasoconstrictory response
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attributable to neurotransmitter release from intramural nerve
endings. However, no differences in electrically evoked contraction
were detected between Pdc/~ and Pdc*/* arteries (Figure 6D).

In order to directly assess feedback control of neurotransmit-
ter release, we measured the secretion of [*H]norepinephrine from
isolated cardiac atria (Figure 5, H and I). In tissues from both
genotypes, electrically stimulated transmitter release was identical
(Figure SI) and could be inhibited by the o, adrenoceptor agonist
medetomidine with similar potency and efficacy (Figure SH), dem-
onstrating intact feedback control and neurotransmitter release
from sympathetic nerves. Furthermore, expression of tyrosine
hydroxylase, the rate-limiting enzyme in catecholamine biosyn-
thesis, in sympathetically innervated tissues, including the heart,
was not altered in Pdc/~ mice (Figure S, ] and K). Taken together,
these data led to the hypothesis that activity or responsiveness of
ganglionic sympathetic neurons might be elevated in Pdc~~ mice.

Thus, we searched for alterations in sympathetic neurons isolated
from superior cervical ganglia (SCG) or stellate ganglia, which
express Pdc (Figure 7). Neither type of sympathetic ganglia showed
genotype-dependent differences in sympathetic neuron number
or morphology (Figure 7, A and B). Acetylcholine-induced action
potentials persisted significantly longer in sympathetic neurons
isolated from Pdc7/~ SCG when compared with wild-type neurons
(Figure 7, C and D). Similarly, Pdc”~ neurons depolarized by cur-
rent injection displayed higher firing frequencies than did control
neurons from Pdc”* mice (Figure 7E). Hyperpolarization-activated
(In) currents and Na* currents were similar in wild-type and Pdc7/~
December 2009 3603
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Figure 7

Action potential firing in sympathetic neurons isolated from Pdc-deficient mice. (A and B) Histology of SCG of Pdc- and wild-type mice. Arrows
indicate perikarya of postganglionic sympathetic neurons (scale bars: 20 um). (C and D) Response of sympathetic neurons from Pdc++ (C) and
Pdc- (D) mice to acetylcholine. Application of 10 uM acetylcholine (ACh, indicated by thin bar) depolarized the membrane potential and induced
a short train of action potentials (the inset shows the burst at a higher time resolution). Ten of 12 tested cells responded similar to the cell shown
(bursting time <5 seconds in the presence of 10 uM acetylcholine). Sympathetic neurons from Pdc~- mice produced extended trains of action
potentials in the presence of 10 uM acetylcholine. Seven of 8 cells revealed bursting times between 10 and 40 seconds. (E) Action potential
firing after membrane depolarization by current injection in isolated neurons from SCG. Neurons from Pdc~- animals displayed a significantly
higher firing frequency than wild-type neurons (n = 8 per genotype; *P < 0.05). (F-H) Currents constituting the action potentials were examined.
(F) Ir currents (HCN) did not differ between Pdc~- and wild-type neurons (n = 8 per genotype). (G) Peak Na* currents evoked by membrane
depolarization did not differ between genotypes (Pdc+* n = 8, Pdc- n = 9). (H) Depolarization evoked K+ currents in the presence of Na* and
Ca?+ channel blockers. With increasing membrane depolarization, K+ currents in neurons from Pdc~- mice were significantly larger than currents
in Pdc*+ neurons (Pdc*+n =5, Pdc”-n = 8; *P < 0.05).
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Table 1 when compared with wild-type
Overview of patient data values (Pdc/~ 7.7 £ 0.2 mg/mm
vs. Pdc”/* 6.9 £ 0.2 mg/mm,;
Characteristic FC AA P < 0.05; Supplemental Fig-
Male (n=370) Female (n=440) Male (n=122) Female (n=220) ure 4H). Expression analysis
Age (yr) 4875+1316 5153+ 14.61 4451+ 856 4455 + 8.65 of markers of the fetal gene
Waking SBP (mmHg) 130.49 + 1417  121.76 £ 15.63 14555+14.34 14210+17.84 program, which becomes acti-
Waking DBP (mmHg) 79.97 +9.97 74.45+10.10 88.05+9.25 84.72 £+10.24 vated during cardiac hypertro-
Standing SBP (mmHg) 132.58 £+19.25  124.23 + 23.02 149.45 + 16.31 150.87 + 21.95 phy, identified a significant
Standing DBP (mmHg) 84.78+12.01  78.40+10.84 97.90+12.57  94.94x13.66 upregulation of the B isoform
Post-math SBP (mmHg) ~ 126.39+ 16.60  118.23 + 20.41 144.40+1879  147.54 +19.62 of myosin heavy chain (Supple-
Post-math DBP (mmHg) 80.82 +11.94 71.45 £11.05 93.75+10.33 89.62 + 11.42 mental Figure 4I).
BMI N 27.29 +4.53 26.40 £ 5.45 29.56 +6.40 33.61+7.71 Association of the human PDC
Plasma creatinine (mg/dl) 0.98+0.24 0.77+0.17 0.99+0.16 0.80£0.13

Values are mean + SD.

neurons (Figure 7, F and G). However, K* channel current was
significantly greater in Pdc7/~ than in Pdc”* neurons (Figure 7H),
allowing for faster repolarization and thus higher action potential
frequencies in Pdc”/~ neurons. These findings establish what we
believe is a novel functional link between Pdc and stress-induced
hypertension due to increased sympathetic activity caused by cell-
autonomous, increased electrical activity of sympathetic neurons.

