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Abstract
The renin angiotensin system (RAS) plays a central role in the brain to regulate blood pressure (BP).
This role includes the modulation of sympathetic nerve activity (SNA) that regulates vascular tone,
the regulation of secretion of neurohormones that have a critical role in electrolyte and fluid
homeostasis, and by influencing behavioral processes to increase salt and water intake. Based on
decades of research it is clear that angiotensin II (Ang II), the major bioactive product of the RAS,
mediates these actions largely via its Ang II type 1 receptor (AT1R), located within hypothalamic
and brainstem control centers. However, the mechanisms of brain RAS function have been
questioned, due in large part to low expression levels of the rate limiting enzyme renin within the
central nervous system. Tissue localized RAS has been observed in heart, kidney tubules and vascular
cells. Studies have also given rise to the hypothesis for localized RAS function within the brain, so
that Ang II can act in a paracrine manner to influence neuronal activity. The recently discovered
(pro)renin receptor (PRR) may be key in this mechanism as it serves to sequester renin and prorenin
for localized RAS activity. Thus, the PRR can potentially mitigate the low levels of renin expression
in the brain to propagate Ang II action. In this review we examine the regulation, expression and
functional properties of the various RAS components in the brain with particular focus on the different
roles that PRR may have in BP regulation and hypertension.

Keywords
Hypertension; Tissue localized renin Angiotensin System; Blood pressure; Signaling; Angiotensin
II type-1-Receptor; Sympathetic

I. Introduction
The brain plays a critical role in the regulation of blood pressure (BP) through the incorporation
of a complex signaling network that processes information from the circulation regarding
changes in vascular tone. In turn, this network responds by modulating sympathetic nerve
activity (SNA) and by secreting hormones into the circulation to adjust the degree of vascular
resistance in order to maintain a homeostatic BP set point that is known to be governed by
renal pressure-natriuresis mechanisms (Dampney, 1994; Guyenet, 2006; Guyton, 1991). These
compensatory mechanisms are temporary in nature, lasting up to several days. This period
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allows for adjustment of the pressure-natriuresis mechanism to take over at the kidney.
However, an accumulating body of work has suggested that dysfunctions in the central nervous
system (CNS) regulatory mechanisms of BP control can lead to sustained increase in SNA,
which can lead to chronic hypertension (Colombari et al., 2001; de Wardener, 2001; Guyenet,
2006). In support of this idea, it is established that various animal models of hypertension,
including the spontaneously hypertensive rat (SHR), the deoxycorticosterone acetate salt rat
and the Dahl salt-sensitive rat each exhibit increased sympathetic activity (Cabassi et al.,
2002; Leenen et al., 2002; Takeda and Bunag, 1980). Furthermore, studies in humans have
revealed increased sympathetic activity in many cases of hypertension (Schlaich et al., 2004).
This growing body of research lends credence to the theory that increased sympathetic activity
is the most likely cause of neurogenic hypertension (Esler, 2000). Thus, factors that regulate
sympathetic outflow from the brain are prime targets in understanding the mechanisms of
neurogenic hypertension. The peptide angiotensin (Ang) II is of major importance in this
regard. Ang II is a potent pressor hormone that is synthesized by the renin-Ang system (RAS).
The pressor action of Ang II, mediated by the Ang II type-1 receptor (AT1R), involves direct
vasoconstrictor actions as well as release of other pressor hormones (e.g. norepinephrine) in
addition to other processes that result to increase cardiovascular tone (de Gasparo et al.,
2000; Ferrario and Strawn, 2006; Lifton et al., 2001; Smith et al., 1995). However, Ang II is
also a neuropeptide that is well known to act via the AT1R to increase the excitability of neurons
in the cardiovascular regulatory centers of the hypothalamus and brain stem (Bader et al.,
2001; Barnes et al., 2003; Kasparov and Teschemacher, 2008; Li et al., 2003; Li and Ferguson,
1993; Pan, 2004; Veerasingham and Raizada, 2003). In doing so, Ang II is able to modulate
sympathetic outflow and blood pressure in rats, and overactivity of these Ang II/AT1R actions
in the CNS contribute to neurogenic hypertension (Pan, 2004; Veerasingham and Raizada,
2003). While it is generally accepted that the brain has an intrinsic RAS and Ang II is known
to have powerful actions mediated via AT1R in the brain, long-standing questions have arisen
on the origin of the Ang II within the brain and on the CNS RAS in general. In fact the relevance
of intrinsic RAS function in the CNS has been questioned since renin, the rate limiting enzyme
for the RAS, is poorly expressed in the brain (Bader and Ganten, 2002; Lippoldt et al., 2001).
However, there is strong evidence for a competent brain RAS mechanism. Research has shown
that various tissues and organs can achieve significant levels of Ang II production within
localized regions, even with limited renin availability. This localized RAS activity has been
reported in the heart, kidney, blood vessels and the brain (Bader and Ganten, 2002; Bader et
al., 2001; Kobori et al., 2007). The recently discovered (pro)renin receptor (PRR) is rapidly
being acknowledged as an important player in this process. The PRR is expressed in various
tissues and has been found to mediate localized RAS function at the kidney and heart (Ichihara
et al., 2006a; Kobori et al., 2007; Nguyen et al., 2002). Since the PRR is highly expressed in
the brain (Nguyen et al., 2002) it is conceivable that it may mitigate the low level of renin
expression and thus support a competent, centrally mediated, RAS function.

In this review we will re-examine the scientific evidence for the various components of the
RAS in the brain in order to discuss their potential role in BP control, with a special focus on
the PRR and its potential contribution to cardiovascular regulation.

II. Overview of the brain control of Blood pressure
The BP regulatory brain centers are situated, for the most part, in the hypothalamus of the
forebrain and in the medulla of the brainstem (Colombari et al., 2001; Dampney, 1994; de
Wardener, 2001). These nuclei are highly networked and their major function in cardiovascular
control involves the regulation of SNA to modulate BP tone (Dampney, 1994; Guyenet,
2006). In addition, these central cardiovascular pathways mediate neurohormone secretion,
including arginine-vasopressin (AVP) that stimulates vasoconstriction and modulates the renal
pressure-natriuresis mechanism (Guyenet, 2006; McKinley et al., 2001; Treschan and Peters,
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2006). Hypothalamic control centers are also important in the regulation of electrolyte and
plasma fluid volume via stimulation of thirst and increasing salt appetite.

