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Abstract In the time since its discovery, phosducin’s
functions have been intensively studied both in vivo and in
vitro. Phosducin’s most important biochemical feature in in
vitro studies is its binding to heterotrimeric G protein
Py-subunits. Data on phosducin’s in vivo relevance, how-
ever, have only recently been published but expand the range
of biological actions, as shown both in animal models as well
as in human studies. This review gives an overview of dif-
ferent aspects of phosducin biology ranging from structure,
phylogeny of phosducin family members, posttranscrip-
tional modification, biochemical features, localization and
levels of expression to its physiological functions. Special
emphasis will be placed on phosducin’s function in the
regulation of blood pressure. In the second part of this article,
findings concerning cardiovascular regulation and their
clinical relevance will be discussed on the basis of recently
published data from gene-targeted mouse models and human
genetic studies.
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Introduction

Phosducin was first described as an abundant phospho-
protein of the mammalian retina [1]. Starting from a mere
“PKA-target”, terminology of the protein has changed
with increasing knowledge about its size (initially identi-
fied as a 30K protein [1], later as the “33K protein™), its
bovine amino acid sequence (“MEKA”), its function
(“GIP”, G protein inhibitor protein) or its posttranslational
modification and interaction partners (“phos-ducin”) [2-5].
Nowadays, it is solely referred to as phosducin, taking into
account both its regulation by phosphorylation and its well-
established binding partner, retinal G protein transducin.
So far, phosducin’s proposed physiological function is
mostly confined to the photopic system and its binding to
Py-subunits of heterotrimeric G proteins thereby modulat-
ing light-induced processes [4, 6, 7].

Phosducin family

Phosducin is highly conserved among mammalian species
[3, 8, 9] (see Fig. 1 for sequence alignment). Phosducin
proteins or homologues with stronger structural deviation
have also been detected in a broad variety of non-mamma-
lian eucaryotes, including teleost, ciliates, fungi and yeast,
where similar functions (e.g. response to illumination,
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Py-subunit binding) have been described [10-14]. Although,
historically, several phosducin isoforms have been sug-
gested to exist in mammals, it was finally established that
they represent one and the same protein [3, 5]. However,
with the discovery of more members of the phosducin
family, a splice variant of human phosducin was discovered
as a second phosducin transcript: phosducin-like orphan
protein PhlOP1, which lacks the first 52 N-terminal amino
acids [15]. Other isoforms that might have originated from
phosducin gene duplication early in development are the
phosducin-like proteins PhlP1 and 2 as well as phosducin-
like orphan protein PhlOP2. Although structurally different
from phosducin, some of them (PhIP1) have maintained Gy
binding capacity (see Fig. 1 for sequence alignment). Most
phosducin family members (PhlP1-3), however, are rather
involved in protein folding by acting as co-chaperons with
cytosolic chaperonin complex [16-19].

Localisation

Phosducin was originally discovered in retinal photore-
ceptor cells but was soon suggested to be also expressed in
the pineal gland [1, 2, 20-22]. Pineal gland neuroendocrine
cells, pinealocytes, are embryologically related to photo-
receptor cells of the retina. Both cell types share expression
of the same photopic proteins that are most likely deduced
from a common ancestral phototransduction system [23].
In the course of evolution, pinealocytes of more highly
developed mammalian pineals have lost light sensitivity
and adapted to neuroendocrine function, releasing the
neurohormone melatonin during nighttime [24]. In a
developmental study, expression of phosducin in murine
wild-type photoreceptor cells has been shown to begin on
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Fig. 1 Sequence alignment of phosducin or phosducin-like orphan
protein from different species. Sequences were aligned using ClustalW
alignment tool available from EMBL-EBI (http://www.ebi.ac.

postnatal day 6 (P6) and to increase until P18 [25]. Mouse
strains with retinal degradation due to a point mutation
in the rod-specific enzyme cGMP phosphodiesterase (rd
mice) show a decrease in phosducin expression from day
P10 onwards, in parallel with a loss of photoreceptors [25].
Expression of Gf precedes phosducin expression in the
pineal gland of rats, suggesting that phosducin might not be
essential for norepinephrine (NE)-induced cAMP stimula-
tion of pineal melatonin secretion [26]. The developmental
profile of phosducin in rat pineal gland is similar to that of
retina degradation in mice [26]. This raises the question
whether phosducin might have only transient effects in
early postnatal development and is negligible during
adolescence and adulthood [27]. However, there is still
insufficient evidence as to whether relatively lower
expression levels of phosducin could have modulatory
effects on NE-induced melatonin production.