In order to further test whether sympathetic activity is generally
increased in Pdc-deficient mice, pupil size was measured in mice by
infrared confocal scanning laser ophthalmoscopy (Supplemental
Figure 3). After overnight dark adaptation, Pdc/~ mice had a sig-
nificantly larger pupil diameter than Pdc”* mice (Supplemental
Figure 3, A, D, and G). Increased pupil size was also observed in
Pdc7/~ mice after a brief light flash and after recovery from the flash
(Supplemental Figure 3, H and I). Light-induced miosis did not dif-
fer between genotypes (decrease in pupil size, Pdc7/~ -18.4% + 1.7%
vs. Pdc/* -17.8% + 2.6% of corneal diameter, #n = 8 per genotype;
P=0.85). Mydriasis of the pupil is consistent with increased sympa-
thetic activity in neurons originating in SCG in Pdc-deficient mice.

Cardiovascular end-organ damage in Pdc-deficient mice. Blood pres-
sure dysregulation in Pdc”/~ mice led to functional and structural
changes in the vasculature in older animals (>4 months), which
resembled findings in experimental and human essential hyper-
tension (Supplemental Figure 4). In isolated arteries, smooth
muscle cells displayed significant hypertrophy (mean myocyte
cross-sectional area, Pdc7/~ 50.0 = 1.6 wm? vs. Pdc/* 33.2 + 2.1 um?;
P <0.0001; Supplemental Figure 4, A-C). In addition, vasocon-
strictor responses to phenylephrine (Supplemental Figure 4D),
angiotensin II, and K* depolarization (data not shown) were
increased in iliac arteries from 4-month-old Pdc7/~ mice compared
with wild-type littermates. Furthermore, endothelial dysfunction
became apparent in Pdc”/~ vessels. Medetomidine-mediated relax-
ation via activation of endothelial o, adrenoceptors was signifi-
cantly reduced in Pdc~~ iliac arteries compared with Pdc*/* vessels
(Supplemental Figure 4E). However, vasorelaxation elicited by the
direct guanylyl cyclase activator, sodium nitroprusside, resulted
in similar effects in Pdc”~ and in wild-type vessels (Supplemental
Figure 4F). As a result of sustained sympathetic overactivity, o
adrenergic receptor (Adralb), B adrenergic receptor (AdrbI), and
B2 adrenergic receptor (Adrb2) mRNA was downregulated in aor-
tae of Pdc”/~ compared with Pdc*/* animals (Supplemental Figure
4G). Pathological alterations were also seen in the heart. Ventricles
of Pdc/~ mice aged 4-6 months displayed significant hypertrophy
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gene with hypertension. In order to

test whether PDC also influences

blood pressure phenotypes in

humans, we used a family-based
association study approach in AA and FC families recruited and
phenotyped using the same standardized protocols (Table 1). We
fully resequenced the PDC gene in 48 AA and 48 FC unrelated
individuals to select SNPs that define the haplotype structure
in detail. Through sequencing, we identified what we believe are
novel SNPs and verified a total of 49 SNPs. Of those SNPs, 3 were
in the PDC untranslated region of the transcript. The remaining
SNPs were located at 5, 3, and intronic regions (Supplemental
Table 3 and Figure 8, A and B). In addition, we selected SNPs
from public databases for prostaglandin-endoperoxide synthase 2
(PTGS2, also known as cyclooxygenase-2 [COX2] or prostaglandin
G/H synthase), as this gene is in close proximity to PDC. Single-
point and haplotype-based association analysis was performed,
and pairwise linkage disequilibrium (LD) was calculated for geno-
typed markers (18, 19) (Figure 8A).

Significant associations for blood pressure phenotypes were found
in both populations at markers in PDC, and the neighboring region
extending into the PTGS2 gene (Figure 8A). High levels of LD in the
FC population covered the entire 222-kb region, but LD was broken
down between the 2 genes in the AA population (Figure 8A).

In the FC families, we detected significant association for mul-
tiple SNPs in PDC for average wake SBP and DBP (Figure 8). The
most significant association signals (P < 0.0005) were detected for
wake DBP for markers in the PDC gene as well as for flanking SNPs.
These results were confirmed by 2- and 3-marker sliding-window
haplotype analysis (3-marker haplotype: rs1929095-1rs7556360;
P =0.00001). In addition, we detected a significant association
with SBP 4 minutes after a postural change from supine to stand-
ing, SBP 8 minutes after a 2 minute math test, as well as DBP after
the math test (P < 0.0005).

We used generalized estimating equations to calculate the geno-
type-specific blood pressure for the rs12402521 SNP (Figure 8, C
and D). Individuals homozygous for the G allele had an increased
average wake SBP of 15 mmHg for FC and 12 mmHg for AA when
compared with those homozygous for the A allele (P < 0.0001; Fig-
ure 8, C and D). Heterozygote individuals expressed intermediate
blood pressure levels, thereby suggesting a gene-dosage-depen-
dent effect of PDC.