Animal models of hypertension have been vital in detailing the contribution of various
cardiovascular regulatory brain nuclei to neurogenic hypertension. Key nuclei have been
involved in this disorder include; the paraventricular nucleus (PVN) of the hypothalamus, the
rostral ventrolateral medulla (RVLM) and the nucleus of the solitary tract (NTS) of the
brainstem (Colombari et al., 2001; Dampney, 1994; de Wardener, 2001; Guyenet, 2006). The
PVN plays a pivotal role in regulating blood pressure in both the normotensive and
hypertensive states. This nucleus receives neural input concerning cardiovascular status from
regions such as the NTS, integrates the input and controls sympathetic outflow by sending
projections directly to the intermediolateral cell column (IML) of the spinal cord, and by
sending projections to other sympathetic regulatory regions including the RVLM (Swanson
and Sawchenko, 1983). The PVN also regulates the production of hormones that influence
cardiovascular function including glucocorticoids and vasopressin (Benarroch, 2005). The
RVLM is also a key integration point for the central control of BP (Dampney, 1994; Guyenet,
2006). Excitatory and inhibitory signals from various BP regulatory brain regions converge at
the RVLM. These signals are integrated and transmitted to the sympathetic preganglionic
nucleus of the IML of the spinal cord, which then innervate the sympathetic ganglionic neurons
to modulate SNA and subsequently BP at the target vascular beds (Colombari et al., 2001;
Dampney, 1994; Guyenet, 2006). The NTS is important for central feedback regulation of BP
control. One of the most potent regulatory feedback inputs into the NTS is the baroreflex
(Chapleau and Abboud, 2004; Guyton, 1991). Changes in BP are immediately detected by
aortic arch and carotid sinus baroreceptors, which then signal the information to the NTS, which
processes these signals and modulates the synaptic output from RVLM through a relay
involving the caudal ventrolateral medulla (Colombari et al., 2001; Dampney, 1994; Guyenet,
2006). It is hypothesized that neurogenic hypertension, mediated by a chronic increase in SNA,
results from increased output from the brain (Esler, 2000; Schlaich et al., 2004). Mechanisms
that have been proposed to alter sympathetic output include an increased neuronal activity in
the RVLM or decreased sensitivity of the baroreflex at the NTS (Esler, 2000).

In addition to modulating SNA the brain stimulates behavioral changes that ultimately
influence BP by stimulating salt intake and thirst. Ang II is a major factor in these responses,
and circulating Ang II can stimulate both water and sodium intake by acting at AT1R within
circumventricular organs (CVO) such as the subfornical organ (SFO) and the organum
vasculosum of the lamina terminalis (OVLT). These salt and thirst responses also involve other
brain nuclei, including the PVN and the median preoptic nucleus (MNPO) (McKinley et al.,
2001). Fluid and electrolyte balance is also regulated by neurohormone section. AVP is both
a pressor and an antidiuretic agent that is synthesized by the magnocellular neurons of the
paraventricular nucleus (PVN) and the supraoptic nucleus (SON). AVP is secreted into the
circulation via projection from the PVN and the SON to the neurohypophesis (posterior
pituitary) in response to changes in osmolarity or neuronal stimulation (Bourque and Renaud,
1984; Mason, 1980; Pan, 2004; Treschan and Peters, 2006). The pressor role of AVP is
mediated by V1 receptors in smooth muscle cells, although this action is mitigated by the
baroreflex (Goldsmith, 1988). AVP acts as an antidiuretic with V2 receptors in the kidney to
reverse natriuresis or the process of Na+ excretion. Reabsorption of Na+ results to elicit water
retention, mediated by upregulation and targeting of epithelial Na+ -channels and Aquaporin-2-
channels (Bankir et al., 2005; Treschan and Peters, 2006). As a result, urine becomes
concentrated and reduced in volume (Bakris et al., 1997; Bankir et al., 2005; Bankir et al.,
2007; Bursztyn et al., 1990).

Thus, by using a complex networking architecture, the brain processes feedback from the
circulation to respond to changes in mean arterial blood pressure through multiple mechanisms.
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These mechanisms include modulation of the sympathetic pathway and secretion of various
hormones to complement with circulatory mechanisms to maintain blood pressure tone. While
the exact mechanism for brain processes to establish hypertension is still a matter of study, it
is becoming evident that a neurogenic component is involved in some cases of chronic high
blood pressure.

III. The current status of the Brain Renin Angiotensin System
The RAS is one of the most important mechanisms for regulating blood pressure, and the major
bioactive hormone of this system is Ang II. Historically, the RAS took over 60 years to define
(Cleland and Reid, 1996). This began in 1896 with the discovery of renin and its effects on
blood pressure by Tigerstedt and Bergmen. Renin catalyzes the rate limiting step of converting
the substrate angiogensinogen (Agt) to Ang I, which is then converted to Ang II by Angiotensin
converting enzyme (ACE). Circulating Ang II stimulates vasoconstriction, and in addition,
Ang II mediates the secretion of the steroid hormone aldosterone that mediates Na+

reabsorbtion and water retention (Cleland and Reid, 1996). Bickerton and Buckley (1961) were
the first to demonstrate that administration of Ang II into to the brain of dogs mediated an
increase in BP, which was propagated by the sympathetic nervous system. This and similar
discoveries led to the proposal of an intrinsic RAS in the brain (Bader and Ganten, 2002), an
idea which was strengthened by reports of renin-like activity in brain extracts (Fischer-Ferraro
et al., 1971; Ganten et al., 1971). The pressor actions of Ang II are mediated by its binding to
AT1R (de Gasparo et al., 2000). Since then, AT1R and all the components for the RAS have
been found in various brain regions that are involved in the regulation of SNA as well as the
regulation of fluid and electrolyte balance (Dampney, 1994; de Gasparo et al., 2000).
Furthermore, the physiological significance of a brain RAS is underscored by observations of
increased sensitivity to Ang II, and of increased AT1R expression in the cardiovascular
regulatory brain areas of animal models of neurogenic hypertension (Guyenet, 2006;
Veerasingham and Raizada, 2003). In addition, genetic or pharmacological intervention of
brain RAS components have been shown to attenuate neurogenic hypertension (Morimoto et
al., 2002; Phillips et al., 1977; Veerasingham and Raizada, 2003; Yamazato et al., 2007).

In addition, increased RAS activity in the brain increases AVP secretion, which is found to
exacerbate hypertension in rats (Luft, 2007). Similar findings have been been reported in
humans. Clinical studies indicate that the African American male population have an increased
incidence of hypertension. Furthermore, recent re-examination of this clinical data show that
hypertensive African American males exhibited symptoms that are associated with increased
secretion of the antidiuretic hormone, AVP (Bakris et al., 1997; Bankir et al., 2005; Bankir et
al., 2007). At the other extreme, a deficit of RAS function in key regions in the brain, such as
the magnocellular region of the PVN or the SON, results in impaired production and secretion
of AVP, the main cause of centrally mediated diabetes insipidus (Treschan and Peters, 2006).
Consistent with this are reports showing that reduced Ang II production is observed in the
genetic rat model of diabetes insipidus, the Brattleboro rat (Bundzikova et al., 2008).

Despite the above evidence for powerful cardiovascular actions of Ang II mediated by the
CNS, the fact that renin is poorly expressed in the brain (Bader and Ganten, 2002; Lippoldt et
al., 2001; Saavedra, 2005) has raised a doubt as to whether centrally generated Ang II has
meaningful functional actions. As a result, this has given way to alternative proposals for the
source of Ang I or Ang II in the CNS, such as their uptake and transport from the
circumventricular organs, which are devoid of a blood brain barrier (Saavedra, 2005).
However, several key pieces of evidence do support a competent RAS function in the brain.
For example, ACE and Ang II-like immunoreactivity have been reported in neurons in various
regions of the brain, including the SFO and the NTS (Lind et al., 1984; Pickel and Chan,
1995; Pickel et al., 1986). Expression of GFP, driven by the renin promoter, in transgenic mice
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has been used as a sensitive marker for renin expression. Examination of the brains of
transgenic rats has defined renin expression within various brain cardiovascular regulatory
centers (Lavoie et al., 2004a; Lavoie et al., 2004b). Other studies show that suppression of
angiotensinogen (Agt) expression in the brain results in a significant reduction in BP in SHR
(Gyurko et al., 1993). Of major significance is the demonstration that intracerebroventricular
(ICV) injection of an angiotensin II receptor antagonist results in reduced BP in bilaterally
nephrectomized SHR, which removes the source of renin in the periphery (Phillips et al.,
1977). Work in other tissue preparations such as the heart, blood vessels and kidney tubules
have demonstrated persistent renin activity even after extensive washout (Bader et al., 2001).
In these examples RAS function is compartmentalized and the synthesized Ang II acts locally.
Together, these results provide support for a functional and capable RAS function in the brain
(Bader et al., 2001; Kobori et al., 2007). Furthermore, localized RAS function suggest the
existence of a renin binding protein or receptor that would facilitate this action.

