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Hypertension, a major public health issue, is estimated to contribute to 10% of all deaths
worldwide. Further, the salt sensitivity of blood pressure is a critical risk factor for the
development of hypertension. The hypothalamic paraventricular nucleus (PVN)
coordinates neuro-hormonal responses to alterations in plasma sodium and osmolality
and multiple G Protein-Coupled Receptors (GPCRs) are involved in fluid and electrolyte
homeostasis. In acute animal studies, our laboratory has shown that central Gai/o subunit
protein signal transduction mediates hypotensive and bradycardic responses and that
Gz/q, proteins mediate the release of arginine vasopressin (AVP) and subsequent
aquaretic responses to acute pharmacological stimuli. Extending these studies, our
laboratory has shown that central Gai, proteins selectively mediate the hypotensive,
sympathoinhibitory and natriuretic responses to acute pharmacological activation of
GPCRs and in response to acute physiological challenges to fluid and electrolyte
balance. In addition, following chronically elevated dietary sodium intake, salt resistant
rats demonstrate site-specific and subunit-specific upregulation of Gais proteins in the
PVN, resulting in sympathoinhibition and normotension. In contrast, chronic dietary
sodium intake in salt sensitive animals, which fail to upregulate PVN Goai, proteins,
results in the absence of dietary sodium-evoked sympathoinhibition and salt sensitive
hypertension. Using in situ hybridization, we observed that Gais, expressing neurons in
parvocellular division of the PVN strongly (85%) colocalize with GABAergic neurons. Our
data suggest that central Gai, protein-dependent responses to an acute isotonic volume
expansion (VE) and elevated dietary sodium intake are mediated by the peripheral sensory
afferent renal nerves and do not depend on the anteroventral third ventricle (AV3V) sodium
sensitive region or the actions of central angiotensin Il type 1 receptors. Our translational
human genomic studies have identified three G protein subunit alpha 12 (GNAI2) single
nucleotide polymorphisms (SNPs) as potential biomarkers in individuals with salt
sensitivity and essential hypertension. Collectively, PVN Gai, proteins-gated pathways
appear to be highly conserved in salt resistance to counter the effects of acute and chronic
challenges to fluid and electrolyte homeostasis on blood pressure via a renal sympathetic
nerve-dependent mechanism.
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INTRODUCTION

Hypertension is a critical public health issue that affects
approximately 1 in 2 U.S. adults (1). It is the leading risk
factor for chronic kidney disease, myocardial infarction, and
stroke, and is estimated to result in approximately 10% of all
global deaths (1). Accumulating evidence shows that excess
dietary salt intake increases the risk for both hypertension and
adverse cardiovascular outcomes (2, 3). Despite the current
approaches to sodium reduction, approximately 90% of United
States adults exceed the American Heart Association
recommended daily intake of sodium (<3200mg) (4). The
excess intake of dietary salt increases cardiovascular risk due to
the salt sensitivity of blood pressure, which is defined as an
exaggerated pressor response to elevated dietary sodium intake
(5-7), that increases the risk of hypertension. Significantly, the
prevalence of the salt sensitivity of blood pressure is estimated to
be present in 25% of normotensive to 50% of hypertensive
individuals (8) and represents a major public health issue.

Several studies have demonstrated that excess sympathetic
nervous system activity contributes to both the development and
maintenance of hypertension (5, 9-15). Multiple animal models,
including angiotensin II infused rats (16), spontaneously
hypertensive rats (17), DOCA-salt treated rats (18), and mouse
models (19, 20) have provided mechanistic insight into the role
of G-Protein Coupled Receptors (GPCRs) proteins across the
cardiovascular and nervous systems (21, 22). It is well established
that multiple GPCRs influence sympathetic nervous system
activity, fluid and electrolyte homeostasis and blood pressure
regulation. The focus of this review is predominantly on recent in
vivo studies from our laboratory that investigate the impact of
brain GPCR Go-subunit protein gated signaling in the
regulation of fluid and electrolyte balance, sympathetic outflow
and the regulation of blood pressure in response to acute and
chronic challenges to sodium balance and how this influences the
salt sensitivity of blood pressure.

G-PROTEIN COUPLED RECEPTORS AND
Goi-SUBUNIT PROTEINS

G-protein coupled receptors are 7-transmembrane receptors
which have an extracellular binding domain and intracellular
protein interactions with heterotrimeric G proteins consisting of
an o-subunit and P/y-dimer (23). In the absence of ligand
binding, all G protein subunits are associated with the
receptor, and the o-subunit is bound to guanine diphosphate
(GDP). Upon activation, the o-subunit will exchange GDP for
guanine triphosphate (GTP), followed by dissociation of -
subunit and B/y-dimer from the receptor to initiate signal
transduction. The function of the a-subunit is dependent upon
its sub-classification and downstream effector molecules. The
main four classes of o-subunits are Goi/o, Gos, Goz, and
Gog. Principally, Goi/o and Goiz subunits inhibit the activity
of adenylyl cyclase, thus reducing intracellular levels of
cyclic adenosine monophosphate (cAMP) and the subclass of

Gos proteins enhance adenylyl cyclase activity which leads to
increased cAMP levels. Lastly, Gaq proteins activate
phospholipase C (PLC), promote production of intracellular
inositol triphosphate (IP3) and regulate intracellular calcium
release (23) (Figure 1). Go-subunit selectivity is critical for
subsequent intracellular signal transduction and in vitro and in
vivo models of GPCRs signaling have demonstrated the
specificity of each subclass of Go. proteins (24).

GPCR SIGNALING AND BLOOD
PRESSURE REGULATION

GPCR signaling pathways impact multiple aspects of
cardiovascular system and a wide variety of GPCRs are
responsible for the regulation of blood pressure. As GPCRs are
expressed in various cell types in the brain, heart, blood vessels,
kidney etc. (25) their signaling activity can alter heart rate,
vascular resistance and/or blood volume. The main receptor
systems involved in cardiovascular regulation, including the o
and B adrenoceptors, muscarinic and cholinergic receptors are
GPCRs (26, 27). Similarly, multiple endogenous ligands that
influence blood pressure such as norepinephrine (28),
angiotensin II (29), acetylcholine (30), endothelin (31) etc. are
ligands for GPCRs. The expression and function of GPCRs is
tightly regulated by different mechanisms. For example, G-
Protein coupled receptor kinases (GRKs) can modulate
adrenergic receptor responses and elevations in GRK2 and
GRKS5 in vascular smooth muscle cells and lymphocytes are
associated with human hypertension (32). Mediators of GPCR
signaling represent potential new targets for blood pressure
control and this review will focus on recent advances in our
understanding of the actions of central Go-subunit proteins in
the neurohumoral control of blood pressure.