As 2 LD blocks separating PDC and PTGS2 were identified in the
AA population (Figure 8A), we performed a detailed association
analysis of 6 representative phenotypes of resting and stress blood
pressure (Table 2). Significant associations were found for PDC
SNPs in the AA population predominantly for stress phenotypes,
Volume 119 3605
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Genetic mapping of blood pressure loci on human
chromosome 1. (A) LD structure for the PDC, PTGS2
region on chromosome 1 of FC (left) and AA (right)
populations. D' values for LD between each marker
(red = D' > 0.8) are presented. In the FC group,
PDC and PTGS2 cosegregated in 1 large block of
LD, which was separated into 2 LD blocks in the AA
population. PRG4, proteoglycan 4; TPR, translocat-
ed promoter region; OCLM, oculomedin; PLA2G4A,
phospholipase A2 group IV A. (B) SNPs in 2 human
populations are shown in their genomic location in
relation to the PDC gene. SNPs highlighted in red
were genotyped in the full FC and AA populations.
(C and D) Average wake SBP in FC and AA popula-
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Published data from genome-wide associa-
tion studies (GWASs) in a Scandinavian popula-
tion with type 2 diabetes (21) and the WTCCC
consortium (22) both show association with
PDC, thus providing additional independent
replications of our findings. The Scandinavian
study showed association with SBP with a SNP
typed for all 4 populations in PDC (rs12402521;
P=0.0047) as well as other SNPs in the intergen-
ic region, which spans the LD block to PTGS2
(rs10911877, P =0.007; rs11584662, P = 0.0019;
rs16825675, P =0.0094) (ref. 21; blood pressure
trait data were accessed via the Broad Insti-
tute; htep://www.broad.mit.edu/diabetes). The
WTCCC study reconfirmed the association of
rs12402521 with SBP (P = 0.0079) (22). Finally,
the combined analysis using Fisher’s combined
probability test yielded a P value of 5.2 x 10-5.
Taken together, our data show a replicated, high-
ly significant, and clinically important effect for
the hypertension gene PDC in independent and
diverse populations.

Hypertension in mice lacking expression of PTGS2.
Given the observed association between blood

184,701,897

NI I
It

pressure phenotypes and PTGS2 in humans, we

GIG G/A  ANA

GIG GIA  AA
rs12402521 genotype

especially in response to standing and after a math test for both
SBP and DBP (Table 2). Haplotype marker analysis confirmed
the positive association for stress-related phenotypes, in particu-
lar for math DBP (2 marker haplotype: rs6672836-rs1929095;
P=0.0022). For PTGS2, we detected significant associations in the
AA sibling pairs for wake SBP (Table 2). Furthermore stress blood
pressure phenotypes were also significantly associated with PTGS2
SNPs. Adjusted P values using false discovery rate (FDR) analysis
to account for multiple testing (20) remained significant in the
AA population (Table 2). At the same time, we did not observe an
association for heart rate in the FC or AA cohorts. These findings
are consistent with the results in the mouse model.
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complemented the analysis and investigated
whether heterozygous or homozygous Ptgs2-
deficient mice also displayed characteristics
of stress-dependent hypertension. Basal blood
pressure as assessed by telemetry was significantly higher in
Ptgs27/~ mice than in Ptgs2*/~ or wild-type mice (Figure 9, A and
B). However, in contrast to Pdc-deficient mice, Ptgs27/~ mice
had higher SBP during the inactive day and the active night
periods (Figure 9A), and there was no significant difference
between genotypes in response to stress (cage switch) (Figure
9, C and D). Deletion of the Pdc gene did not affect expression
of Ptgs2 mRNA in kidney, aorta, or lung from Pdc”~ mice (Ptgs2
mRNA in Pdc/~ tissues: 92% + 6%, 97% + 8%, and 70% + 10% of
Pdc*/*, respectively). Thus, it is unlikely that the observed stress-
dependent hypertension in Pdc/~ mice is mediated through a
Ptgs2-dependent pathway.
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Association analysis in the AA population
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Post-math

SBP

DBP

SBP

DBP

SBP

DBP

FDR P

P

FDR P

P

FDR P

P

FDR P

P

FDR P

P

FDR P

P

MAF
0.07
0.38

0.1

Marker
rs857589
rs2037830

Gene

0.0822  0.1294

0.2915

0.0027 0.0191 0.0049 0.0232 0.1047  0.1570 0.2364

0.0298

0.0094

6

rs4651309

— QO ™I~ o < =
— M F M o S oo
| N QO O — | | I N =
O ANON e =e
Scoococo S S o
o0~ N < < 0
TNTNO D m N
| 0o SO | | W 02
o~ - e S o9
cooce o S oo
© 0 — © O I~ oo @
— = < O N ™ © ™
| OO0 | | N — @
AN NN - NS
coococo S oo
™M O MmO LW o ©
N © N © © ~ © ™
| NON®®D | | I~ IO
NN = O o —e
coococo S S o
o~ o <+ O
S = ® D D N o
I RODODO | | N 0
o—aOdA®™» S oo
coococo S oo
RN N o R e) © N
MmO WwD S am
| WM — AN T O |l e =9
S-S aN®m e e
ococooo © so
®r— o N 0 = o
-0 O O ® s o3
| A M ANN (= =ir—1
Sxaeaes eSS
occocoo S =
DO M N © 8 oo
SO~ N~ S oo
BN E=E=E=]
e~eaes e e e
coccooos o o
© N~ QW ™ O ©
™= N M 0 <
| MWMOITLOO | | —m OWN
S X o - e
ococoococo S coe
© Ao o — ©
RN R R=] - © o
I ETOONG® | |~ IO
SxoS8 o e Mme
ocoococeo S oo
N N S < < o™
N OO N O n o
| M- O="© | | N O™
Snoaoo S X o
CR=-E=K-EK=) o oo
-~ N O o o
-0 9os © S
I mFO®Me®m® | | © %9
eTeaes e - e
cocooos S oo
OCHAOWODOO DN O
—YTASSTTO® ST
Sooocococococo So
moOoLTwWOLINNR ©w.v
O ORBdHPFBLWLR O
NDPOSORIDL H O
SOVUrCoNNI Y NS
NOSZANQSLD™E s
CWHUBooI~N=-L oo
O - 0N - ©©
LLYH PLHLLH 22
L L L
S8R8E8EES
Q. Qo Qq Q. Q. Qo Qq