Recent work by a number of investigators has demonstrated that the recently discovered PRR
is an integral component of the tissue localized RAS that serves to bind renin and
compartmentalize Ang II biosynthesis and function. In addition, PRR also stimulates
intracellular signaling. In many respects this signaling mechanism mimics the effects mediated
by the AT1R, independently of Ang II action (Batenburg and Jan Danser, 2008; Nguyen and
Contrepas, 2008a; Nguyen and Contrepas, 2008b). Taken together, these and other studies lend
support to the hypothesis that the brain can sustain a functionally sufficient RAS.

An increase in Ang II production and increased AT1R activation have already been found to
reduce baroreflex sensitivity at the NTS (Averill and Diz, 2000; Boscan et al., 2001; Merrill
et al., 1996) and increase neuronal activity in the RVLM (Li and Guyenet, 1996; Tagawa et
al., 2000), which are proposed actions that are hypothesized to mediate neurogenic
hypertension. Therefore establishment of the mechanism for increased Ang II production in
the brain and demonstration that this mechanism is upregulated in neurogenic hypertension
would open a new avenue for the treatment.

IV. Central components of the brain RAS and their properties
Each component of the RAS has been identified in the brain. Evidence of their role in central
BP control and function in hypertension has been determined, both pharmacologically and by
genetic manipulation. Data from multiple laboratories show that brain RAS components are
compartmentalized within specific brain nuclei and even within specific cells, which would
result in increased efficiency of RAS function. These findings help assert that a functional and
competent RAS is active in the brain. Furthermore, as will be discussed further below,
pathological insults in the organs of the systemic circulation or in the brain alter central RAS
function that exacerbates hypertension (Francis et al., 2004; Tan et al., 2004). In this section
we will re-examine the various RAS components in the brain and discuss their individual role
in BP control and hypertension.

IV.i. Angiotensinogen
Angiotensinogen (Agt) is an alpha 2 globulin and is the substrate for renin. It is a member of
the serine protease inhibitor or serpin family of enzyme inhibitors, although Agt is not known
to interact with any other enzyme besides renin (Doolittle, 1983; Hunt and Dayhoff, 1980).
The liver is the chief source of Agt for the systemic circulation, whereas the astroglia is the
main site of Agt synthesis in the brain (Milsted et al., 1990; Stornetta et al., 1988). However,
studies have also demonstrated that Agt is produced by neurons in primary culture (Kumar et
al., 1988; Richoux et al., 1988; Thomas et al., 1992).
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Various studies imply a role for brain Agt in hypertension. For example, four week old SHR,
prior to the onset of hypertension, exhibit elevated Agt expression in the hypothalamus region
compared to age-matched WKY rats (Tamura et al., 1996). A further study indicated that Agt
mRNA levels are significantly increased in the hypothalamus of SHR, compared to WKY rats;
while, no differences in Agt transcript levels were observed between the liver of each strain
(Yongue et al., 1991). In a separate study, transgenic rats that over express Agt exhibit
hypertension. However, the high blood pressure was present only in rat lineages that over-
express Agt in the liver and in specific areas of the brain that are involved in the regulation of
BP (Kimura et al., 1992). Other work comparing gene promoter activity in rat brains
demonstrated that cis-regulatory elements of the Agt promoter, AGF2 and AGF3, were more
active in SHR, when compared to that in WKY rats (Nishii et al., 1999). These studies indicate
that a breakdown in the regulation of Agt expression in the brain regions that mediate control
of cardiovascular tone contributes to the onset of hypertension.

Inhibition or suppression of Agt expression in hypertensive animal models normalizes blood
pressure. For example, intracerebroventricular (ICV) injection of Agt-antisense
oligonucleotides reduced basal BP levels in SHR, with no comparable effect observed
following injections into WKY rat brain (Gyurko et al., 1993). Other reports show that
transgenic suppression of Agt in rats demonstrate polyurea and polydipsia and their urine show
decreased osmolality, which are all symptoms associated with central diabetes insipidus or
type II diabetes (Schinke et al., 1999). Therefore, while reduction of Agt levels in the brain has
some protective effects on blood pressure, inhibition of Agt expression can lead to other
pathological complications.

IV.ii. Renin
Renin is a critical member of the RAS, and catalyzes the rate limiting step of converting Agt
to Ang I. Brain renin activity was first reported within dogs and rats (Fischer-Ferraro et al.,
1971; Ganten et al., 1971) and the existence of renin within the brain has now been
demonstrated by numerous investigators (Bader et al., 2001). However, isolation of meaningful
levels of the enzyme from the brain has proven to be a challenge. This is due, in part, to very
low expression levels of renin in the CNS (Lippoldt et al., 2001; Paul et al., 1988).

Active renin is formed by the proteolytic cleavage of the prosegment region from prorenin.
The prosegment is 43 amino acids long, and is situated at the amino terminus of prorenin
(Mercure et al., 1995). Included in the prosegment is a “gate” region that blocks the enzyme’s
active site. Epitope specific antibodies raised against various regions of the prosegment were
used to identify the handle region of the prosegment. Antibodies that bound the handle region
resulted in non-proteolytic activation of the enzyme (Suzuki et al., 2003). These findings have
led to the hypothesis that the PRR mediates non-proteolytic activation of prorenin by binding
the handle region peptide.

RAS components from different species are found to be poorly compatible with each other
(Bohlender et al., 1997; Ganten et al., 1992; Hatae et al., 1994). This knowledge has since been
exploited in subsequent transgenic animal studies, which revealed specific aspects of RAS
function in the brain as well as in the circulation (Bader and Ganten, 2002; Morimoto et al.,
2002; Morimoto and Sigmund, 2002). In one study, human-renin was expressed in the brain
using neuronal specific promoters in transgenic mice, which were bred with mice that express
human-Agt driven by the mouse Agt promoter. Transgenic mice showed an AT1R dependent
dipsogenic response, which was blocked by ablation of the human Agt gene, specifically at the
SFO (Sakai et al., 2007; Sinnayah et al., 2006). Transgenic mice did not demonstrate changes
in circulating levels of Ang II, showing that the response was limited to the brain. These
findings suggest that functional RAS activity can occur in the brain, independent of peripherally
derived components, to mediate a response that is characteristic of the SFO.
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IV.iii. Angiotensin converting enzyme
Early work described that the product of Agt conversion by renin, Ang I, was rapidly converted
to Ang II. Testing both substances on aortic strips demonstrated that Ang II is the true pressor
agent (Helmer, 1957). Further effort resulted in the isolation and characterization of the enzyme
now called ACE (Skeggs et al., 1956). ACE is expressed in various regions of the brain,
including areas that regulate BP control. Electron microscopic studies using neurons show that
ACE is found on neuronal plasma membrane and is also co-localized in vesicles with Ang II
as well as with the inhibitory neurotransmitter gama-amino-butyric acid (Pickel and Chan,
1995; Pickel et al., 1986). Pharmacological interruption of ACE activity in the brain provides
further evidence of brain RAS function. Intracarotid administration of the ACE inhibitor
captopril revealed a tonic role of Ang II in the forebrain that mediates excitation of renal
sympathetic nerve activity. This effect is normally obscured by the baroreflex, but the authors
of this study suggest that this tonic activity may play a more significant role in the advent of
impaired baroreflex and augmented RAS function (Wei and Felder, 2002). Moreover, altered
ACE function in the brain is found to be induced by pathological insults such as myocardial
infarcts that exacerbate cardiac hypertrophy in rats. Induction of myocardial infarct, by
coronary arterial ligation, stimulates an increased AT1R and ACE activity in the heart, kidney
and the brain. In the brain AT1R binding and ACE activity are increased at various CVO as
well as the PVN (Tan et al., 2004). Finally, genetic transfer of human ACE into the
hypothalamus of rats exhibited increased sympathetic activity as well as increased Na+ intake,
reduced urine volume and increased concentration. Rats over-expressing ACE also
demonstrated elevated mean arterial pressure as well as increased vasopressin levels in the
circulation, which were blocked by ICV injection of ACE inhibitors (Nakamura et al., 1999).