Cell subtype specificity of phosducin expression in the
retina is an ongoing debate. While some groups claim that
phosducin is exclusively a rod protein, other studies dem-
onstrate that phosducin is present both in retinal rod and
cone photoreceptor cells in several species [5, 10, 28-31].
Moreover, even subcellular distribution of phosducin in rod
photoreceptor cells of the rat is controversial. Based on
immunohistochemical analyses, early studies claimed
phosducin to be an outer segment protein [2, 6]. Later
studies showed rather that phosducin is most abundantly
expressed in the inner segment [21, 32-34] or that it
accumulates at the photoreceptor synapse to enable mod-
ulation of synaptic signal transmission [34-37]. There is
quite early evidence and, more recently, confirmation
based on technologically advanced experiments that
phosducin can translocate from the rod outer segments
to the cytosol of inner photoreceptor segments upon
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illumination [34, 38]. In addition, phosducin has also been
detected in nuclear fractions of bovine retinal homogenates
[39]. Phosducin expression in cells or tissue other than
photoreceptor cells and the pineal gland includes the
sympathetic nervous system [40] and the liver [42], as well
as the brain [41], kidneys, lungs, spleen and skeletal muscle

[4].

Structure and stereochemistry

Mammalian full-length phosducin consists of 244-246
amino acids depending on the species. The molecular
weight of bovine phosducin has been calculated as
28,185 Da. The weight of 33 kDa, identified electropho-
retically on SDS gels, is possibly due to the loading of
relatively low numbers of SDS molecules on the basis of
phosducin’s acidity [5]. Rat phosducin was crystallised in
its complex with Gy by Gaudet and colleague [43], and
its structure was identified by X-ray structure analysis
[43]. Two non-interacting domains were identified by this
approach, in the following named C- and N-terminal
domain, respectively, [43—45]. Both domains enclose the
fy-subunit, forming large areas of interaction (see Fig. 2
for Gy structure). The f-subunit beta-propeller is
shielded from binding to the G protein «-subunit by
phosducin’s N-terminal domain. Thereby, reassociation of
heterotrimeric G protein subunits to allow for another
cycle of G protein-coupled receptor (GPCR) activation is
inhibited. In contrast, the C-terminal part of phosducin
binds to the side of the complex and may encumber a
y-subunit prenylation site from serving as a lipophilic
membrane anchor, and may thus facilitate translocation of
the complex into the cytosol. The C-terminal domain
binds G,fy with lower affinity than the N-terminal part
[46-51]. Conformational changes in the latter will there-
fore influence binding to a greater extent.

Posttranslational modification

Phosphorylation is well established to control phosducin
activity. Ser-73 is one of the two main phosphorylation
sites within the N-terminal domain of phosducin [52]. It is
orientated away from the fy-complex suggesting that loss
of affinity upon phosphorylation is rather due to induction
of conformational changes than to sterical disruption of
interaction. This hypothesis is corroborated by the presence
of positively charged amino acid residues in the close
vicinity that may undergo conformational changes upon
modification of Ser-73 with negatively charged phosphate.
Moreover, the ectopic position of Ser-73 allows access of
kinases even to G,fy-bound phosducin [43, 52, 53].

For a long time cAMP-activated protein kinase A (PKA)
was considered to be the only regulator of phosducin
phosphorylation [53, 54]. Several newer studies indicate,
however, that not only PKA but also Ca**/calmodulin-
dependent protein kinase II (CaMKII) is able to phos-
phorylate phosducin within consensus phosphorylation
sequences at Ser-73 or Ser-54. More recent publications
have identified additional phosphorylation sites within the
phosducin molecule and provided a more detailed view of
phosphorylation/dephosphorylation kinetics and the degree
of phosphorylation-induced functional inhibition [45, 55—
57]. Accordingly, phosphorylation by PKA at Ser-73 was
shown to diminish binding affinity of phosducin for G,y
by only threefold [43, 53, 55]. CaMKII was also shown
to phosphorylate Ser-73 but additionally Ser-6, Ser-36,
Ser-54 and Ser-106. This reduced binding affinity up to
300-fold and may enable multiplication of signalling
events, e.g. by virtue of binding to phosphoserine-binding
protein 14-3-3( [56].