The Journal of Clinical Investigation

0.0326
0.0298
0.0329
0.0341

0.0116
0.0095
0.0127
0.0144

0.0236 0.0506

0.0672

0.0191
0.0452
0.0124
0.0654

0.0033
0.0206
0.0007
0.0349

0.0298
0.0389
0.0191
0.0329

0.0093
0.0173
0.0029
0.0128

0.0180
0.0124
0.0254
0.0355

0.0018
0.0010
0.0059
0.0154

0.0191
0.0284
0.0191
0.0124

0.0036
0.0079
0.0035
0.0011

0.43
0.

rs10911901

PTGS
PTGS

htep://www.jci.org

0.1141

40

rs5275
r$2383529

0.0039 0.0195

0.41
0.49

0.05

0.0314 0.0614

rs967750
rs7518498

rs926324
12223307

0.9914
0.5618

0.9914
0.5119

0.3727
0.1596

0.3147
0.1082

0.8232
0.5627

0.7958
0.5189

0.7218
0.5618

0.6737
0.5047

0.2741
0.2384

0.2132
0.1775

0.9029
0.1600
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P values for single-point association analysis using family-based association testing for selected blood pressure phenotypes in AAs. P values are compared with the respective phenotype (e.g., DBP or

SBP). The markers for PDC and PTGS2 signify the blocks of LD found in the AA population. Bolded numbers indicate P < 0.05. MAF, minor allele frequency.
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Discussion

The present study identifies PDC as what we
believe is a novel target gene for stress-depen-
dent hypertension in mice and humans.
Enhanced activity of postganglionic sympa-
thetic neurons was identified as an underly-
ing cause of hypertension in mice deficient
in Pdc. Several lines of evidence suggest that
the sympathetic system is responsible for the
cardiovascular phenotype.

First, arterial pressure was elevated in
parallel with sympathetic activity, i.e., dur-
ing nighttime, in response to transfer into a
novel environment and during post-opera-
tive stress. In contrast, cardiac, vascular,
and renal morphology and function were
not primarily altered in mice lacking Pdc.
In vivo and in vitro effects of agonists acti-
vating cardiomyocyte B; adrenoceptors
(dobutamine, norepinephrine) or vascular
a1 adrenoceptors (norepinephrine, phen-
ylephrine) were normal in Pdc”/~ mice. In
parallel with increased nighttime blood
pressure, plasma and urine catecholamines
were significantly elevated in Pdc7/~ mice.
Moreover, tissue metabolites of norepi-
nephrine (DHPG, NMN), which specifically
indicate elevated transmitter release in vivo
were elevated in Pdc/~ hearts. In addition, in
vivo blockade of vascular a; adrenoceptors
by the antagonist prazosin or inhibition of
enhanced sympathetic tone by the a; adre-
noceptor agonist clonidine normalized ele-
vated blood pressure in Pdc”/~ mice to the
same levels as in Pdc** animals, indicating
that elevated sympathetic activity of vaso-
constrictory nerves was the prime cause of
Pdc-dependent hypertension.

These results are consistent with the
expression of Pdc in postganglionic sympa-
thetic ganglia (Figure 1). Sympathetic gan-
glia from Pdc~/~ mice were normal in several
aspects including morphology, presynap-
tic feedback inhibition of norepinephrine
release, and innervation density of periph-
eral organs as assessed by tyrosine hydroxy-
lase expression in the heart. However, neu-
rons isolated from sympathetic ganglia
displayed elevated action potential firing
in response to stimulation by acetylcholine
or electrical depolarization. This phenotype
was cell autonomous, i.e., persisted during
the 1- to 3-day period of in vitro culture of
these cells. We identified enhanced K* cur-
rent density in Pdc”/~ neurons, which may
allow for faster repolarization and electrical
activity. Future studies will be important to
identify the precise molecular mechanismy(s)
causing enhanced electrical activity in Pdc-
deficient sympathetic neurons.
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Does Pdc in other cell types or organs contribute to the control
of blood pressure? Published data and our own results indicate
that Pdc is primarily expressed in the retina, pineal gland and in
sympathetic ganglia (Figure 1) (9, 23, 24). In the retina, Pdc has
been detected in photoreceptor cells to modulate the activity of
G protein Py subunits (23). Mice lacking Pdc showed no altera-
tions in electroretinograms or retina morphology, thus allowing
the authors to study the effects of Pdc for G protein By subunit
diffusion between inner and outer photoreceptor segments (23).

In addition, high levels of Pdc expression have been demonstrated
in the pineal gland (24). However, the functional significance of
Pdc for pineal function has not yet been uncovered. Several lines
of evidence suggest that Pdc expressed in the retina or pineal gland
does not interfere with blood pressure regulation. Initially, Pdc-
deficient mice used in this study were crossed onto a C57BL/6]
background for 6-14 generations. C57BL/6] mice are generally
considered to synthesize very low, hardly detectable levels of mela-
tonin due to several genetic defects in the melatonin-synthesizing
pathway (15, 25). Furthermore, when we crossed the mutated Pdc
allele onto a melatonin-proficient C3H/HeN strain background,
postoperative SBP was more than 40 mmHg higher in Pdc~ than
in Pdc*/* mice (Table 1). In addition, mice deficient in melatonin
MT;, and MTy, receptors did not show defects in blood pressure
control. Taken together, Pdc expression in the retina or the pine-
al gland is unlikely to play a causal role in the stress-dependent
hypertension observed in Pdc7~ mice.