IV.iv. AT1R
The AT1R mediates the peripheral pressor response of Ang II and is also found at all major
cardiovascular control centers in the brain, as well as in regions that regulate electrolyte and
fluid balance. Some of these areas include the PVN, the RVLM, the NTS, and the SFO, amongst
others (Allen et al., 1999; Obermuller et al., 1991; Phillips et al., 1993; Tsutsumi and Saavedra,
1991).

The AT1R is a member of the 7 transmembrane superfamily of receptors and couples to the
G-protein Gαq/11/12 that activates phospholipase C (PLC) - β (de Gasparo et al., 2000). The
AT1R also stimulates PLC- γ1 by activation of tyrosine kinases (Ushio-Fukai et al., 1998b).
PLC catalyzes the conversion of the membrane lipid phosphoinositol-bisphosphate to inositol-
trisphosphate and diacylglycerol that lead to cytosolic Ca2+ mobilization and protein kinase C
(PKC) activation (Berridge and Irvine, 1989; Ushio-Fukai et al., 1998b).

In addition, Ang II has been shown to increase reactive oxygen species (ROS) formation in
endothelial cells, vascular smooth muscle cells as well as in neurons in a mechanism that
involves the activation of xanthine oxidase (Chan et al., 2005; Griendling et al., 1994;
Griendling and Ushio-Fukai, 1998; Sun et al., 2005). ROS, by themselves, mediate the
stimulation of mitogen activated protein (MAP) kinases, including P38 and extracellular
regulated kinase (ERK) 1/2 (Griendling et al., 1994; Rao and Berk, 1992; Ushio-Fukai et al.,
1998a). ROS formation mediated by AT1R is also found to stimulate PI3 kinase and AKT/
Protein kinase B (PKB) activity (Ushio-Fukai et al., 1999). There is also much evidence that
Ang II elicits a PKC-dependent increase in NADPH oxidase activity, and that the reactive
oxygen species that are generated serve to increase neuronal firing(Sun et al., 2005; Sun et al.,
2002).

AT1R stimulation in neurons increases action potential-, or chronotropic-activity mediated by
decreasing IA and IKV type potassium currents and by increasing Ca2+ channel current (Zhu
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et al., 1997). In addition, AT1R mediates increases in Ca2+ channel density at the membrane
mediated by PI3-kinase (Macrez et al., 2001). Dissociated G-protein Gβγ subunit stimulates
PI3-kinase and AKT/PKB to produce increased current (Macrez et al., 2001; Viard et al.,
2004; Viard et al., 1999).

The AT1R can potentiate catecholaminergic signaling. This effect has an acute and a chronic
component that is dependent on posttranscriptional and transcriptional mechanisms,
respectively (Lu et al., 1996b). The chronic effects are mediated by increased transcription of
tyrosine hydroxylase, dopamine β-hydroxylase and the norepinephrine transporter that involve
MAP kinase signaling pathway (Lu et al., 1998a; Lu et al., 1996a; Lu et al., 1996b). This is
mediated, in part, by a signaling cascade that involves activation of MAP kinase(Lu et al.,
1998b; Lu et al., 1996b; Yang et al., 1996). In turn, MAP kinase activates transcription factors
that bind to AP1 cis elements found in the promoter regions of the tyrosine hydroxylase,
dopamine β-hydroxylase and the norepinephrine transporter genes (Goc and Stachowiak,
1994; Seo et al., 1996).

The AT1R is involved in control of SNA to modulate BP, to mediate control of fluid and
electrolyte homeostasis and suppresses sensitivity to the baroreflex (Averill and Diz, 2000;
Boscan et al., 2001; Hogarty et al., 1992; McKinley et al., 2001; Merrill et al., 1996; Veltmar
et al., 1992). The RVLM of SHR rats show increased receptor density compared to WKY rat
(Hu et al., 2002). Furthermore, bilateral injection of AT1R antagonists results in significant
reduction in BP in hypertensive animal models, while no significant effect is seen in
normotensive rats (Allen, 2001; Ito et al., 2003; Ito et al., 2002). SHR rats were found to have
increased AT1R density in the RVLM compared to WKY rats. This same study showed that
microinjection of Ang II into the RVLM of SHR mediated increased excitatory amino acid
release in the IML compared to WKY rats, which would result in increased sympathetic activity
(Hu et al., 2002).

Transgenic rats over-expressing AT1R, specifically in neurons, showed an exaggerated
response to Ang II treatment administered ICV, which was curtailed by losartan pretreatment.
However, basal BP levels were not significantly different compared to control rats (Lazartigues
et al., 2002). Together, these results indicate that AT1R does have a role in mediating chronic
hypertension, but that over-expression of the receptor itself is not sufficient to mediate this
pathology, but requires concomitant activation.

In a more recent study, a constitutively active AT1R was over-expressed in the RVLM that
resulted in a chronic increase in BP. Of interest is that histological examination showed that
the exogenous receptor was expressed mostly in glial cells (Allen et al., 2006). Finally, these
findings also suggest that glial cells may play more than a passive role in BP control in the
brain.

In normotensive rats the role of AT1R in modulating basal BP in the brain is less defined.
Peptide angiotensin receptor inhibitors, sarthran and sarile, reduced SNA and BP in
normotensive rats (Ito and Sved, 1996; Tagawa et al., 1999). Subsequent studies questioned
whether these inhibitory effects are in fact mediated by the AT1R. While microinjection of
Ang II mediated an increase in BP that was blocked by losartan pretreatment, basal BP levels
were unaffected (Hirooka et al., 1997). Treatment with an AT1R selective inhibitor in SHR
resulted in a decrease in basal SNA and BP, which was not demonstrated in WKY rats (Allen,
2001). The work of Ito and colleagues found that while sarthran decreased BP in Sprague
Dawley rats, this was not replicated by AT1R specific antagonists, but was inhibited by
aminopeptidase A (APA) inhibitor, amastatin (Ito and Sved, 2000). This suggests that the
modulator of basal BP in normotensive animal may be Ang III (more below) and the mediator
of transient increased BP is mediated by the Ang II and the AT1R.