There is a general consensus that phosducin, which is
especially highly expressed in retinal rod cells [54], plays
an important role in adaptation to changes in ambient
illumination [58]. In light-adapted rod photoreceptor cells,
phosducin is unphosphorylated and tightly binds to
fy-subunits to sequester them to the cytosol [21]. It thereby
prevents reassociation with the a-subunit and thus lowers
signal amplification. During low levels of ambient light,
phosducin is present in its phosphorylated state [2], which
decreases affinity to transducin fy [43, 53, 55]. Thereby,
reassembly of transducin subunits to a heterotrimeric
activatable G protein is favoured and maximal signal
amplification occurs. Phosphorylation is thought to provide
an on—off switch for phosducin’s function on fy signal
modulation. This tightly regulated light/dark response
seems to be disrupted in the rd1 mouse model, where high
levels of calcium and CaMKII lead to constitutively
phosphorylated phosducin irrespective of illumination level
[58, 59].

Similar regulation via phosphorylation can be seen in
the pineal gland. In vitro culturing of pineal organs
revealed rapid phosphorylation and increases in total
phosducin amounts after adrenergic stimulation due to
protein de novo synthesis [22]. Similar results were
obtained from nocturnal pineal explants, in which illumi-
nation rapidly reduced phosphorylation [22]. In bovine
retina, light-driven protein phosphatase 2A translocation
provides a mechanism for efficient phosducin dephospho-
rylation [60].

On the posttranslational level, phosducin is also regu-
lated by the small ubiquitin-related modifier SUMO.
A consensus motif for SUMOylation is located in the
N-terminal domain at Lys-33 [61]. In analogy to phos-
phorylation, SUMOylation was able to reduce Gfy affinity,
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Pdc-Gy complex

Phosducin

Fig. 2 a Structure of phosducin-Gfy complex in the retina as
assessed after crystallography by X-ray analysis, phosducin (blue),
G protein f-subunit (magenta), y-subunit (beige) [43]. Phosducin’s
N- and C-terminal domains are marked with N and C, respectively.
Note the extensive interaction area between N-terminal phosducin

but could, additionally, protect phosducin from ubiquiti-
nation and subsequent proteasomal degradation.

Phosducin’s functions in the retina

It is common knowledge that in mammalian retinal pho-
toreceptors photons induce intracellular signalling events
that are eventually translated into an electrical stimulus at
the photoreceptor-bipolar cell synapse, giving way to a
neural response [62]. Steps of this canonical signal-
ling cascade comprise the activation of the GPCR
rhodopsin, dissociation of its G protein (transducin) sub-
units, o-subunit-induced stimulation of cGMP-specific
phosphodiesterases (PDE) and the closure of cyclic
nucleotide-gated channels in the photoreceptor outer seg-
ment with subsequent hyperpolarisation and reduction of
synaptic transmission [63]. fy-subunits that are released
from activated transducin are hindered from reassembly
with the o-subunit to form a functional heterotrimeric G
protein by high affinity binding to unphosphorylated
phosducin. As stimulation of PDE through GTP-bound
transducin o-subunit is self-limiting due to auto-catalytic
hydrolysis of GTP to GDP, sequestration of ffy by phos-
ducin seems to provide a mechanism of light adaptation
[64].

Moreover, phosducin might also influence GPCR sig-
nalling when preventing the fy-mediated recruitment of
GRKSs to the activated receptor. It thereby impairs receptor
phosphorylation and interferes with receptor internalization
as shown for opioid receptors [65]. Whether this only
occurs in cells over-expressing p-opioid receptors and
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and the top surface of the f-subunit. In the N-terminal domain, Ser-54
and Ser-73, as the two most important phosphorylation sites, are
indicated in red. b Schematic illustration of phosducin’s proposed
biochemical features and its putative binding partners in pinealocytes
or other cells (fy, CRX, 14-3-3{, proteasomal subunits) [56, 83, 84]

phosducin [66] or whether this is a general phenomenon in
vivo remains elusive to date.