Our results from mouse studies were further supported by
identification of Pdc as a candidate gene for stress-dependent
hypertension in humans. Importantly, SNPs in the human PDC
gene were linked with stress-dependent blood pressure responses
in an AA population. While 2 SNPs in the PDC gene of the AA
3608
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Figure 9

Blood pressure of mice deficient in Ptgs2. (A—D) Resting SBP (A) and
DBP (B) and stress-induced SBP (C) and DBP (D) were determined
in wild-type (Ptgs2++), heterozygous (Ptgs2+-), and homozygous
(Ptgs2--) mice after implantation of a telemetric pressure transmitter.
(A and B) Deletion of the Ptgs2 gene led to increased SBP and DBP
during day and night (n = 4-6; *P < 0.05). (C and D) Despite different
resting blood pressures, the hypertensive response upon transfer of
mice into a novel cage environment did not differ between genotypes.
Insets: Maximal increase in SBP (left) and DBP (right) pressure after
cage switch (n = 6-8 per genotype).

population were linked with elevated SBP at rest, 5 SNPs in the
linkage block containing PDC were associated with an increased
blood pressure response to a change from sitting to standing or
after a math test (Table 2).

Individuals homozygous for the G allele of a PDC SNP
(rs12402521) had blood pressure levels 12-15 mmHg higher
than humans homozygous for the A allele. Notably, a 10-mmHg
increase in SBP has been shown to be associated with a doubling
of the risk of end-stage renal disease in persons with diabetes (26),
a 40% increased risk of stroke death, and a 30% increased risk of
ischemic heart disease (27).

In the AA population, 2 adjacent linkage blocks on chromo-
some 1 were identified, one centered around PDC and the other
containing PTGS2. In contrast to PDC, SNPs in the PTGS2 gene
were linked with both, resting and stress blood pressure phe-
notypes. Clinical studies have shown that patients receiving
PTGS2-selective inhibitors have an increased risk of thrombo-
embolic events, including stroke and myocardial infarction, as
well as a small but significant increase in blood pressure (28, 29).
Ptgs2-deficient mice showed marked renal pathology starting
early after birth as well as strain- and sex-dependent elevations
in blood pressure (30-32). Our studies demonstrated that mice
deficient in Ptgs2 were hypertensive but did not show increased
blood pressure after cage switching. Furthermore, expression of
Ptgs2 mRNA was not altered in mice lacking Pdc, indicating that
the phenotypes of mice lacking Pdc or Ptgs2 developed by sepa-
rate molecular mechanisms.

Our genetic data are supported by a number of independent
observations linking PDC SNPs with increased blood pressure.
First, in 2 populations of AA or FC origin, a linkage block con-
taining the PDC gene was associated with high blood pressure
phenotypes (Figure 8). Recently published data from GWASs in
a Scandinavian population with type 2 diabetes and the WTCCC
consortium both showed association to PDC, thus providing
additional independent replications. Therefore, our data show a
consistent, highly significant, and clinically important effect for
the hypertension gene PDC in 4 large independent and diverse
populations, namely FCs, AAs, Scandinavians (21), and British
Caucasians (22). Combining the evidence for association from all
cohorts yielded a highly significant P value of 5.2 x 10-5. This repli-
cation and strong association in multiple cohorts of various ethnic
backgrounds gives strong support for a significant role of SNPs
in the PDC gene in humans. To our knowledge, this is the first
study that combines evidence of association from various ethnic
cohorts and a replication from 2 independent large GWAS:s. It is
likely that the most promising approach to expand results from
GWASs will be the combination of association analysis in other
cohorts as well as a functional evaluation in model organ systems
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as it becomes increasingly clear that association results require
further functional validation. So far, the results of GWASs have
resulted in only a few genes and SNPs at the required significance
level. Nevertheless, given the polygenic nature of complex diseases,
itis fair to assume that a number of SNPs in these GWASs that do
not reach the predetermined cut off for genome-wide significance
are localized in genes exerting significant effects on a phenotypic
level. Consequently, combined statistical evidence from associa-
tion analyses and functional evidence in animal models as pre-
sented here demonstrate the power of comparative genetics. To
our knowledge, our report is the first to expand on the results of
multiple studies by combining various lines of evidence in support
of a functional candidate for hypertension and therefore might
serve as an example of future studies for other candidate genes in
complex diseases. In the context of genes identified and linked to
hypertension, PDC stands out, as to our knowledge this is the first
report linking this gene to hypertension in humans and animals.
So far most attention has been given to the analysis of functional
candidate genes such as members of the renin-angiotensin system
(33). However, we expanded this approach by the comprehensive
dissection of the functional mechanisms of PDC in the mouse
model. Given the tremendous wealth of GWASs, we anticipate that
not only for hypertension but many other diseases, this approach
will characterize more clearly the functional link to the phenotype
of interest. While the animal model directs to a complex function
of PDC and a link to sympathetic activity, the association in 4 inde-
pendent human cohorts describes the impact of variation in PDC
on blood pressure as the ultimately clinical phenotype. Although
we evaluated both hypertension as well as blood pressure response
under various challenges as intermediate phenotypes, our study
does not directly evaluate sympathetic activity in humans. While
future studies in humans are clearly warranted to further dissect
the effect of these SNPs on direct measurements of sympathetic
tone, we feel that the focus on blood pressure itself ultimately
shows the clinical relevance and further supports the notion of
PDC as a potential attractive therapeutic target. The effect of PDC
on blood pressure and the detailed functional dissection of the
underlying mechanisms in the animal model suggest PDC as a
novel and highly likely therapeutic target. This is particularly rel-
evant, as the treatment options for stress-induced hypertension
are currently quite limited (34).