Cuadra et al. Page 8

Pharmacol Ther. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



V. The (Pro)renin Receptor
V.i Discovery of prorenin receptor

In spite of the fact that there is strong evidence for the existence of all the components of an
intrinsic RAS, or RAS-like mechanism in the brain, it has been difficult to resolve whether this
system is functional. Some investigators have argued that a brain RAS mechanism is likely to
operate on a microscopic level such as that seen in the heart, kidney, adrenal glands and vascular
tissue (Bader et al., 2001). The recently discovered PRR has been found to have a key
modulatory role in tissue localized RAS (Jan Danser, 2003; Nguyen and Contrepas, 2008a;
Nguyen et al., 2002). PRR mRNA levels are highly expressed in the brain, comparable to levels
seen in the heart and placenta and greater than the levels seen in the kidney, liver and pancreas
(Nguyen et al., 2002). PRR is also a functional receptor, which triggers intracellular signaling
cascades. Of interest is that the PRR, itself, stimulates signaling pathways that are hallmarks
of AT1R activation (Burckle and Bader, 2006; Jan Danser, 2003; Nguyen and Contrepas,
2008a; Nguyen et al., 2002). In fact, prior to its discovery, evidence of PRR action had been
reported over the past two decades through connections involving anomalous renin or prorenin
expression and pathologies that include renal and cardiac hypertrophy, which could not be fully
explained by altered RAS function. Some of these findings are discussed below.

The RAS has been known to increase tissue and organ hypertrophy in conditions that exacerbate
hypertension, such as diabetes. For example, increased blood glucose levels increased Agt
expression (Liu et al., 2008; Zhang et al., 2001). Of note is a report of a clinical finding that a
high ratio of inactive renin to active renin is correlated with certain pathological conditions
such as diabetes, retinopathy and albuminuria (Luetscher et al., 1985). Prorenin to renin ratios
of 5 to 10 fold were seen in normal or asymptomatic conditions. Ratio levels reached from 20
fold to as much as 200 fold were observed in pathological conditions, with increasing ratios
seen in more severe conditions (Luetscher et al., 1985). Furthermore, comparison of renin
activity levels showed no significant differences in these groups regardless of the severity of
the pathology. What role prorenin had in these pathological conditions could not be determined.
However, they can be explained with what we now understand of PRR function. Current
understanding of the PRR can explain the anomalous results from animal studies that over-
expressed mouse renin in rats, described below.

Early attempts to link increased RAS function to hypertension was performed by transgenically
over-expressing the mouse renin-2 isoform, TGR(mRen2)27 in rats. Plasma Ang I and Ang II
levels were found to be unaffected and renin activity was actually reduced compared to the
control rats in all areas except at the adrenal glands. However, prorenin levels were significantly
increased as well as aldosterone levels. Complicating the interpretation was the finding that
treatment with ACE-inhibitor, captopril, showed little effect on blood pressure (Mullins et al.,
1990). In a similar study, human renin was over-expressed in the liver of rats driven by the
alpha1-anti-trypsin promoter (Veniant et al., 1996). Male rats exhibited a 400 fold increase in
renin levels, which was accompanied by chronic increase in BP. Interestingly, female rats only
showed a 2-3 fold increase in renin expression and showed no difference in blood pressure
compared to control rats. In-situ hybridization experiments showed increase prorenin mRNA
levels only at the liver, with no change in the kidneys. Also, plasma renin activity was not
different compared to control rats. Histological analysis showed increased lesions in cardiac,
vascular and renal tissue. In the kidneys, male rats showed nephroangiosclerosis,
glomerulosclerosis, tubulointerstitial atrophy, inflammation and arterial wall thickening. In the
heart, the cardiomyocytes as well as the aortic wall were hypertrophic and there was increased
coronary fibrosis (Veniant et al., 1996). Thus, it appears that the increased BP in mice was
dependent on renin over-expression, but unrelated to RAS activity. The lack of RAS function
could be explained by work showing poor interspecies compatibility of RAS components.
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Human renin has very poor reactivity for rat or mouse Agt and mouse or rat renin is inefficient
to catalyze human Agt (Bohlender et al., 1997; Ganten et al., 1992; Hatae et al., 1994).

In an apparently separate direction of study, researchers have discovered that RAS function
occurred locally at the tissue level. Concentrated Ang II had been reported in renal tissue at
levels that could not be explained by formation in the circulation (Campbell et al., 1991).
Studies have shown that Agt, ACE and discreet levels of renin are synthesized locally in the
kidney tubules (Das and Soffer, 1976; Henrich et al., 1996; Ingelfinger et al., 1990; Moe et al.,
1993). Further studies in vascular tissue preparations showed that renin administration
maintained catalytic activity even after prolonged washout (Muller et al., 1995). These studies,
coupled with the findings that ACE is expressed in the vessel wall during vascular stress,
suggested the presence of a renin binding protein or receptor that could sequester renin for
localized function (Jan Danser, 2003; Jan Danser and Deinum, 2005; Muller et al., 1997). The
first candidate for a renin binding protein was the mannose-6-phosphate / insulin-like growth
factor II. This receptor binds and internalizes mannosylated proteins with high affinity. This
receptor also activated prohormones, including prorenin upon internalization. However, this
receptor acts as a clearance receptor, which targets proteins for degradation (Jan Danser,
2003; Nguyen, 2006).

The PRR was first reported in mesangial cells. These cells showed renin binding affinity in the
subnanomolar range. The (pro)renin receptor was later cloned and found to be a 350 amino
acid protein and shown to migrate at 42 kD protein on western blot (Nguyen et al., 2002). The
PRR binds and sequesters renin which results to increase catalytic activity by up to fivefold
compared to soluble renin. In addition, PRR activates the precursor, prorenin, non-
proteolytically. The second function stimulated by renin binding is receptor mediated signal
transduction. (Nguyen et al., 2002; Schefe et al., 2006).

V.ii Properties of the Prorenin receptor
PRR mRNA levels in the brain are reported to be at very high levels, in humans. In spite of
this, little information is available to even detail its distribution in this organ. In order to infer
the possible roles of this receptor in the brain it is important to examine its function in organs
and tissues such as the kidney, heart and smooth muscle cells. These studies provide evidence
for PRR’s mediated facilitation of localized tissue RAS and show its role in tissue hypertrophy
and organ failure, mediated by its intrinsic signaling properties. Furthermore, studies of
receptor over-expression and diabetes show that PRR can mediate actions that are normally
attributed to hyperactive AT1R stimulation. In some cases they show that PRR can mediate
pathological actions in the absence of the AT1R.

The PRR gene, previously identified as ATP6AP2, is a 350 amino acid protein with one single
transmembrane domain, with evidence to suggest that it functions as a dimerized receptor
(Nguyen et al., 2002). Activation by renin caused phosphorylation of the receptor that is
associated with MAP kinase activation. Western blotting shows that it is phosphorylated at
two residues believed to be 337S and 355Y, which occur by 3 minutes and 10 minutes,
respectively (Nguyen et al., 2002). In addition, the PRR is shown to have a number of regulatory
motifs that regulate its function and localization. One of the regulatory motifs is an atypical
endoplasmic reticulum-retention motif and the other is an endosomal/lysosomal sorting motif
(Burckle and Bader, 2006). The ER retention motif K346IRMD, conforms to the dibasic KxRxx
consensus sequence. The lysosomal sorting motif is Y335DSI that conforms to the consensus
YxxØ (Ø = large hydrophobic residue) (Burckle and Bader, 2006). Scheffe and co-workers
confirmed the function of these motifs on PRR localization. They tested three PRR constructs:
a full length form, a PRR(K346 - R) substituted construct and an extracellular deleted - carboxyl-
terminal construct. The full length GFP tagged form displayed predominantly perinuclear
expression, with diffuse cytosolic expression. Expression of the PRR(K346 - R) construct lost
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the perinuclear localization and showed diffuse expression in the cell. The carboxyl-terminal
construct exhibited strong co-localization at lysosomal vesicles (Schefe et al., 2006).