First in vivo evidence for relevance of phosducin in
retinal signalling was provided by Sokolov et al. [34]. By
applying a technique combining serial tangential sectioning
of flat-mounted retinas with western blot analysis and co-
immunoprecipitation experiments, this group could show
the interaction of phosducin and its binding partner trans-
ducin throughout the rod photoreceptor cell on a 10-pm
resolution basis. In dark-adapted rods (phosducin phos-
phorylated), transducin was found to be located in the outer
segments whereas phosducin was almost equally distrib-
uted between inner and outer segments. Under conditions
of illumination (phosducin dephosphorylated), transducin
moved towards the inner segment and could be co-immu-
noprecipitated with phosducin along the entire cell [34].
This finding suggests that phosducin is involved in facili-
tating transducin translocation. Accordingly, in phosducin-
deficient animals, translocation of transducin fy-subunits
was severely blunted along with a reduction in transducin
expression levels. Inhibition of translocation was not
observed for transducin «-subunits supporting the speci-
ficity of the phosducin-fy interaction [34]. Movement of
signalling proteins from the light-sensitive outer segment
to different subcellular compartments is one of the key
mechanisms to adapt vision to ever-changing conditions of
ambient illumination. In rods, transducin translocation
results in reduced light sensitivity, which prevents the
saturation of rod photoresponses [67, 68] with subsequent
blindness and limits energy consumption during largely
cone-mediated daytime vision [68]. By interacting with
transducin, phosducin can curb rod visual signalling.
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However, single cell experiments based on suction
electrode recordings have revealed that the above-men-
tioned effect on rod light adaptation is not influenced by the
lack of phosducin under moderate light conditions [69].
The facilitation of transducin translocation seems rather to
be a matter of light intensity playing a role in brightly
illuminated environments. Yet, the gain of transduction—
measured by the amplification constant—was diminished
in Pdc™"~ rods compared to wild-type cells in single cell
recordings [69]. It has been suggested that, rather than
adjusting the availability of transducin heterotrimer and
thereby controlling light sensitivity, phosducin exerts
longer-term regulatory functions allocating transducin
expression levels.

Only recently, Herrmann et al. [37, 69] described
phosducin to be a regulator of light sensitivity at the
photoreceptor-to-ON-bipolar cell synapse rather than a
mediator of phototransduction. By evaluating ERG b-wave
responses in mice deficient in phosducin and wild-type
animals, phosducin was shown to be important both for
dark-adapted sensitivity of flash responses as well as for
maintenance of b-wave sensitivity under sustained back-
ground illumination.

Given the fact that perturbances in the rhodopsin—
transducin signalling events may lead to premature pho-
toreceptor cell death and retinal degeneration [70], it seems
conceivable that fine-tuning this signalling cascade through
phosducin is essential.

Does phosducin have a role in human retinal disease?

The question as to the role of phosducin in the develop-
ment of or predisposition to retinal disease has been
addressed in humans and animals for a broad range of
retinopathies. However, despite phosducin being one of
the proteins with highest expression in retinal photore-
ceptors, not much is known about its role in retinal
disease: phosducin has been excluded as a major cause
for a number of retinopathies in humans, e.g. Usher
syndrome II, retinopathia pigmentosa or Leber congenital
amaurosis [71-75].

In a set of other retinal diseases or experimental disease
settings, e.g. progressive rod-cone degeneration or experi-
mental retinal detachment, alterations in phosducin
expression levels or its posttranslational modifications have
been observed, but there is no specific evidence of a causal
link to the initiation of the disease [32, 59, 76, 77]. Several
uveitopathogenic sites have, however, been identified
within the phosducin molecule which were capable of
eliciting experimental autoimmune uveitis [78-81]. Whe-
ther this is of relevance for human ocular disease, however,
also remains elusive. Mouse models available today would

be ideal to test the causal role of phosducin in retinal
disease entities.

Other functions of phosducin

Although G protein fy-binding and inhibition has been the
most extensively studied function of phosducin [50, 82],
several other biochemical features have been discussed in
the literature. In 2000, Sheryl Craft’s group identified the
phosducin C terminus as an intrinsic transcriptional acti-
vator in yeast [83]. In a yeast two-hybrid screen, two
potential protein partners of phosducin were detected:
SUG-1, a 26S proteasome subunit, and CRX, a retina- and
pineal-specific transcription factor [83, 84]. Thus, direct
(via phosducin’s C terminus) and indirect mechanisms (via
CRX) of transcriptional control could be assigned to
phosducin. The protein interaction with SUG-1 [85] makes
an influence of phosducin on protein degradation plausible,
but further investigation is needed to define to what extent
this might be relevant in vivo.

Due to its fy binding capacity, phosducin is widely used
in experimental approaches to sequester 7 subunits and
thereby block GPCR signalling [86-91].