FUNCTIONAL SELECTIVITY OF CENTRAL
Gai-SUBUNIT PROTEIN-GATED
MEDIATED CARDIO-RENAL SIGNAL
TRANSDUCTION

The central mechanisms regulating short and long-term
cardiovascular homeostasis and renal excretory function
involve multiple GPCR systems (e.g., the o, adrenoceptor).
Our initial in vivo studies in conscious Sprague Dawley rats
demonstrated that in response to direct pharmacological
stimulation of a brain GPCR downstream activation of
selective Goi-subunit signaling mediates cardiovascular vs.
renal excretory responses (33). Utilizing acute central
administration of Nociceptin/Orphanin FQ (N/OFQ), the
agonist of the Nociceptin/Orphanin FQ (NOP) GPCR, which
signals via Goi/o, Goz and Goq proteins to evoke hypotension,
bradycardia and diuresis (34), we observed a differential effect of
central inhibition of Goi/o vs. downregulation of Goz/Gogq
proteins on cardiovascular vs. renal function. Following
inhibition of the activity of central Gai/o proteins with
pertussis toxin we observed abolishment of centrally
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administered N/OFQ bradycardia and hypotension with no
effect on the diuretic effect evoked by N/OFQ (33). In contrast
selective individual targeted oligodeoxynucleotide (ODN)-
mediated downregulation of central Goiz/Gaoq proteins, which
reduced target protein expression ~85%, markedly blunted
(Goiz) or augmented (Goq) the diuretic response to central N/
OFQ without impacting the cardiovascular depressor effects of
N/OFQ (33). These studies provided the first in vivo evidence in
conscious animals of the functional selectively of Goi-subunit
signaling in response to direct pharmacological GPCR activation
to influence cardiovascular vs. renal excretory function.

Central Goz/Goqg-Subunit Regulation of
Arginine Vasopressin Secretion

To assess the potential mechanism underlying the impact of the
modulation of the expression of central Goz/Goiq subunit proteins
on diuresis in response to N/OFQ we assessed plasma AVP levels
in response to central administration of N/OFQ. It is well
established that N/OFQ evokes aquaresis, in part, via the
suppression of plasma AVP release. In water-restricted Sprague
Dawley rats the ability of central N/OFQ to reduce plasma AVP
levels was differently modulated by selective ODN-mediated

Ligand Binding

FIGURE 1 | Schematic representation of the canonical intracellular Go. subunit signal transduction pathways activated following ligand binding at G-protein Coupled
Receptors (GPCRs). The specificity of Gai/o, Gas, Goz, and Gog subunit activation in downstream signaling pathways is shown. As illustrated dissociation of Goz
and Goi/o subunits reduces cyclic AMP (CAMP) and GTP-bound Gass increases intracellular cCAMP levels. Activation of Gag subunits evokes increased

downregulation of central Goz/Goq proteins with central Goz
down regulation blunting AVP suppression and central Goq
downregulation augmenting N/OFQ-mediated AVP suppression
(33). Given the central role of AVP in fluid homeostasis and blood
pressure regulation we extended these studies to assess the
potential role of central brain Goz/Goq proteins in the
regulation of blood pressure, fluid homeostasis and vasopressin
secretion in the Dahl rat model of salt sensitive hypertension.
Following 21-days of high dietary salt intake the Dahl salt sensitive
(DSS), but not the salt resistant Dahl salt resistant (DSR) rat,
exhibited salt sensitive hypertension, elevated plasma AVP levels
and positive water balance (35). Given our prior finding of an
influence of central Goiz/Goq proteins on AVP release we assessed
the influence of high dietary salt intake on central Goz/Goq
protein expression in DSS and DSR rats. Our data show that a
chronic high salt intake evoked selective endogenous down-
regulation of Gog, but not Goz, proteins in the hypothalamic
paraventricular nucleus (PVN) in DSR, but not DSS rats. In high
dietary salt-challenged DSS rats acute selective targeted ODN-
mediated down-regulation of central Goq proteins returned
plasma vasopressin to control levels, decreased dietary salt-
induced water retention and restored the aquaretic response to
N/OFQ to that seen in normotensive normal salt maintained DSS
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rats (35). These data provide the first evidence of the
neurohumoral control of AVP secretion and subsequent
aquaresis by central, likely PVN specific, Goz/Goq proteins and
suggest that targeted down regulation of PVN Goq proteins may
represent an approach to prevent AVP hypersecretion in
pathological states exhibiting AVP dysregulation.

Central Gai, Proteins and Functional
Selectivity of o, Adrenoceptor Signal
Transduction

To extend our initial findings that Gai/o proteins mediate the
cardiovascular depressor responses to central N/OFQ we elected
to aim to identify which specific Goii/o protein can selectively
mediate the hypotensive and/or bradycardic responses to a
classical anti-hypertensive agent, the o, adrenoceptor agonist,
Guanabenz. It is well established that following ligand binding to
0., adrenoceptor signal transduction can occur via downstream
Gai(1-3), Go. (0), Ga (s) subunit protein-gated pathways (36).
To investigate the potential role(s) of individual central Go
subunit proteins we selectively down regulated individual brain
Gaiy, Goidy, Gous, Gow, and Gos subunit proteins by central pre-
treatment with target specific oligodeoxynucleotide probes. In
conscious rats, pre-treated with a control scrambled (SCR) ODN
sequence that did not impact the expression of any tested brain
Go-subunit protein, central administration of Guanabenz,
decreased mean arterial pressure (MAP) and heart rate (HR),
and produced marked diuretic and natriuretic responses. In
contrast, selective central Gai, protein down regulation
blunted both the natriuretic and hypotensive responses to
Guanabenz (36) with no impact on the bradycardic and
diuretic response. Additionally, targeted Gos down regulation
converted the typical Guanabenz evoked hypotensive response
into an immediate increase in MAP. Suggesting that multiple
Go-subunit proteins mediate the bradycardic response to
guanabenz individual Gao-subunit protein targeting had no
impact on the observed bradycardic response. Future studies,
in which multiple Go-subunit proteins are down regulated
simultaneously, are required to identify the pathways
mediating bradycardia. These studies suggested a central role
of brain Gou, proteins in the regulation of blood pressure and the
renal excretion of sodium.

Central Gai, Proteins and Acute
Natriuresis

An intravenous (i.v) isotonic volume expansion (VE) is a classical
physiological challenge that evokes profound diuresis and
natriuresis, independently from changes in blood pressure. In
response to a 5% bodyweight an i.v. isotonic saline VE
downregulation of brain Gai, subunits proteins abolished the
suppression of renal sympathetic nerve activity and attenuated the
natriuretic response compared to the profound suppression of
RSNA and natriuretic response observed in control SCR ODN-
pretreated rats (37). Additionally, bilateral renal denervation,
which removes the influence of the renal sympathetic nerves on
the kidneys, prevented the attenuation of the natriuretic response
to i.v. VE following intracerebroventricular (ICV) ODN-mediated

Goi, protein down regulation (37). Demonstrating the direct role
of PVN Goi, proteins in the attenuated natriuretic response to an
acute VE selective downregulation of PVN-specific Gou, proteins
attenuated the natriuresis to an acute 5% body weight VE. To
confirm that the PVN mediates Goi, protein-dependent
natriuretic responses to an acute i.v. VE in a renal nerve
dependent manner we also conducted studies in which the
influence of the renal sympathetic nerves was removed by
bilateral denervation (38). Our laboratory has recently reported
that selective afferent renal nerve ablation prior to an acute i.v VE
attenuates the natriuretic and PVN sympathoinhibitory response
in Sprague Dawley rats (39). Given the sensory afferent renal
nerves project to the spinal cord, and subsequent rostral
projections may occur with the PVN, we speculate that the
afferent renal nerves may modulate PVN Gou, protein signaling.
Through the combination of selective afferent renal nerve ablation,
alone or in combination with central Gai, protein down
regulation we have established that brain Goi, protein-
dependent responses to an acute i.v. VE involve activation of the
sensory afferent renal nerves (40).