Prorenin binding to PRR equilibrates by 2 hours, and the half life for dissociation is
approximately 4 hours in VSMC cells, similar to the half life of renin dissociation in mesangial
cells (Batenburg and Danser, 2008; Batenburg et al., 2007; Nguyen et al., 1996). Several
laboratories have examined binding affinity of renin and prorenin to the PRR (Nabi et al.,
2006; Nguyen et al., 1996; Nguyen et al., 2002; Nurun et al., 2007). In vascular smooth muscle
preparations the binding of the renin precursor, prorenin, was increased in PRR over-expressing
cells compared to control cells; however, renin binding was not affected in cells that express
exogenous PRR. The authors concluded that this is an indication that prorenin is the true agonist
for PRR (Batenburg et al., 2007).

PRR mRNA is highly expressed in the brain (Nguyen et al., 2002). Our laboratory has reported
on the presence of PRR mRNA expression in brain neurons determined by real time PCR and
immunoreactivity (Shan et al., 2008b). In primary neuronal cultures we show high PRR mRNA
levels in brain neurons and low expression levels in glial cells (Shan et al., 2008b).

V.iii Implication of the brain (pro)renin receptor and Ang II signaling
The role of Ang II action in the brain, in the modulation of cardiovascular tone, is not in dispute;
and the existence of an intrinsic RAS in the brain is generally accepted (Guyenet, 2006;
Veerasingham and Raizada, 2003). However, the mechanism of the biosynthesis of the RAS
products has been questioned due to the poor expression of renin in the brain (Bader and Ganten,
2002; Lippoldt et al., 2001). Whether the effect on vascular tone and fluid and electrolyte
balance are mediated by Ang II, Ang III, or subsequent metabolites, the processing of Agt to
its final active product in the brain would require physiologically significant renin or renin like
activity in the brain (Pan, 2004; Reaux et al., 2001; Veerasingham and Raizada, 2003). In this
matter, the recent discovery of the PRR may help elucidate the mechanism for a brain localized
RAS. PRR facilitated RAS function has been demonstrated in tissue preparations and in
recombinant cell lines (Batenburg et al., 2007; Nguyen et al., 2002; Nurun et al., 2007);
however, to our knowledge, no work has yet described PRR facilitated RAS in the brain. The
presence of PRR in the brain would help tie together findings of anomalous expression and
activity of RAS components in the brain that lead to hypertension.

Studies have shown that Agt expression in CV regulatory centers in the brain are increased in
SHR, compared to WKY rat, which occur prior to the onset of hypertension (Tamura et al.,
1996). This finding is highlighted in a study, which demonstrates that over-expression of Agt,
in the brain as well as the liver, precedes the onset of chronic increase in BP in mice (Kimura
et al., 1992). Moreover, this same study showed that hypertension was not observed in other
transgenic lines when Agt was not over-expressed in key cardiovascular regulatory brain
nuclei. Elevated brain renin-like activity has been reported in the anterior hypothalamus and
NTS of SHR compared to WKY rats during the onset of hypertension (Ruiz et al., 1990).
Furthermore, Ang II immunoreactivity and turnover are reported to be increased in the PVN
and SON of adult SHR compared to WKY rat (Ganten et al., 1983; Hermann et al., 1984;
Phillips and Kimura, 1988; Weyhenmeyer and Phillips, 1982). Furthermore, persistent Ang II
levels as well as chronically elevated BP are reported in bilaterally nephrectomized SHR, which
is the chief source of renin for the circulatory system. The increased BP was suppressed only
after ICV administration with ACE inhibitors (Hermann et al., 1984; Phillips et al., 1977;
Trolliet and Phillips, 1992). Finally, combined with studies that show that ICV injected Ang
II and Ang III levels have very short half lives of 23 and 7.7 seconds, respectively (Harding et
al., 1986), these findings suggest that the brain must have a capable RAS or RAS related
mechanism in place in the brain.
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In studies performed in recombinant cells as well as in tissue preparations PRR facilitated RAS
function by binding and sequestering renin and prorenin (Figure 1). In doing so PRR activates
prorenin, non-proteolytically and increases the catalytic activity of both enzymes (Batenburg
et al., 2007;Nguyen et al., 2002;Nurun et al., 2007). PRR shows high expression levels in the
brain and preliminary data show elevated expression levels in the hypothalamus (Nguyen et
al., 2002). The co-localization of PRR with ACE would suggest an increase in the efficiency
of localized RAS activity. Our laboratory has begun to examine PRR expression in the brain
and our initial findings show increased immunoreactive density in the PVN, SON, NTS and
the ventrolateral medulla of rats, which is corroborated by real time-PCR experiments
examining PRR transcript levels (Shan et al., 2008a). It would be of importance to see if PRR
is proximally localized to ACE as well as the AT1R in the cardiovascular regulatory brain
centers. Furthermore, it would be of interest to compare PRR expression levels as well as
function in various CV brain regions during development in various animal models of
hypertension.

V.iv Implications on neuronal signaling by (pro)renin that is independent of AT1R
Most of PRR signaling cascade can be mapped to two known downstream signaling
messengers, MAP kinase and the promyelocytic leukemia zinc finger (PLZF) transcription
factor (Schefe et al., 2006; Schefe et al., 2008). Figure 2A illustrates that PRR’s downstream
signaling events have been linked to profibrotic and proliferative activity that leads to
hypertrophy and end organ damage in the heart, kidney and liver (Campbell, 2008; Jan Danser
et al., 2007).

PRR transcript and protein expression have been reported in cultured brain neurons and mRNA
transcripts are found to be highly expressed in the human brain (Nguyen et al., 2002; Shan et
al., 2008b). Renin application to cultured brain neurons has been found to stimulate ERK 1/2
signaling in a concentration dependent manner (Shan et al., 2008b); while, PRR mediated PLZF
signaling in neurons has not been demonstrated. In fact, to date, little has been reported on
PRR’s signaling mechanism in the brain. However, as is the case with AT1R signaling, many
of the downstream events that occur in the periphery also function in brain neurons and PRR
may mediate similar events that are seen in the periphery.

Our laboratory has shown that ERK 1/2 activation, mediated by the AT1R, increase
norepinephrine biosynthesis and turnover (Figure 2A), in part, by increasing the production of
tyrosine hydroxylase, dopamine-β-hydroxylase and the norepinephrine transporter (Lu et al.,
1998a; Lu et al., 1996a; Lu et al., 1996b). Our laboratory has detected PRR immunoreactivity
in various regions of the hypothalamus, including the PVN, NTS and the ventrolateral medulla
(unpublished observations). Thus, activation of PRR in these regions can conceivably
upregulate enzymes that promote norepinephrine signaling (Figure 2B).