Cardiovascular functions of phosducin

A study originally performed to decipher beneficial effects
of BARKct versus another fy-binding protein in heart
failure provided evidence that in vivo adenoviral gene
transfer of an N-terminally truncated version of the phos-
ducin protein (nt-del-phosducin) was able to prevent rapid
pacing-induced heart failure in rabbits without the need for
resensitising f-adrenergic receptor signalling. Moreover,
ex vivo gene transfer of nt-del-phosducin to both normal
and failing cardiomyocytes resulted in positive inotropic
effects [92].

Further evidence for important cardiovascular functions
of phosducin was only recently provided by targeted
deletion of the phosducin gene in mice by our group [40,
93]. Mice deficient in phosducin (Pdc™"7) due to a deletion
of exon 2 of the phosducin gene displayed elevated post-
anaesthetic and stress-induced blood pressure (Fig. 3a, b).
After recovery from surgery for at least 10 days, Pdc ™'~
mice presented with normal diurnal blood pressure rhythm
but still displayed a hypertensive phenotype during night-
time measurements in comparison to control animals.
Moreover, in a stress model of cage-switching, blood
pressure responses were more pronounced in Pdc-deficient
animals than in control mice [40]. From these results, the
hypothesis originated that phosducin is a regulator of
sympathetic tone [40].
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Fig. 3 Phosducin’s function in
mice. a, b Post-operative
systolic and diastolic blood
pressure after surgery for
implantation of telemetric blood
pressure devices; *p < 0.05,

n = 5-9 per genotype.

¢ Schematic presentation of the
fate of norepinephrine after its
exocytosis into the synaptic
cleft (DHPG
dihydroxyphenylglycol, NMN
normetanephrine, MAO
monoaminoxidase, COMT
catechol-O-methyltransferase).
d Circulating plasma
norepinephrine levels;

***p < 0.001, n = 6-9 per
genotype. e, f Neuronal firing in
isolated sympathetic neurons
upon acetylcholine
administration, representative
traces of a wild-type and a
knockout neuron are shown
(ACh acetylcholine).

g Potassium conductivity in
sympathetic neurons
depolarized by current injection;
*p < 0.05, n = 5-8 per
genotype. h Sympathetic
neurons isolated from the
superior cervical ganglion,
cultured and stained with an
antibody against tyrosine
hydroxylase. (Figure
reproduced with permission of
the American Society for
Clinical Investigation [40])

The peripheral sympathetic nervous system consists of
two consecutive neurons. Synaptic transmission between
these neurons occurs in sympathetic ganglia that line up
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paravertebrally to form the two sympathetic chains. Origi-
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preganglionic neurons integrate incoming signals from
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Fig. 4 Overview of the
sympathetic nervous system Brain stem
neuronal chain

descending and sensory neurons and signal to postganglionic
neurons via acetylcholine while postganglionic cells use NE
for innervation of sympathetic effector organs (Fig. 4).

Increased sympathetic activity in Pdc™'~ mice was
confirmed by measurement of catecholamine spillover into
plasma and urine and determination of NE pre- and post-
synaptic metabolite levels in sympathetically innervated
organs (Fig. 3c). Plasma and nighttime urinary levels of
NE as well as cardiac levels of dihydroxyphenylglycol
(presynaptic NE metabolite) and normetanephrine (post-
synaptic NE metabolite) were elevated upon Pdc deletion,
suggesting enhanced catecholamine turnover in Pdc™'~
mice (Fig. 3c, d). In contrast to a,4-adrenoceptor-deficient
mice that suffer from catecholamine overflow due to the
lack of presynaptic a,-adrenoceptor-mediated inhibition of
transmitter release [94], deletion of the Pdc gene did not
alter presynaptic regulation of NE exocytosis [40]. Further
possible alterations in sympathetic functions were evalu-
ated to explain the cardiovascular phenotype in phosducin-
deficient mice, excluding (1) increased transmitter release
upon a defined neuronal stimulus or (2) increased inner-
vation density of target tissues [95]. While studying the
second sympathetic neuron, increased firing of these neu-
rons, which resulted in enhanced NE release, was identified
to be the main cause of stress-dependent blood pressure
dysregulation (Fig. 3e, f). By means of electrophysiologi-
cal investigation of neurons isolated from the superior
cervical sympathetic ganglion, it could be shown that
altered action potential generation in Pdc™'~ sympathetic
neurons was originating from enhanced potassium con-
ductivity while sodium and HCN channel currents
appeared to be normal [40] (Fig. 3g). Increased potassium
currents provided an explanation for quicker repolarisation
of current-injected, depolarized cells.