To validate our findings of a central role of Gaii, proteins in the
natriuretic responses to alterations in sodium homeostasis we
examined the natriuretic response to an iv. 1M NaCl infusion
(20pl/min), that evokes profound natriuresis without altering
blood pressure (41). In control SCR-ODN pretreated animals a
IM NaCl infusion produced natriuresis and robust decreases in
both plasma norepinephrine and plasma renin activity (PRA). In
contrast, in rats in which central Goi, proteins were down
regulated, the natriuretic and sympathoinhibitory responses, but
not the suppression of PRA, were attenuated (41). As observed in
our acute VE studies bilateral renal denervation attenuated the
blunted natriuretic and sympathoinhibitory responses to ODN-
mediated downregulation of Gai, proteins during 1M NaCl
loading. Further, in salt resistant Sprague Dawley rats in
response to an acute i.v. bolus 3M NaCl (0.14ml/100g)
hypertonic challenge, which raises blood pressure in addition to
increasing plasma sodium, we observed attenuated natriuresis and
a failure to return blood pressure to baseline levels following
central Gai, protein down regulation (42). Collectively, these data
highlight a newly discovered role of brain, and PVN specific, Gou,
protein in the endogenous central sympathoinhibitory pathways,
including the suppression of renal sympathetic nerve traffic, to
mediate natriuresis in response to acute challenges to sodium
homeostasis to maintain normotension.

Goio PROTEINS AND THE SALT
SENSITIVITY OF BLOOD PRESSURE

To examine the potential effect of dietary salt intake on
endogenous central Goi, subunit protein expression, we
employed 7-days dietary sodium restriction or excess in the
salt resistant normotensive Sprague Dawley rat. Following 7-days
of dietary sodium restriction PVN Gai, protein expression was
markedly reduced. In contrast excess dietary sodium intake
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evoked a significant upregulation of Gai, subunit protein
expression (37). The sodium-mediated alterations in Gou,
protein levels were highly specific to the PVN and there was
no impact of dietary sodium intake on the levels of Gau,, Gous, or
Goo subunit proteins in any examined brain region (37).
Significantly, in rats treated for 7-days high salt intake acute
down-regulation of brain Gou, protein levels evoked sodium
retention, global sympathoexcitation, and a significant elevation
in blood pressure.

Extending this initial observation, we investigated the impact of
central Goi, proteins on long-term blood pressure regulation
during chronic elevations in dietary salt-intake. Replicating our
prior study, we observed that 21-days high salt intake (8% NaCl)
in normotensive salt resistant Sprague Dawley rats evoked a PVN-
specific increase in Gai, protein levels that was accompanied by
the suppression of plasma norepinephrine content and the
cardiovascular depressor response to ganglionic blockade
(markers of reduced sympathetic tone) (43). In contrast, in Gou,
ODN pretreated animals, in which the expression of central Gou,
proteins is ~85% reduced, a high salt intake resulted in the salt
sensitivity of blood pressure which was associated with significant
increases in plasma norepinephrine and vascular tone, suggestive
of sympathoexcitation, and a rightward shift in the pressure-
natriuresis curve. In Sprague Dawley rats in which the
expression of central Goui, proteins is reduced by ICV ODN
infusion bilateral renal denervation attenuated the observed
increase in sympathetic outflow and prevented the development
of the salt sensitivity of blood pressure (43). Validating these
findings, we conducted subsequent studies involving ODN-
mediated downregulation of Gai, in both DSR and Dahl
sensitive (DSS) rats. As observed in the Sprague Dawley rat a
21-day high salt intake evoked PVN-specific upregulation of PVN
Gui, proteins in the DSR phenotype. In contrast a high salt intake
had no impact on the expression of Gai, proteins in the DSS rat.
In DSR rats, Goi, ODN pretreatment prior to high salt intake
evoked sympathetically mediated salt-sensitive hypertension, as
determined by radiotelemetry and plasma norepinephrine levels
(44). In these DSR rats there was an immediate rapid elevation in
MAP of approximately 20 mmHg in a 3-day period followed by a
gradual persistent increase in blood pressure. As observed in the
Sprague Dawley rat the development of Goi, OD-mediated salt
sensitivity of blood pressure was renal sympathetic nerve
dependent (44). In DSS rats, which are an established model of
salt sensitive hypertension, downregulation of Gou, proteins
exacerbated the magnitude of salt sensitive hypertension. To
investigate the impact of dietary sodium-evoked PVN Gou,
protein upregulation on the development of salt sensitivity in
the DSS we conducted studies using 8-congenic DSS rats, that
contain chromosome 8 encoding the GNAI2 gene from the salt
resistant Brown Norway rats (45). In response to high dietary
sodium intake 8-congenic DSS rats exhibit increased PVN Gati,
protein expression and attenuated salt sensitive hypertension,
sodium retention, and sympathoexcitation compared to DSS
rats (44).

To confirm a direct role of PVN-specific Gou, proteins in the
observed development of salt sensitivity we conducted studies in

which PVN specific Goi, proteins were down-regulated by
bilateral PVN infusion (confirmed pharmacologically and
histologically). These studies confirmed that PVN-specific Goi,
downregulation results in the development of renal nerve-
dependent salt sensitivity of blood pressure and renal
sympathoexcitation (38). Extending our insight into the
potential mechanisms driving the observed increase in renal
sodium retention following Goi, protein downregulation we
observed increased renal nerve-dependent activity of the
sodium chloride cotransporter (NCC) (38). The NCC is critical
to the fine tuning of sodium reabsorption and it has recently been
demonstrated that increased sympathetic outflow can drive the
expression and activity of the NCC to result in salt sensitive
hypertension (9-12). Collectively, these data demonstrate the
conserved role of brain Gou, proteins as a sodium-activated
“anti-hypertensive” central pathway which regulates renal nerve-
mediated sympathoinhibitory and natriuretic responses to
prevent the development of salt sensitive hypertension
(Figure 2 and Figure 3).