Similar to the AT1R, PRR is found to stimulate the production of the plasminogen activator-
inhibitor (PAI)-1 via the sequential activation of ERK 1/2 production of transformation growth
factor- β (TGF-β) (Huang et al., 2008; Huang et al., 2007; Huang et al., 2006). PAI-1 promotes
fibrosis by acting as an inhibitor for plasminogen to decrease fibrinolysis (Figure 2A). AT1R
mediated induction of PAI-1 also occurs in brain neurons (Yang et al., 1996; Yu et al., 1996).
Stimulation of the AT1R in neurons activates phosphatidylinositol-3-kinase (PI3-kinase)
which will sequentially activate protein kinase B (PKB)/AKT, p70s6-kinase to produce PAI-1.
Secretion of PAI-1 results in increased expression of growth associated protein (GAP)-43,
which mediates neurite extension (Yang et al., 1996; Yang and Raizada, 1999; Yang et al.,
2002; Yang et al., 2001; Yu et al., 1996). PRR upregulates the p85α subunit of PI3-kinase
mediated by the stimulation of PLZF transcription factor (Schefe et al., 2006; Schefe et al.,
2008). In the brain, PLZF is reported to be expressed in a segmented pattern in the
hypothalamus and hindbrain, where it is linked to the modulation of neuronal growth and
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targeting (Avantaggiato et al., 1995; Ivins et al., 2003). The p85α subunit of PI3-kinase, a splice
variant of the p85 regulatory adaptor for PI3-kinase, is important for maintaining the p110
catalytic subunit of PI3-kinase (Steinberg, 2001; Vanhaesebroeck et al., 1997; Vanhaesebroeck
and Waterfield, 1999). Thus, the involvement of PI3-kinase activation by PRR, in the brain
may be found to play a role in neuronal development (Figure 2B).

The PRR may be important to brain development via its association with PLZF activation
(Figure 2B). This may be suggested from the unsuccessful attempts to breed a PRR animal
knockout (Burckle and Bader, 2006). In addition, recent investigation has found that a silent
mutation (c.321C>T, p.D107D) resulted in the truncation of the open reading frame of the PRR
mRNA. This truncation is associated with X-linked mental retardation and epilepsy.
Recombinant expression of this PRR construct showed a modest, but significant deficit in ERK
1/2 phosphorylation (Ramser et al., 2005). However, it would be of interest to see if the PRR
signals via PLZF in the brain and if this is affected by this mutation.

PRR mediated facilitation of Ang II formation, alone makes is a potentially powerful
component for RAS in the brain. However, the coupling of prorenin to PRR can also mediate
MAP kinase signaling pathways, in concert with activation by the AT1R. This would suggest
that PRR may play a role in neurogenic hypertension. If this is found to be the case this would
open a new avenue for therapeutic treatment strategies for neurogenic hypertension. Further
demonstration that PRR is linked to PLZF signaling suggest that it may be further linked to
BP and may be revealed to be essential to brain development.

VI.v Pharmacological profile of the Prorenin Receptor
The discovery of the prorenin receptor has given way to new answers in regards to formerly
unexpected findings in the search for treatments of hypertension and its associated disorders.
The detrimental effects that can potentially be caused by hyperactivation of the PRR, centrally
and in the periphery, demands the need for an inhibitor for the receptor, both as a diagnostic
tool as well as for treatment in the periphery as well as in the brain.

There are a few options for pharmacological characterization of PRR as a diagnostic tool. As
stated, both renin and prorenin catalytic activity are potentiated by PRR. Conversely, renin and
prorenin stimulate the PRR. However, the use of prorenin has advantages over renin as a
measure for PRR function. Renin is enzymatically active in soluble form, while prorenin has
poor catalytic activity until activated, non-proteolytically, upon binding to PRR (Nguyen et
al., 2002; Suzuki et al., 2003). Moreover, binding studies suggest that prorenin is likely the
true agonist for PRR, as it was found to be more sensitive in the quantitation of PRR over-
expression in smooth muscle cell preparations, compared to renin in receptor binding
experiments (Batenburg et al., 2008). Therefore, the difference in catalytic activity in the two
enzyme forms can be a sensitive measure for qualitative assessment of PRR action.

The interspecies incompatibility of renin and Agt can be exploited to distinguish between the
PRR facilitated Agt conversion component and the receptor mediated signaling. As described
previously, renin of human origin will have poor catalytic activity for mouse or rat Agt or Agt-
derived substrate (Bohlender et al., 1997; Ganten et al., 1992; Hatae et al., 1994). Rats and
mice that transgenically over-express human PRR exhibit increased MAP kinase activity in
the kidney and heart (Burckle et al., 2006; Kaneshiro et al., 2007) suggesting that the human
form is activated by the endogenous mouse renin or prorenin. Thus, application of human renin
to rat brain cultures mediated stimulation of ERK 1/2 phosphorylation. Thus prorenin or renin
from one species can be used to stimulate PRR from another species with little contamination
from AT1R mediated by endogenous Agt conversion. In addition renin inhibitors, such as
aliskiren that blocks Agt conversion did not impair renin or prorenin coupling to PRR
stimulated MAP kinase phosphorylation (Feldman et al., 2008; Feldt et al., 2008a; Feldt et al.,

Cuadra et al. Page 13

Pharmacol Ther. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2008b). This shows that PRR mediated signaling can be isolated from PRR’s facilitation of
renin or prorenin catalytic action.

One potential inhibitor of the PRR is the prorenin derived “handle region peptide” (HRP),
which has also been referred to as the “PRR-blocker” (Ichihara et al., 2004; Kaneshiro et al.,
2007). Several studies have shown the remarkable properties for inhibiting PRR mediated
hypertrophy, both in the periphery as well as in brain neurons. HRP is derived from the 43
amino acid prosegment of prorenin that is proteolytically cleaved off for maturation of active
renin. The HRP is a five amino acid segment, 11IFLKR15 of human prorenin, which is
homologously conserved between mice and rats. It is situated contiguously to the carboxyl end
of the gate region peptide 7TFKR10 (Suzuki et al., 2003).

HRP is described to have protective effects on PRR mediated hypertrophy in the streptozotocin
induced diabetic model. Streptozotocin selectively destroys the beta cells in the pancreas
(Szkudelski, 2001). Rats treated with this agent exhibit pathophysiology associated with
diabetes, which includes elevations of blood glucose, urinary protein excretion and prorenin
levels. Treated rats also showed reduction in body weight, plasma renin as well as reduced
plasma Ang II levels (Ichihara et al., 2004). In the kidney, total renin, Ang I and Ang II levels
were elevated, in contrast to plasma levels. In addition, these rats showed increased collagen
expression and extensive glomeroschlerosis in the kidney. When streptozotocin was co-applied
with HRP, the increased Ang I and Ang II levels were inhibited and glomeroschlerosis was
suppressed (Ichihara et al., 2004). Application of mouse prorenin derived HRP containing HRP
not only inhibited nephroschlerosis, but was also reported to reverse the scarring (Ichihara et
al., 2006b; Takahashi et al., 2007).

The beneficial effects of HRP are not limited to diabetes. Studies show that stroke prone SHR
(SHRsp) have elevated PRR mRNA levels in the heart and developed extensive fibrosis when
examined in the left ventricle when compared to normotensive Wistar Kyoto (WKY) rat
(Ichihara et al., 2006a). Rat-prorenin derived HRP treatment did reduce heart renin levels and
suppressed collagen I/III levels. Our laboratory has found that renin application to neuronal
brain cultures slows the frequency of spontaneous action potential formation, an effect that
was blocked by HRP pretreatment (Shan et al., 2008b).