Pre-
sympathetic
neuron
— @
1st Sympathetic 2nd Sym i
. ymp GCh . ympathetic FNE
neuron k neuron k
Sympathetic
Spinal cord ganglia Effector organ

There was no evidence for overactivity of either central
pre-sympathetic neurons projecting to the intermediolat-
eral column of the spinal cord or of preganglionic
sympathetic neurons with pericarya in the spinal cord
(Fig. 4). Both catecholamine levels in the brain stem and
whole brain and neuronal activation on the level of spinal
cord as assessed by c-fos immunostaining were similar in
Pdc™'~ and wild-type animals [40]. Most notably, Pdc
mRNA could be detected in sympathetic ganglia but, for
example, not in the heart or other cardiovascular tissues
[40]. Blood pressure dysregulation in Pdc™'~ mice could
not be attributed to imbalanced function of the adrenal
medulla as plasma and urinary levels of epinephrine,
which accounts for up to 80% of adrenal medulla cate-
cholamines, were not elevated.

It is well known that hypertension in humans can lead to
end organ damage in the long run. Among these are
endothelial dysfunction as well as vascular and cardiac
hypertrophy, which may lead to secondary complications
like myocardial infarction, heart failure or stroke [96-98].
Young phosducin-deficient animals displayed no signs
of cardiac hypertrophy or endothelial dysfunction [40].
However, cardiac hypertrophy as well as pronounced vas-
cular media thickening and endothelial dysfunction was
present in animals of ages greater than 4 months. More-
over, significant alterations in foetal gene programme and
adrenoceptor gene expression were found in the heart and
in aortae: in cardiac tissue, mRNA levels of the -myosin
heavy chain gene were significantly upregulated as a sign
of foetal gene activation probably due to pressure overload
and/or direct enhancement of cardiac adrenoceptor stimu-
lation. In aortae, we found downregulation of f;-, - and
o p-adrenoceptor mRNAs consistent with increased sym-
pathetic tone [40].
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Phosducin’s role in human essential hypertension

Given the result that phosducin is responsible for blood
pressure regulation in mice, we sought to determine its
relevance for human essential hypertension [40]. The
human PDC gene (17.5 kb) has been mapped to chromo-
some 1q31.1, and it consists of four exons with the start
codon in exon 2 [99, 100] (www.ensembl.org). Studies in
humans using a candidate-gene approach revealed that
single nucleotide polymorphisms (SNPs) within introns as
well as 5'- and 3’-UTR of the human PDC gene were
associated with stress-induced blood pressure phenotypes
both in populations of French-Canadian and African-
American origin [40].

Families examined in these studies were recruited from
the Saguenay-Lac-St.-Jean region near Quebec or from
Wilwaukee, respectively, if at least one sibling pair ful-
filled the inclusion criteria such as essential hypertension,
antihypertensive medication or dyslipidaemia [101]. Study
participants were characterised thoroughly and their blood
pressure was measured under baseline conditions as well as
after a mathematics test or change in body position from
supine to standing (“stress-induced”). In 48 unrelated
individuals from each population, the phosducin gene was
fully sequenced to determine haplotype diversity defined
by specific SNP patterns. Forty-nine so far unknown SNPs
within the PDC gene were identified and, together with
SNPs for neighbouring genes, used for linkage analysis
[102, 103]. In African-Americans, linkage analysis clearly
showed equilibrium, i.e. the assumption that two alleles at
different loci are independent from each other, between
PDC haplotypes and SNPs within PTGS2. The gene for
cyclooxygenase 2 (PTGS2) is located within 200 kb dis-
tance of the PDC gene and has previously been associated
with blood pressure regulation [104, 105]. A certain PDC
haplotype defined by a SNP located between exon 1 and 2
(rs12402521) influenced systolic blood pressure by more
than 10 mmHg in range [40] (Fig. 5a). Individuals carrying
two copies of the guanine allele at SNP rs12402521 had
12-15 mmHg higher blood pressure than those homozy-
gous for the adenine allele [40], (Fig. 5b). Recent reports
from genome wide association studies in a Scandinavian
type 2 diabetes cohort and a British Caucasian population
are perfectly in line with these findings [106, 107].