To investigate the potential mechanisms by which PVN Gai,
proteins are endogenously up regulated by high dietary salt
intake we investigated the contribution of the sodium sensitive
peripheral sensory afferent renal nerves (46) and the
anteroventral third ventricle (AV3V) region. In these studies,
we observed that dietary salt evoked up regulation of PVN Gai,
proteins occurs independently from the AV3V region but is
dependent on the presence of the peripheral sensory afferent
renal sympathetic nerves (40). Additionally, pharmacological
blockade of central angiotensin II type 1 receptors does not
attenuate the salt sensitivity of blood pressure in rats in which
central Gou, proteins are down regulated - indicating that the
development of Goi, protein dependent salt sensitive
hypertension occurs independently of the actions of the brain
angiotensin II type 1 receptor (40) (Figure 4).

PVN Gai, PROTEINS AND
NEUROINFLAMMATION

PVN-specific upregulation of pro-inflammatory cytokines has been
demonstrated in several animal models of hypertension including
salt sensitive hypertension. In the DSS rat a high salt diet evokes
PVN neuroinflammation (47) which may contribute to
sympathoexcitation as neuroinflammation as multiple cytokines
have been shown to affect the excitability of neurons (48-50). To
assess the potential impact of Gou, proteins on neuroinflammation
we assessed inflammation in the PVN and subfornical organ (SFO)
in the presence and absence of Goi, proteins dietary a high salt
intake. Our control studies in animals maintained on a normal salt
intake reveal that central Goi, protein downregulation does not
evoke neuroinflammation during standard salt intake — a setting
when animals remain normotensive and in sodium balance (51).
However, during high salt intake central ODN-mediated Goti,
protein downregulation evoked sympathoexcitation, salt sensitive
hypertension and PVN, but not SFO, microglial activation and
production of the pro-inflammatory cytokines IL-1B, IL-6 and

Frontiers in Endocrinology | www.frontiersin.org

June 2022 | Volume 13 | Article 895466


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Amraei et al.

Guaip Proteins and Blood Pressure

Salt Resistant Rats

High Sodium Intake l

PVN

Increased PVN Gai,
Protein Levels

/

Sympathoinhibition: Decreased
Global NE

\

RN

Normotension

l

Na* Excretion

Urinary Na* /
|| |Reabsorption

Steep Pressure Natriuresis
Slope

MAP (mmHg)

Anti-Inflammatory
PVN Environment

=

Microglia

FIGURE 2 | Schematic representation of the proposed physiological role of paraventricular nucleus (PVN) G proteins in salt resistance. In response to high
dietary-sodium intake, upregulation of PVN Gai, proteins acts as peripherally sensed sodium-responsive “anti-hypertensive” pathway that mediates systemic
sympathoinhibition, natriuresis and central anti-inflammatory responses to maintain normotension and a salt resistant phenotype. Image was generated using

BioRender.

TNFo (51). In this setting we have established microglia as the
potential source of PVN neuroinflammation and cytokine
production as minocycline-mediated suppression of microglial
activation attenuated PVN cytokine production and the
magnitude of salt sensitive hypertension (51). Collectively, these
data suggest a role of central Gou, proteins in maintaining an anti-
inflammatory environment in the PVN in salt resistant rats during
elevated dietary sodium intake. At present it remains unknown if
central Gou, proteins influence systemic inflammatory processes or
inflammation in other organ systems (e.g., the kidney
or vasculature).

NEURO-ANATOMICAL LOCALIZATION OF
PVN Goai, EXPRESSING NEURONS

Despite our extensive work localizing the effects of central Gou,
proteins on sodium excretion and blood pressure regulation to the
PVN, immunoblotting of PVN tissue punches does not provide
insight into the neuroanatomical location of PVN Gai, positive
neurons. It is well established the PVN coordinates neural and
hormonal responses to alterations in plasma sodium and
osmolality by two distinct cell types — the parvocellular and
magnocellular neurons, respectively. The parvocellular division
of the PVN is comprised of sympathetic regulatory neurons and
neuroendocrine neurons (52) and the magnocellular division has
oxytocin and vasopressin containing neurons (53). To conduct the

neuroanatomical characterization of PVN Gai, expressing
neurons we performed in situ hybridization on the PVN from
male and female Sprague Dawley rats (54). Gnai2 mRNA, used as
a marker of Gai, expressing neurons, was highly localized within
the parvocellular region of the PVN and localization was similar
between male and female animals. Gnai2 mRNA colocalized with
85% of GABA-expressing, 75% of corticotropin-releasing
hormone and 28% of glutamatergic neurons at the level 2 of the
PVN. Additionally, Gnai2 neurons exhibited a lower degree of
colocalization with tyrosine hydroxylase (33%), oxytocin (6%) and
arginine vasopressin expressing (10%) neurons in the PVN (54).
Based on our data, Gai, expressing neurons are predominantly
located in the sympathetic parvocellular division of the PVN with
minimal expression in the magnocellular region of the PVN
(Figure 5). The strong colocalization of Gnai2 with GABAergic
neurons suggests a potential role of GABA in Goi, protein-
mediated sympathoinhibition versus an influence on oxytocin
and vasopressin positive neurons.

IMPACT OF CENTRAL Gai, PROTEINS ON
ACUTE AND CHRONIC NEURONAL
ACTIVATION

To examine the impact of selective targeted downregulation of
central Gou, proteins on acute sodium-evoked PVN neuronal
activation we assessed alterations in PVN c-Fos immunoreactivity
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FIGURE 3 | Schematic representation of the proposed physiological role of paraventricular nucleus (PVN) G proteins in the development of the salt sensitivity of
blood pressure. Failure to upregulate paraventricular nucleus (PVN) Gaip proteins in response to elevated dietary sodium intake causes renal nerve-dependent
sympathoexcitation, renal sodium retention and neuroinflammation resulting in the development of the salt sensitivity of blood pressure. Image was generated using
BioRender.

as a marker of neuronal activation in response to an acute 3M NaCl ~ observed a significant suppression of circulating levels of plasma
load. Hypertonic saline-induced c-Fos staining was significantly ~ norepinephrine levels at 10 minutes post-3M NaCl infusion was
attenuated in the medial parvocellular (MP), ventrolateral  observed in SCR ODN pretreated rats that was abolished in Goti,
parvocellular (VLP) and lateral parvocellular (LP) sub-nuclei of =~ ODN pre-treated rats. These data suggest that central Gou, proteins
PVN in Goi, ODN pre-treated rats compared to control SCRODN  are required to activate PVN parvocellular sympathoinhibitory
pre-treated rats with intact Gou, proteins (42). Additionally, we  neurons to suppress the release of norepinephrine in response to
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FIGURE 4 | Schematic representation of upregulation of PVN Gaiy, protein-dependent responses to elevated dietary sodium intake in salt resistance. Upregulation of
PVN specific Gai, is mediated by the peripheral sensory afferent renal nerves and does not depend on the AV3V sodium sensitive region or actions of central
angiotensin Il type 1 receptors. Image was generated using BioRender.
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FIGURE 5 | Schematic representation of neuroanatomical localization of Goi2 mRNA-expressing neurons in PVN. Gai2 mRNA expressing neurons are highly
localized within the parvocellular region of the PVN and strongly colocalize with GABAergic neurons. Image was generated using BioRender.

an acute 3M NaCl bolus. In contrast, the immunoreactivity of c-Fos
positive neurons in the magnocellular division of the PVN was
comparable between SCR and Goi, ODN pretreated animals in
response to a 3M NaCl bolus Goi, proteins (42) and the 3M NaCl
evoked increase in plasma AVP levels was identical in SCR and
G, ODN pretreated groups. These findings are consistent with the
results from in situ hybridization showing high parvocellular
location of Gnai2 expressing neurons and minimal expression of
Gnai2 in magnocellular vasopressin and oxytocin positive neurons
(54). These data suggest that in response to an acute sodium
challenge central Goi, protein downregulation impairs neuronal
activation of sympathoinhibitory parvocellular, but not the
neuroendocrine magnocellular division of the PVN.