However, the HRP has also been met with significant controversy. The inhibitory effects of
HRP on renin or prorenin binding to the PRR and coupled functions could not be confirmed
in other studies (Batenburg et al., 2008; Batenburg et al., 2007; Feldman et al., 2008; Feldt et
al., 2008a; Feldt et al., 2008b). Functional assays to measure renin and prorenin coupling to
PRR are reported to be inhibited by HRP in recombinant PRR in COS-7 cells (Nurun et al.,
2007). However, HRP failed to inhibit prorenin binding to PRR in vascular smooth muscle
cells from either wild type rats or rats expressing human PRR (Batenburg et al., 2008). HRP
treatment was ineffective in treating the 2 kidney-1 clipped Goldblatt rat hypertensive rat model
that exhibited an increase in prorenin mRNA levels (Muller et al., 2008). While one study
showed that HRP will stop the progression of renal hypertrophy in transgenic rats that over-
express human PRR, another study failed to repeat these findings (Feldt et al., 2008b).
Furthermore, in-vitro studies performed to measure PRR mediated ERK 1/2 phosphorylation
were not inhibited by HRP treatment in either monocytes or in vascular smooth muscle cells,
which express PRR (Feldt et al., 2008a; Feldt et al., 2008b).

What exactly is the cause of the discrepancy in the use of prorenin derived HRP to block
prorenin effects mediated by PRR? One suggestion is that the dose or concentration range of
HRP treatment must be fully characterized, with consideration of pharmacodynamics for in-
vivo studies (Batenburg and Danser, 2008). Alternatively, it has been suggested that HRP’s
beneficial effects may be due to action at an undiscovered target (Batenburg and Danser,
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2008; Batenburg and Jan Danser, 2008). Hints that the latter may be the case has been provided
by Ichihara and Kaneshiro (2006) who indicated that HRP may have weak agonistic function
of its own. For now, until the controversy of HRP’s antagonistic function has been fully
addressed the best method to pharmacologically inhibit PRR’s function is to suppress its
expression by using siRNA (Huang et al., 2007; Huang et al., 2006; Schefe et al., 2006).

VII. Conclusion: Implications for PRR on autonomic regulation
Overexpression and increased activity of AT1R in the brain has been suggested to promote
hypertension (Dampney, 1994; Veerasingham and Raizada, 2003). This has been demonstrated
by direct infusion of Ang II into the brain at important BP centers, such as at the PVN and
RVLM, which results in increased BP (Dampney, 1994; Pan, 2004). Similarly, treatment of
AT1R antagonists at the RVLM of SHR resulted in marked reduction in BP with only modest
to no effect observed in normotensive WKY rats (Veerasingham and Raizada, 2003).
Furthermore, receptor binding studies have shown that AT1R levels are elevated in SHR
compared to normotensive control WKY rats (Dampney, 1994; Veerasingham and Raizada,
2003). Thus, it is generally accepted that AT1R expression in the brain may at least contribute
to hypertension and some argue that these receptors may play a causative role in neurogenic
hypertension (Dampney, 1994; Ito et al., 2003; Ito et al., 2002; Veerasingham and Raizada,
2003). However, over-expression of the AT1R, alone, does not mediate increased blood
pressure. Increased Ang II turnover is necessary to mediate increased SNA and increased BP
(Allen et al., 2006; Lazartigues et al., 2002). The PRR may be key in this regard. The human
brain is reported to show one of the highest levels of PRR mRNA levels when compared to
other tissue (Nguyen et al., 2002). Any effect that would lead to increased expression of PRR
in the brain may result in increased RAS activity. This phenomenon has been demonstrated to
occur in both the heart and kidney (Ichihara et al., 2004; Ichihara et al., 2006a). The PRR can
potentially mediate increased SNA by modulating norepinephrine signaling. This can be
achieved in two ways: 1) by promoting AT1R activation and downstream activation of MAP
kinase activity (Lu et al., 1998b; Lu et al., 1996b; Yang et al., 1996); or 2) by direct activation
of MAP kinase signaling by the PRR itself, the latter of which has been demonstrated by our
laboratory (Shan et al., 2008b).

One important consideration is that the current treatment of hypertension includes AT1R
blockers and ACE inhibitors. In addition, the orally active renin inhibitor, Aliskiren, also shows
promise for treatment. The latter of which, prolongs the half life of the PRR agonists, prorenin
and renin and neither affect PRR signaling (Batenburg and Danser, 2008; Batenburg et al.,
2008; Huang et al., 2007; Huang et al., 2006). Therefore, such treatments would give the PRR
increased opportunity to promote hypertrophy in the tissues where it is expressed. Our initial
data, from rat brains, show PRR immunoreactivity and mRNA levels in the cardiovascular
control centers of rats and further show that some of these regions exhibit increased expression
in SHR compared to WKY rats (Shan et al., 2008a). This suggests that expressional regulation
of the PRR is an important factor in the regulation of BP tone. A significant change in basal
PRR expression may have a detrimental impact on BP control. Further investigation of the
actions of PRR in the CV regulatory centers in the brain may help to detail the mechanism of
brain RAS function and the establishment of neurogenic hypertension.

Abbreviations

Agt Angiotensinogen

Ang angiotensin

AT1R Ang II-type 1 receptor
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ACE Angiotensin converting enzyme

AVP arginine-vasopressin

BP blood pressure

ERK extracellular regulated kinase

IML intermediolateral cell column of the spinal cord

ICV intracerebral-ventricular

MAP kinase mitogen activated protein kinases

NTS nucleus of the solitary tract

PVN paraventricular nucleus

PLC phospholipase C

PI3-kinase phosphatidylinositol-3-kinase

(PAI)-1 plasminogen activator-inhibitor

PRR (pro)renin receptor

PKB Protein kinase B

PKC protein kinase C

ROS reactive oxygen species

RAS renin-Angiotensin system

RVLM rostral ventrolateral medulla

SHR spontaneously hypertensive rat

SNA sympathetic nerve activity

(WKY) rat Wistar Kyoto
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Figure1.
The roles that PRR is proposed to have, in the cardiovascular regulatory centers in the brain
to mediate control of BP. PRR is hypothesized to facilitate localized tissue RAS function. 1)
By binding and sequestering renin or prorenin in the brain, PRR increases the catalytic
efficiency of 2) Agt conversion to Ang I. In this way the PRR is hypothesized to mitigate the
limited expression of renin in the brain. 3) Membrane bound ACE, which is expressed in the
brain, will then convert Ang I to Ang II in order to 4) stimulate the AT1R.
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Figure 2.
Downstream signaling by the PRR and role of potential effectors in brain neurons. Top,
Activation of PRR by renin or prorenin activates MAP kinases such as ERK 1/2 in the kidney,
smooth muscle cells and in brain neurons as well as p38 in the heart. MAP kinase activation
by PRR activates TGF-β to promote PAI-1secretion, which leads to fibrosis. In addition PRR
stimulates the transcription factor PLZF, which mediates upregulation of the PI3 kinase adaptor
protein p85α that promotes PI3-kinase activity. Bottom, Of the potential downstream effector
of PRR, in the brain, only ERK 1/2 has been demonstrated, thus far. ERK 1/2, itself mediates
gene regulation that include upregulation of enzymes and transporter proteins that promote
norepinephrine turnover. ERK 1/2 is also found to modulate K+ channel function. Future
studies may show that PRR is linked PLZF function to mediate neuronal maturation in the
brain. PLZF is present in various regions of the brain where it is important for neuronal
organization. PI3-kinase function, linked to PLZF action can further link PRR to channel
regulation, in addition, promoting neurite growth. These actions are linked to tissue
hypertrophy and end organ failure and also mediate neurogenic hypertension. Black Arrows,
established signal transduction pathways; red arrow, inhibitory pathways; dotted lines,
candidate pathways.
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