The link between stress and essential hypertension was
first established by Cannon and Folkow [108-110] and
is meanwhile supported by accumulating evidence from
numerous groups. It is well established that abnormal
pressure responses to emotional stress (e.g. white-coat
hypertension) can in the long run lead to the manifestation
of hypertension [111, 112]. More recently, it has become a
general consensus that hypertension is to a significant
extent based on heritable features [101]. Genetic studies in

humans, however, still face the difficulty of dealing with a
conglomerate of genes each of which may only have
moderate effects on blood pressure and which display
genetic heterogeneity among different populations [101].

Therapeutic significance

Lewington and colleagues [113] previously demonstrated
that an increase in systolic blood pressure by 10 mmHg
increased the risk of cardiovascular disease such as
ischaemic heart disease or stroke by 30 and 40%, respec-
tively. Given the fact that in more than 90% of patients
with hypertension the underlying cause is unknown, it
seems reasonable to search for new candidates in blood
pressure regulation. This may help to individualise anti-
hypertensive therapy from a global approach to a more
causal treatment [114]. However, recent studies have
clearly demonstrated drawbacks in trying to identify a
single candidate in a multifactorial disease like hyperten-
sion [115]. Moreover, once a molecule has finally proven
to be involved in blood pressure regulation, the develop-
ment of drugs which target that molecule is often an
expensive and protracted process which does not neces-
sarily lead to the entry of new antihypertensive drugs into
the market [116].

There is no doubt that the activation of the sympathetic
nervous system is an important pathophysiological feature
in essential hypertension and its related cardiovascular
morbidity and mortality [111, 117, 118]. In addition to
increasing blood pressure, enhanced sympathetic activity
per se may be a trigger for the aforementioned sudden
cardiovascular events [119]. This nourishes the idea that
anti-sympathetic treatment even of normotensive patients
may be beneficial without necessarily lowering blood
pressure [120, 121]. In particular, this might be true for
individuals who have been identified to belong to a
cardiovascular high-risk group, e.g. due to their genetic
profile. However, anti-sympathetic drugs like centrally
acting o,-adrenoceptor agonists or o;-adrenoceptor antag-
onists are not recommended as first-line agents in the
treatment of essential hypertension in consequence of the
lack of reduction of mortality compared to, e.g., ACE
inhibitors or diuretics and due to their side-effect profile
[122]. In view of the data from phosducin-deficient mice
and the human studies, putting a brake on sympathetic
activity may not only positively influence blood pressure it
may also prevent the progression of other diseases that
accelerate or deteriorate with blood pressure-independent
sympathetic activation, e.g. chronic kidney disease or type
2 diabetes [123—125], or it may lower cardiovascular risk in
the presence of further risk factors like obesity or family
history of hypertension [126].
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Fig. 5 Phosducin’s function in
essential hypertension.

a Schematic illustration of the
phosducin gene, the SNP
rs12402521 is indicated
between exon 1 and 2. E1]
b Average wake systolic blood
pressure in French-Canadian
and African-American
populations according to the
SNP 1512402521 genotype.
##p < 0.0001 versus G/G,
*#%p < 0.0001 versus G/A
genotype. (Figure reproduced
with permission of the
American Society for Clinical
Investigation [40])
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We and others suggest that targeting a molecule like
phosducin to reduce sympathetic tone can potentially be
superior to classical anti-sympathetic drugs for several
reasons: (1) influencing the activity of phosducin may alter
the release not only of NE but also of its cotransmitters
neuropeptide Y and ATP, which potentiate pressure
responses mediated by NE [127]; (2) as expression of Pdc
is limited within the sympathetic nervous system regulation
of adrenergic physiological processes by epinephrine may
be unaffected; and (3) targeting phosducin may allow to
selectively lower peak blood pressure under stress situa-
tions without affecting resting pressure levels. Whether
phosducin may only influence “white-coat hypertension”
or might also be relevant for masked hypertension, i.e.
ambulatory or home hypertension, remains elusive [128].

Establishing phosducin as a new target molecule in the
treatment of hypertension, however, still has to encounter a
couple of challenges and to answer some open questions: is
genetic testing for PDC tag SNPs enough to identify those
patients who could profit from such a therapy? How high
are the phosducin levels in those individuals carrying
guanine or adenine alleles at the r