Extending these findings from the acute to chronic setting we
have reported that high dietary sodium intake in salt resistant
Sprague Dawley rats receiving a central control SCR ODN infusion
resulted in significant activation of PVN parvocellular neurons as
assessed by FosB staining (marker of chronic neuronal activation of
PVN). These animals, which up-regulate PVN specific Gai,
proteins, remained normotensive and in sodium balance and
exhibited suppression of global and renal sympathetic outflow at
the same time point increased parvocellular FosB staining was
detected (38). In contrast, central down-regulation of Gou,
proteins during high dietary salt intake markedly attenuated PVN
parvocellular FosB staining - indicating decreased neuronal
activation. Accompanying decreased PVN neuronal activation we
observed significantly elevated renal norepinephrine content and
turnover, suggesting PVN Gou,-dependent signaling regulates
sympathetic outflow to the kidneys to influence renal sodium
excretion and the salt sensitivity of blood pressure (38).
Collectively, our data suggest that in response to acute and
chronic sodium challenges central Goi, protein-mediated
pathways are required to activate sympathetic-regulatory
parvocellular neurons, but not neuroendocrine magnocellular
neurons, to mediate sympathoinhibition, natriuresis
and normotension.

Goi PROTEINS IN CARDIOVASCULAR
TISSUES

Beyond our studies on the role(s) of central Goi-subunit proteins
in blood pressure regulation it has been reported that differences
in peripheral Goui protein expression, in vascular and cardiac
tissues, can also influence blood pressure in animal models.
Increases in vascular expression of Gai subunit proteins, which
will reduce intracellular cAMP levels, have been reported in the
Spontaneously Hypertensive Rat (SHR) (55), L-NAME
hypertensive rat (56) and deoxycorticosterone acetate salt
(DOCA-salt) (18) rat models of hypertension. In these models
it is hypothesized that increased vascular levels of Goi subunit
proteins contributes to arterial stiffening and increased vascular
tone evoking increases in blood pressure.

Further, alterations in Goi protein expression and adenylyl
cyclase activity have been reported in platelets (57) in human
subjects with hypertension. In contrast to our data that central
angiotensin II type 1 receptors play no role in Goi, protein
dependent salt sensitivity of blood pressure (40) angiotensin
receptor antagonism is able to attenuate the upregulation of Goi
proteins in vascular tissue and evoke reductions in blood
pressure in the L-NAME hypertensive rat (56). Collectively, in
concert with our published findings, these data suggest that there
is a tissue-dependent role of Gou proteins in the regulation of
blood pressure.

G PROTEIN SUBUNIT ALPHA 12
POLYMORPHIC VARIANCE AND BLOOD
PRESSURE

Our experimental animal studies, described above, highlight the
central role of the PVN Gou, proteins in the maintenance of salt
resistance via renal nerve-dependent sympathoinhibitory
mechanisms. However, expanding these findings by translational
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studies is essential for the development of therapeutic targets and
screening approaches to identify salt sensitive subjects. Suggesting
that GNAI2 polymorphic variance may be a potential biomarker
for hypertension risk The Japanese Millennium Genome Project,
which identified multiple single nucleotide polymorphisms (SNPs)
that correlated with high blood pressure in Japanese individuals,
identified a positive association with GNAI2 SNPs and
hypertension (58). Additionally, studies in an Italian European
cohort have suggested that a single C>G mutation in the GNAI2
promoter region reduces the binding of the specificity protein 1
(Sp1) transcription factor and is associated with hypertension (59).

Our recent studies have identified two additional SNPs in the
human GNAI2 gene, rs2298952 and rs4547694, which
significantly correlate with essential hypertension in UK
BioBank data set of individuals of European ancestry (38). SNP
rs4547694 has a Minor Allele Frequency (MAF) of 38.1%,
suggesting that this GNAI2 SNP may be a prevalent marker that
is associated with essential hypertension in at-risk individuals of
European ancestry. To examine potential associations between
GNAI2 polymorphisms and the salt sensitivity of blood pressure,
as suggested by our animal studies, we examined the Genetic
Epidemiology of Salt Sensitivity (GenSalt) data set in which the
salt sensitivity of blood pressure was rigorously assessed. In an
examination of 968 Chinese individuals in GenSalt we found a
positive association between the GNAI2 SNP rs10510755 and the
salt sensitivity of blood pressure (60). SNP rs10510755 was present
in 118 of 369 (~32%) salt sensitive individuals in the GenSalt data
set. These data, which require extensive validation in other data
sets, suggest that GNAI2 polymorphic variance may represent a
potential biomarker of the salt sensitivity of blood pressure in a
sub-set of individuals to aid in cardiovascular risk stratification
and the development of a rapid reliable method to assess the salt
sensitivity of blood pressure.

SUMMARY AND PERSPECTIVES

Hypertension and the salt sensitivity of blood pressure are
critical public health issues. However, the mechanisms
underlying the development and maintenance of salt sensitive
hypertension are poorly understood. Our laboratory has

REFERENCES

1. Whelton PK, Carey RM, Aronow WS, Casey DE Jr., Collins KJ, Dennison
Himmelfarb C, et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/
ASPC/NMA/PCNA Guideline for the Prevention, Detection, Evaluation, and
Management of High Blood Pressure in Adults: Executive Summary: A
Report of the American College of Cardiology/American Heart Association
Task Force on Clinical Practice Guidelines. Hypertension (2018) 71(6):1269—
324. doi: 10.1161/HYP.0000000000000066

2. He FJ, Li ], Macgregor GA. Effect of Longer Term Modest Salt Reduction on
Blood Pressure: Cochrane Systematic Review and Meta-Analysis of
Randomised Trials. BMJ (2013) 346:£1325. doi: 10.1136/bmj.f1325

3. Cook NR, Appel LJ, Whelton PK. Lower Levels of Sodium Intake and
Reduced Cardiovascular Risk. Circulation (2014) 129(9):981-9. doi:
10.1161/CIRCULATIONAHA.113.006032