In summary, we describe PDC as a gene that influences blood
pressure in humans and mice in response to stress. Pdc-deficient
mice showed normal survival, kidney morphology, and stress-
dependent hypertension. We established a mechanism for the
development of hypertension and demonstrate that the under-
lying functional correlate is an increase in sympathetic electrical
activity due to specific changes in K* currents, which results in a
consecutive faster repolarization. Pdc is expressed in sympathet-
ic ganglia of the peripheral nervous system network controlling
sympathetic tone (5). Our studies emphasize the important role of
the adrenergic system in particular for stress-induced and “white
coat” hypertension (4). PDC does not affect basal blood pressure
at rest but limits the influence of sympathetic activation on blood
pressure and thus differs conceptually from the drugs commonly
used to treat human hypertension, which affect both resting and
hypertensive blood pressure. Thus, PDC represents a high-value
drug target, and pharmacological modulation of PDC function
may represent a novel mechanism to limit sympathetic activity and
to treat stress-induced hypertension.
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Methods

Characterization of gene-targeted mouse models

Generation of Pdc-deficient mice. For targeted disruption of the murine Pdc
gene, the second exon containing the translation start site was replaced by a
neomycin resistance cassette as described before (35). For negative selection,
a herpes simplex virus thymidine kinase (hsv-tk) was used. E14 ES cells were
electroporated, and ES cell clones with correctly targeted Pdc alleles were
detected by Southern blotting using external probes (Figure 1). Two tar-
geted ES cell clones were used for blastocyst injections and resulted in male
chimeras that transmitted the Pdc mutation through the germline. The Pdc
mutation was backcrossed for 11 generations onto a C57BL/6 background.
The following primers were used for genotyping (5’ to 3' direction): Pdc- and
Pdc allele, forward: ATGAGATATTGGGGTAGAGC; Pdc allele reverse:
TGACTCTAGAACTAGTGGAT; Pdc* allele reverse: GGGAAAGAGTGT-
GTTGAAT. Pdc protein expression was detected by Western blotting using a
polyclonal antiserum raised against purified bovine PDC (36). Ptgs27~ mice
were maintained on a hybrid C57BL/6J x 129/Ola genetic background
intercrossed for 15-20 generations (31). Mice were genotyped by PCR using
DNA isolated from tail biopsies as previously described (37). All mice were
housed under specific pathogen-free conditions. Animals obtained water
ad libitum and were fed a breeding diet containing 0.23% Na* and 0.95%
K*. Animal experiments were approved by the responsible authorities of the
University of Wiirzburg and the University of Freiburg.

RNA isolation and reverse transcription. Total cellular RNA was isolated
from frozen tissues using RNeasy kits (Qiagen). Contaminating genomic
DNA was removed using DNase I (Qiagen). Total RNA (S ug) was reverse
transcribed using 500 ng/ul oligo(dT) primer (Fermentas and Qiagen),
1 mM of each NTP (Fermentas), 20 U of ribonuclease inhibitor (Fermen-
tas), and 200 U of M-MuLV reverse transcriptase RevertAid (Fermentas) in
a total volume of 20 ul.

Real-time RT-PCR. Real-time RT-PCR was performed using an ABI PRISM
7900HT Sequence Detection System (Applied Biosystems) or an MX3000P
detector (Stratagene) and the QuantiTect SYBR Green PCR kit (Qiagen)
(38, 39). Cycling parameters were as follows: initial denaturation at 95°C for
10 minutes, followed by 40 cycles of 15 seconds at 95°C and 60 seconds at
60°C. Each reaction contained cDNA corresponding to 0.2-7 ng total RNA
and 200 nM of forward and reverse primer. Expression values were nor-
malized to expression of Acth (B-actin), Srp14, Gapdh, or Ppib. The identity
of the PCR products was verified by subcloning and sequencing, melting
point analysis, and nested PCR amplification (38, 39). To determine copy
numbers, a dilution series of linearized pDrive-Pdc plasmid was used.

Branched DNA assay. Probe sets for mouse Pdc and Gapdh mRNA were
obtained from Panomics. Unamplified, gene-specific mRNAs were detected
by the Quantigene 2.0 branched DNA signal amplification assay (Panom-
ics). Tissues were collected and transferred to RNALater or RNALater-ICE
(Ambion) and homogenized in Quantigene homogenization solution and
proteinase K. All subsequent steps were performed according to the manu-
facturer’s protocol. All samples were performed in triplicate with removal
of the background signal and normalization to Gapdh expression levels.

Cardiovascular physiology. All cardiovascular studies were performed in
male littermate mice. For invasive hemodynamics, 6- to 10-week-old mice
were anesthetized by isoflurane (2% vol in O,) and catheterized via the right
carotid artery with a 1.4F Millar microtip catheter (mean body weight: Pdc7/~
24.7 £ 0.4 g, Pdc/* 22.0 + 0.5 g) (40). Hemodynamic evaluations by telem-
etry were performed in Pdc-deficient or Prgs2-deficient mice and control
mice after implantation of pressure transmitters TA11PA-C10 (DSI; Tran-
soma Medical) into the left carotid artery (40). Pdc/~ and Pdc** mice did
not differ in their mean body weight (Pdc7~29.1 + 1.1 g, Pdc”/*30.1 £ 0.2 g).
Clonidine-induced hemodynamic effects were measured telemetrically
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after i.p. injection (30 ug/kg). Isolated segments of iliac and femoral arter-
ies were examined in an isometric microvessel myograph (41). For morpho-
metric analysis of arteries, segments of the femoral arteries of Pdc”/~ and
Pdc** mice were removed after pressure-controlled perfusion with 4%
paraformaldehyde. Vessels were embedded in araldite, cut longitudinally
on a Leica microtome in slices of 1 um, and stained with methylene blue
(41). Histology of the SCG was performed using the same method.