4. Lloyd-Jones DM, Hong Y, Labarthe D, Mozaffarian D, Appel L], Van Horn L,
et al. Defining and Setting National Goals for Cardiovascular Health

advanced the understanding of the functional selectivity of
central Goi-subunit proteins in the regulation of cardiovascular
versus renal excretory function. We have revealed that central
Goz/q proteins modulate the release of vasopressin to influence
aquaretic responses to pharmacological and physiological
challenges. Our laboratory has reported that central Goi,
proteins mediate the salt resistant, sympathoinhibitory,
natriuretic and central anti-inflammatory responses to elevated
dietary sodium intake and are essential to maintain natriuresis
and sodium homeostasis in response to acute challenges to fluid
and electrolyte balance. Further, we have shown that PVN
specific Goi, proteins are critical to the maintenance of salt
resistance and prevent the development of salt sensitive
hypertension in rat models. Collectively, PVN Gai, signal
transduction pathways have emerged as a novel therapeutic for
the management of hypertension. Our human genetic
polymorphism studies have shown a strong positive correlation
between GNAI2 polymorphic variance and the salt sensitivity of
blood pressure and hypertension in populations of different
ancestry. These findings suggest that GNAI2 SNPs are a
potential biomarker for the salt sensitivity of blood pressure
that may aid in cardiovascular risk stratification and targeted
reduction in dietary salt intake.

AUTHOR CONTRIBUTIONS

RA, JM, and RW conceived and designed research; RA and JM
prepared figures; RA, and JM drafted manuscript; RA, JM, and
RW edited and revised manuscript; RA, JM, and RW approved
final version of manuscript.

FUNDING

These studies were supported by National Heart, Lung, and
Blood Institute (NHLBI) RO1HL141406, RO1HL139867, and
National Institute on Aging (NIA) R01AG062515 and
R0O1AG075963 to RW.

Promotion and Disease Reduction: The American Heart Association's
Strategic Impact Goal Through 2020 and Beyond. Circulation (2010) 121
(4):586-613. doi: 10.1161/CIRCULATIONAHA.109.192703

5. Stocker SD, Monahan KD, Browning KN. Neurogenic and
Sympathoexcitatory Actions of NaCl in Hypertension. Curr Hypertens Rep
(2013) 15(6):538-46. doi: 10.1007/s11906-013-0385-9

6. Fujita M, Fujita T. The Role of CNS in the Effects of Salt on Blood Pressure.
Curr Hypertens Rep (2016) 18(2):10. doi: 10.1007/s11906-015-0620-7

7. Hiyama TY, Noda M. Sodium Sensing in the Subfornical Organ and Body-Fluid
Homeostasis. Neurosci Res (2016) 113:1-11. doi: 10.1016/j.neures.2016.07.007

8. Franco V, Oparil S. Salt Sensitivity, a Determinant of Blood Pressure,
Cardiovascular Disease and Survival. ] Am Coll Nutr (2006) 25(3
Suppl):247S-55S. doi: 10.1080/07315724.2006.10719574

9. Puleo F, Kim K, Frame AA, Walsh KR, Ferdaus MZ, Moreira JD, et al.
Sympathetic Regulation of the NCC (Sodium Chloride Cotransporter) in
Dahl Salt-Sensitive Hypertension. Hypertension (2020) 76(5):1461-9. doi:
10.1161/HYPERTENSIONAHA.120.15928

Frontiers in Endocrinology | www.frontiersin.org

June 2022 | Volume 13 | Article 895466


https://doi.org/10.1161/HYP.0000000000000066
https://doi.org/10.1136/bmj.f1325
https://doi.org/10.1161/CIRCULATIONAHA.113.006032
https://doi.org/10.1161/CIRCULATIONAHA.109.192703
https://doi.org/10.1007/s11906-013-0385-9
https://doi.org/10.1007/s11906-015-0620-7
https://doi.org/10.1016/j.neures.2016.07.007
https://doi.org/10.1080/07315724.2006.10719574
https://doi.org/10.1161/HYPERTENSIONAHA.120.15928
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Amraei et al.

Guaip Proteins and Blood Pressure

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Frame AA, Wainford RD. Mechanisms of Altered Renal Sodium Handling in
Age-Related Hypertension. Am ] Physiol Renal Physiol (2018) 315(1):F1-6.
doi: 10.1152/ajprenal.00594.2017

Frame AA, Puleo F, Kim K, Walsh KR, Faudoa E, Hoover RS, et al
Sympathetic Regulation of NCC in Norepinephrine-Evoked Salt-Sensitive
Hypertension in Sprague-Dawley Rats. Am ] Physiol Renal Physiol (2019) 317
(6):F1623-36. doi: 10.1152/ajprenal.00264.2019

Walsh KR, Kuwabara JT, Shim JW, Wainford RD. Norepinephrine-
Evoked Salt-Sensitive Hypertension Requires Impaired Renal Sodium
Chloride Cotransporter Activity in Sprague-Dawley Rats. Am ] Physiol
Regul Integr Comp Physiol (2016) 310(2):R115-24. doi: 10.1152/ajpregu.
00514.2014

Fujita M, Fujita T. The Role of CNS in Salt-Sensitive Hypertension. Curr
Hypertens Rep (2013) 15(4):390-4. doi: 10.1007/s11906-013-0358-z

DiBona GF. Physiology in Perspective: The Wisdom of the Body. Neural
Control of the Kidney. Am J Physiol Regul Integr Comp Physiol (2005) 289(3):
R633-41. doi: 10.1152/ajpregu.00258.2005

Guyenet PG. The Sympathetic Control of Blood Pressure. Nat Rev Neurosci
(2006) 7(5):335-46. doi: 10.1038/nrn1902

Gao J, Denys I, Shahien A, Sutphen ], Kapusta DR, et al. Downregulation of
Brain Galphal2 Attenuates Angiotensin II-Dependent Hypertension. Am ]
Hypertens (2020) 33(2):198-204. doi: 10.1093/ajh/hpz176

Thibault C, Anand-Srivastava MB. Altered Expression of G-Protein mRNA in
Spontaneously Hypertensive Rats. FEBS Lett (1992) 313(2):160-4. doi:
10.1016/0014-5793(92)81435-O

Anand-Srivastava MB, de Champlain J, Thibault C. DOCA-Salt Hypertensive
Rat Hearts Exhibit Altered Expression of G-Proteins. Am ] Hypertens (1993) 6
(1):72-5. doi: 10.1093/ajh/6.1.72

Hercule HC, Tank J, Plehm R, Wellner M, da CostaGoncalves CA, Gollasch
M, et al. Regulator of G Protein Signalling 2 Ameliorates Angiotensin II-
Induced Hypertension in Mice. Exp Physiol (2007) 92(6):1014-22. doi:
10.1113/expphysiol.2007.038240

Divorty N, Milligan G, Graham D, Nicklin SA. The Orphan Receptor GPR35
Contributes to Angiotensin II-Induced Hypertension and Cardiac
Dysfunction in Mice. Am ] Hypertens (2018) 31(9):1049-58. doi: 10.1093/
ajh/hpy073

Brinks HL, Eckhart AD. Regulation of GPCR Signaling in Hypertension.
Biochim Biophys Acta (2010) 1802(12):1268-75. doi: 10.1016/
j.bbadis.2010.01.005

Feldman RD, Tan CM, Chorazyczewski J. G Protein Alterations in
Hypertension and Aging. Hypertension (1995) 26(5):725-32. doi: 10.1161/
01.HYP.26.5.725

Hilger D, Masureel M, Kobilka BK. Structure and Dynamics of GPCR
Signaling Complexes. Nat Struct Mol Biol (2018) 25(1):4-12. doi: 10.1038/
541594-017-0011-7

Nasman J, Kukkonen JP, Ammoun S, Akerman KE. Role of G-Protein
Availability in Differential Signaling by Alpha 2-Adrenoceptors. Biochem
Pharmacol (2001) 62(7):913-22. doi: 10.1016/S0006-2952(01)00730-4
Regard JB, Sato IT, Coughlin SR. Anatomical Profiling of G Protein-Coupled
Receptor Expression. Cell (2008) 135(3):561-71. doi: 10.1016/
j.cell.2008.08.040

Cotecchia S, Stanasila L, Diviani D. Protein-Protein Interactions at the
Adrenergic Receptors. Curr Drug Targets (2012) 13(1):15-27. doi: 10.2174/
138945012798868489

Wang J, Gareri C, Rockman HA. G-Protein-Coupled Receptors in Heart
Disease. Circ Res (2018) 123(6):716-35. doi: 10.1161/CIRCRESAHA.
118.311403

WuY, Zeng L, Zhao S. Ligands of Adrenergic Receptors: A Structural Point of
View. Biomolecules (2021) 11(7):936. doi: 10.3390/biom11070936

Wingler LM, Skiba MA, McMahon C, Staus DP, Kleinhenz ALW, Suomivuori
C-M, et al. Angiotensin and Biased Analogs Induce Structurally Distinct
Active Conformations Within a GPCR. Science (2020) 367(6480):888-92. doi:
10.1126/science.aay9813

Lymperopoulos A, Cora N, Maning J, Brill AR, Sizova A. Signaling and
Function of Cardiac Autonomic Nervous System Receptors: Insights From the
GPCR Signalling Universe. FEBS ] (2021) 288(8):2645-59. doi: 10.1111/
febs.15771

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Kang M, Chung KY, Walker JW. G-Protein Coupled Receptor Signaling in
Myocardium: Not for the Faint of Heart. Physiol (Bethesda) (2007) 22:174-84.
doi: 10.1152/physiol.00051.2006

Harris DM, Cohn HI, Pesant S, Eckhart AD. GPCR Signalling in
Hypertension: Role of GRKs. Clin Sci (Lond) (2008) 115(3):79-89. doi:
10.1042/CS20070442

Wainford RD, Kurtz K, Kapusta DR. Central G-Alpha Subunit Protein-
Mediated Control of Cardiovascular Function, Urine Output, and
Vasopressin Secretion in Conscious Sprague-Dawley Rats. Am ] Physiol
Regul Integr Comp Physiol (2008) 295(2):R535-42. doi: 10.1152/
ajpregu.00043.2008

Wainford RD, Kapusta DR. Chronic High-NaCl Intake Prolongs the
Cardiorenal Responses to Central N/OFQ and Produces Regional Changes
in the Endogenous Brain NOP Receptor System. Am ] Physiol Regul Integr
Comp Physiol (2009) 296(2):R280-8. doi: 10.1152/ajpregu.00096.2008
Wainford RD, Kapusta DR. Hypothalamic Paraventricular Nucleus G Alpha
Q Subunit Protein Pathways Mediate Vasopressin Dysregulation and Fluid
Retention in Salt-Sensitive Rats. Endocrinology (2010) 151(11):5403-14. doi:
10.1210/en.2010-0345

Wainford RD, Kapusta DR. Functional Selectivity of Central Galpha-Subunit
Proteins in Mediating the Cardiovascular and Renal Excretory Responses
Evoked by Central Alpha(2) -Adrenoceptor Activation In Vivo. Br |
Pharmacol (2012) 166(1):210-20. doi: 10.1111/j.1476-5381.2011.01662.x
Kapusta DR, Pascale CL, Wainford RD. Brain Heterotrimeric Galphai(2)-
Subunit Protein-Gated Pathways Mediate Central Sympathoinhibition to
Maintain Fluid and Electrolyte Homeostasis During Stress. FASEB ] (2012)
26(7):2776-87. doi: 10.1096/1j.11-196550

Carmichael CY, Kuwabara JT, Pascale CL, Moreira JD, Mahne SE, Kapusta
DR, et al. Hypothalamic Paraventricular Nucleus Galphai2 (Guanine
Nucleotide-Binding Protein Alpha Inhibiting Activity Polypeptide 2)
Protein-Mediated Neural Control of the Kidney and the Salt Sensitivity of
Blood Pressure. Hypertension (2020) 75(4):1002-11. doi: 10.1161/
HYPERTENSIONAHA.119.13777

Frame AA, Carmichael CY, Kuwabara JT, Cunningham JT, Wainford RD.
Role of the Afferent Renal Nerves in Sodium Homeostasis and Blood Pressure
Regulation in Rats. Exp Physiol (2019) 104(8):1306-23. doi: 10.1113/
EP087700

Moreira JD, Nist KM, Carmichael CY, Kuwabara JT, Wainford RD. Sensory
Afferent Renal Nerve Activated Galphai2 Subunit Proteins Mediate the
Natriuretic, Sympathoinhibitory and Normotensive Responses to Peripheral
Sodium Challenges. Front Physiol (2021) 12:771167. doi: 10.3389/
fphys.2021.771167

Wainford RD, Pascale CL, Kuwabara JT. Brain Galphai2-Subunit Protein-
Gated Pathways are Required to Mediate the Centrally Evoked
Sympathoinhibitory Mechanisms Activated to Maintain Sodium
Homeostasis. ] Hypertens (2013) 31(4):747-57. doi: 10.1097/
HJH.0b013e32835ebd54

Carmichael CY, Carmichael ACT, Kuwabara JT, Cunningham JT, Wainford
RD. Impaired Sodium-Evoked Paraventricular Nucleus Neuronal Activation
and Blood Pressure Regulation in Conscious Sprague-Dawley Rats Lacking
Central Galphai2 Proteins. Acta Physiol (Oxf) (2016) 216(3):314-29. doi:
10.1111/apha.12610

Kapusta DR, Pascale CL, Kuwabara JT, Wainford RD. Central Nervous
System Galphai2-Subunit Proteins Maintain Salt Resistance via a Renal
Nerve-Dependent Sympathoinhibitory Pathway. Hypertension (2013) 61
(2):368-75. doi: 10.1161/HYPERTENSIONAHA.111.00014

Wainford RD, Carmichael CY, Pascale CL, Kuwabara JT. Galphai2-Protein-
Mediated Signal Transduction: Central Nervous System Molecular
Mechanism Countering the Development of Sodium-Dependent
Hypertension. Hypertension (2015) 65(1):178-86. doi: 10.1161/
HYPERTENSIONAHA.114.04463