Levels of catecholamines and metabolites. Urine was collected from groups of
3-5 male mice per genotype aged 7-9 weeks for 12-14 hours during night
or for 10-12 hours during daytime (42). To obtain plasma and heart tis-
sue, mice were anesthetized with isoflurane and blood was collected from
the carotid artery in tubes containing 0.5 M EDTA, pH 8.0, and centri-
fuged. The heart was removed, placed into 0.2 M perchloric acid and deep
frozen in liquid nitrogen. The assay of monoamines in urine, plasma, and
tissues was performed by HPLC with electrochemical detection (42). In
brief, monoamines from aliquots of acidified urine, plasma, or perchloric
acid extracts of heart tissue were adsorbed onto alumina together with
3,4-dihydroxybenzylamine hydrobromide as an internal standard. The
adsorbed catecholamines were then eluted from the alumina with 0.2 M
perchloric acid on Costar Spin-X microfilter tubes, and 50 ul of the eluate
was injected into the HPLC system (Gilson model 141; Gilson Medical
Electronics). For determination of NMN, 50 ul of the filtered perchloric
acid extract of heart tissues was injected directly into the HPLC system
(42). Release of [*H|norepinephrine from isolated cardiac atria was deter-
mined as previously described (43).

Field stimulation of isolated arteries. Vasoconstriction in response to electri-
cal field stimulation was investigated in isolated femoral artery branches
mounted in a small vessel myograph (stimulation parameters: 1-10 Hz,
width 0.05 ms, train length 10 s, amplitude 30 V). Neuronal Na* channels
were blocked by 0.5 uM tetrodotoxin.

Spinal sympathetic stimulation. The effect of electrical spinal cord stimula-
tion on aortic blood pressure was studied by inserting stimulation elec-
trodes into the thoracic part of the vertebrae channel under isoflurane
anesthesia. A reference electrode was fixed externally. After muscle relax-
ation with 0.02 mmol/kg gallamin, mice were intubated via a tracheal inci-
sion and ventilated with a stroke volume of 125 ul with 2% isoflurane/oxy-
gen at a frequency of 30 strokes/minute. A 1.4F millar catheter was inserted
into the right carotid artery to allow for measurement of hemodynamic
changes. Ganglionic blockade was achieved by administration of 50 mg/kg
hexamethonium i.p. Stimulation parameters were as follows: amplitude
3V, 1 ms duration, frequency 1.25-10 Hz, train duration 30 seconds.

Pupil measurements. Mice were dark-adapted overnight and placed in front
of a confocal scanning laser ophthalmoscope (HRA I; Heidelberg Engineer-
ing) under dim red light conditions. Pupil reactions of the left eye were
recorded continuously over a 30-second period using the infrared channel
(835 nm) of the confocal scanning laser ophthalmoscope. The right eye was
stimulated with a brief white flash (Olympus A16 flash unit, distance to
eye 10 cm) S seconds after the onset of the recording period. Pupil size at
a given time was measured by fitting a circle to the inner margin of the iris
in JPEG images time-coded relative to flash onset.

Tmmunobistochemistry. Sections from mouse thoracic spinal cord were pro-
cessed for immunohistofluorescence as previously described (16). Primary
antibodies recognized choline acetyltransferase (Chemicon International;
AB114PF from goat, 1:250) or cFos (Santa-Cruz Biotechnology Inc.; SC-52
from rabbit, 1:500). Revelation was done using donkey anti-goat CY3 (1:400)
and donkey anti-rabbit Alexa Fluor 488 (1:400) secondary antibodies. At least
5 sections per animal were analyzed (Pdc”*, n = 6 mice; Pdc/~, n =6 mice).

Electrophysiology in sympathetic neurons. Neurons from SCG of male and
female Pdc*/* and Pdc”/~ mice were isolated by enzymatic digestion using
trypsin I, collagenase I, and DNase I and plated on poly-D-lysine-coated
3610
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coverslips. Electrophysiological recordings were performed at room tem-
perature 1-3 days after cell dissociation. Nicotinic acetylcholine receptor
currents as well as action potential firing were recorded upon perfusion
with 10 uM acetylcholine using the perforated patch clamp configura-
tion. Membrane potentials were recorded using current clamp (I=0 mode)
recording. The internal solution contained 10 mM NacCl, 130 mM KCl,
1.0 mM CaCl,, 0.5 mM MgCl,, 3.0 mM Mg-ATP, 0.3 mM Na,-GTP, 1.0 mM
EGTA, and 5 mM HEPES, pH 7.4. Perforated patches were established by
including 120 ug/ml amphotericin B in the pipette solution. The bath solu-
tion contained 135 mM NaCl, S mM KCl, 1.8 mM CacCl,, 0.5 mM MgCl,,
and S mM HEPES, pH 7.4. Action potential firing after depolarization of
cells by current injection was performed in the perforated patch clamp con-
figuration. The internal solution contained 145 mM potassium gluconate,
0.1 mM CacCl,, 2.0 mM MgCl,, 5 mM Mg-ATP, 0.3 mM Tris-GTP, 1.0 mM
EGTA, and 5 mM HEPES. Perforated patches were established by includ-
ing 450 ug/ml amphotericin B in the pipette solution. The bath solution
contained 126 mM NacCl, 3.0 mM KCl, 2.5 mM CacCl,, 1.0 mM MgCl,,
26 mM NaHCOj3, 1.2 mM NaH,PO,, and 10 mM glucose, pH 7.35 (after
the solution was gassed with 95% Oz and 5% CO,). I, current was mea-
sured after membrane hyperpolarization by current injection. Na* peak
currents were evoked by membrane depolarization after voltage injection
and normalized to cell capacitance to account for differences in cell size.
For determination of K* conductance, 100 uM Cd?* and 0.33 uM tetrodo-
toxin were added to the superfusion buffer for blockade of Ca?* and Na*
channels before voltage application. K* current integrals were calculated
and normalized to cell capacitance.

Human genetic analysis

The study protocol was approved by the ethics committees at the Medi-
cal College of Wisconsin, Chicoutimi Hospital, Université du Québec a
Chicoutimi (Chicoutimi, Quebec, Canada), and the Centre hospitalier de
I'Université de Montréal. All participants gave written informed consent.

Populations. The FC population used in this study was a group of Cau-
casians from the Lac-St.-Jean region of Quebec that represent a unique
founder population that arose from a limited number of families that
settled in 1675 in a remote area north of Montreal. Families were ascer-
tained by the presence of at least 1 sibling pair with hypertension and dys-
lipidemia. Sibship sizes ranged from 2 to 11 persons (mean 3.9; median 3)
(44). The affected sib pair inclusion criteria were essential hypertension
(SBP >140 mmHg and/or DBP >90 mmHg on 2 occasions or the use
of antihypertensive medication), dyslipidemia (plasma cholesterol 5.2
mmol/l and/or HDL cholesterol 0.9 mmol/l or the use of lipid-lowering
medication), BMI <35 kg/m?, age 18-55 years, and Catholic FC origin.
Exclusion criteria were secondary hypertension, DBP >110 mmHg and
the use of medication, diabetes mellitus, renal or liver dysfunction, malig-
nancy, pregnancy, and substance abuse. Once the affected sibling pairs
were selected, all first- and second-degree relatives over 18 years old were
invited to participate in the study, independent of health status.

The AA population used in this study was recruited in Milwaukee, Wis-
consin, USA (45). In brief, sibling pairs were selected if they were affected
with hypertension (90 mmHg DBP or on antihypertensive therapy) and
dyslipidemia (total cholesterol >200 mg/dl or on lipid-lowering therapy),
BMI <35 kg/m?, serum creatinine <2.2 mg/dl, no clinical evidence of sec-
ondary hypertension, no diabetes (fasting blood glucose >140 mg/dl or
on insulin or oral hypoglycemic agents), no malignancy, no pregnancy, no
substance abuse, and no liver disease.

Phenotype procedures. All blood pressure measurements were performed
after blood pressure medication was discontinued for at least 1 week. The
post math blood pressure phenotypes were measured with a Dinamap
monitoring system and represent SBPs and DBPs at the 8-minute point
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following the conclusion of a verbal math test lasting 2 minutes. The
standing blood pressure phenotypes were also measured with a Dinamap
system and represent SBPs and DBPs 4 minutes after a postural change
from supine to standing. The average wake blood pressure phenotypes
were the average SBP and DBP while an individual was awake during a
24-hour blood pressure monitoring session determined by an Accutracker
ambulatory blood pressure monitor that performed measurements every
20 minutes during the day (5:00 am-11:00 pm) and every 45 minutes dur-
ing the night (11:00 pm-5:00 am).

LD estimation. Pairwise LD was estimated using the D statistic, and hap-
lotype blocks were designated using the confidence interval method by
Gabriel et al. (46). All LD and haplotype calculation and visualization were
conducted using Haploview (version 3.2) (19).

Association analysis. The QTDT program was used for the quantitative
family-based single SNP and SNP haplotype association analysis (18). A
variance component method approach for association was used incorpo-
rating both genetic and environmental factors. P values were adjusted for
age and gender as well as phenotype-specific covariates. In the FC popula-
tion, the following measurements were included as covariates: renal dis-
ease and diabetes status for DBP and SBP after the math test, diabetes
status and plasma creatinine for SBP after the math test, plasma insulin
for standing DBP, standing plasma epinephrine and renin, hip circumfer-
ence, 2-hour urinary lithium for average waking DBP, and 2-hour urinary
lithium for average waking SBP. In the AA population, covariates were
as follows: aldosterone/renin ratio and plasma potassium for DBP and
SBP after the math test, aldosterone/renin ratio and total body water for
standing DBP and SBP, and average waking DBP and SBP. Haplotype for
association analyses were determined using the Genehunter program (47),
and subsequent family-based association analysis was performed using the
quantitative transmission disequilibrium test (QTDT). In order to control
for multiple testing, P values were adjusted using the FDR method by Ben-
jamini and Hochberg (20), taking into account as a conservative estimate
the number of tested phenotypes and all SNPs being independent (Proc
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MULTTEST, SAS 9.1). A combined P value was calculated using Fisher’s
combined probability test for independent observations.

Statistics

Hemodynamic, histological and catecholamine data were analyzed using
ANOVA followed by Bonferroni post-hoc tests or 2-tailed Student’s ¢ test,
respectively. A Pvalue less than 0.05 was considered statistically significant.
Results are shown as means + SEM.
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