Mattson DL, Dwinell MR, Greene AS, Kwitek AE, Roman RJ, Jacob HI, et al.
Chromosome Substitution Reveals the Genetic Basis of Dahl Salt-Sensitive
Hypertension and Renal Disease. Am J Physiol Renal Physiol (2008) 295(3):
F837-42. doi: 10.1152/ajprenal.90341.2008

Frame AA, Carmichael CY, Wainford RD. Renal Afferents. Curr Hypertens
Rep (2016) 18(9):69. doi: 10.1007/s11906-016-0676-z

Frontiers in Endocrinology | www.frontiersin.org

June 2022 | Volume 13 | Article 895466


https://doi.org/10.1152/ajprenal.00594.2017
https://doi.org/10.1152/ajprenal.00264.2019
https://doi.org/10.1152/ajpregu.00514.2014
https://doi.org/10.1152/ajpregu.00514.2014
https://doi.org/10.1007/s11906-013-0358-z
https://doi.org/10.1152/ajpregu.00258.2005
https://doi.org/10.1038/nrn1902
https://doi.org/10.1093/ajh/hpz176
https://doi.org/10.1016/0014-5793(92)81435-O
https://doi.org/10.1093/ajh/6.1.72
https://doi.org/10.1113/expphysiol.2007.038240
https://doi.org/10.1093/ajh/hpy073
https://doi.org/10.1093/ajh/hpy073
https://doi.org/10.1016/j.bbadis.2010.01.005
https://doi.org/10.1016/j.bbadis.2010.01.005
https://doi.org/10.1161/01.HYP.26.5.725
https://doi.org/10.1161/01.HYP.26.5.725
https://doi.org/10.1038/s41594-017-0011-7
https://doi.org/10.1038/s41594-017-0011-7
https://doi.org/10.1016/S0006-2952(01)00730-4
https://doi.org/10.1016/j.cell.2008.08.040
https://doi.org/10.1016/j.cell.2008.08.040
https://doi.org/10.2174/138945012798868489
https://doi.org/10.2174/138945012798868489
https://doi.org/10.1161/CIRCRESAHA.118.311403
https://doi.org/10.1161/CIRCRESAHA.118.311403
https://doi.org/10.3390/biom11070936
https://doi.org/10.1126/science.aay9813
https://doi.org/10.1111/febs.15771
https://doi.org/10.1111/febs.15771
https://doi.org/10.1152/physiol.00051.2006
https://doi.org/10.1042/CS20070442
https://doi.org/10.1152/ajpregu.00043.2008
https://doi.org/10.1152/ajpregu.00043.2008
https://doi.org/10.1152/ajpregu.00096.2008
https://doi.org/10.1210/en.2010-0345
https://doi.org/10.1111/j.1476-5381.2011.01662.x
https://doi.org/10.1096/fj.11-196550
https://doi.org/10.1161/HYPERTENSIONAHA.119.13777
https://doi.org/10.1161/HYPERTENSIONAHA.119.13777
https://doi.org/10.1113/EP087700
https://doi.org/10.1113/EP087700
https://doi.org/10.3389/fphys.2021.771167
https://doi.org/10.3389/fphys.2021.771167
https://doi.org/10.1097/HJH.0b013e32835ebd54
https://doi.org/10.1097/HJH.0b013e32835ebd54
https://doi.org/10.1111/apha.12610
https://doi.org/10.1161/HYPERTENSIONAHA.111.00014
https://doi.org/10.1161/HYPERTENSIONAHA.114.04463
https://doi.org/10.1161/HYPERTENSIONAHA.114.04463
https://doi.org/10.1152/ajprenal.90341.2008
https://doi.org/10.1007/s11906-016-0676-z
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Jiang E, Chapp AD, Fan Y, Larson RA, Hahka T, Huber MJ, et al. Expression
of Proinflammatory Cytokines Is Upregulated in the Hypothalamic
Paraventricular Nucleus of Dahl Salt-Sensitive Hypertensive Rats. Front
Physiol (2018) 9:104. doi: 10.3389/fphys.2018.00104

Galic MA, Riazi K, Pittman QJ. Cytokines and Brain Excitability. Front
Neuroendocrinol (2012) 33(1):116-25. doi: 10.1016/j.yfrne.2011.12.002

Shi Z, Gan X-B, Fan Z-D, Zhang F, Zhou Y-B, Gao X-Y, et al. Inflammatory
Cytokines in Paraventricular Nucleus Modulate Sympathetic Activity and
Cardiac Sympathetic Afferent Reflex in Rats. Acta Physiol (Oxf) (2011) 203
(2):289-97. doi: 10.1111/j.1748-1716.2011.02313.x

Vezzani A, Viviani B. Neuromodulatory Properties of Inflammatory
Cytokines and Their Impact on Neuronal Excitability. Neuropharmacology
(2015) 96(Pt A):70-82. doi: 10.1016/j.neuropharm.2014.10.027

Moreira JD, Chaudhary P, Frame AA, Puleo F, Nist KM, Abkin EA, et al.
Inhibition of Microglial Activation in Rats Attenuates Paraventricular
Nucleus Inflammation in Galphai2 Protein-Dependent, Salt-Sensitive
Hypertension. Exp Physiol (2019) 104(12):1892-910. doi: 10.1113/EP087924
Ferguson AV, Latchford KJ, Samson WK. The Paraventricular Nucleus of the
Hypothalamus - a Potential Target for Integrative Treatment of Autonomic
Dysfunction. Expert Opin Ther Targets (2008) 12(6):717-27. doi: 10.1517/
14728222.12.6.717

Antunes-Rodrigues J, de Castro M, Elias LLK, Valenca MM, McCann SM, et al.
Neuroendocrine Control of Body Fluid Metabolism. Physiol Rev (2004) 84
(1):169-208. doi: 10.1152/physrev.00017.2003

Chaudhary P, Wainford RD. Neuroanatomical Characterization of Galphai2-
Expressing Neurons in the Hypothalamic Paraventricular Nucleus of Male
and Female Sprague-Dawley Rats. Physiol Genomics (2021) 53(1):12-21. doi:
10.1152/physiolgenomics.00097.2020

Li P, Zou AP, al-Kayed NJ, Rusch NJ, Harder DR. Guanine Nucleotide-
Binding Proteins in Aortic Smooth Muscle From Hypertensive Rats.
Hypertension (1994) 23(6 Pt 2):914-8. doi: 10.1161/01.HYP.23.6.914
Hashim S, Anand-Srivastava MB. Losartan-Induced Attenuation of Blood
Pressure in L-NAME Hypertensive Rats is Associated With Reversal of the
Enhanced Expression of Gi Alpha Proteins. ] Hypertens (2004) 22(1):181-90.
doi: 10.1097/00004872-200401000-00028

57. Marcil ], Schiffrin EL, Anand-Srivastava MB. Aberrant Adenylyl Cyclase/
cAMP Signal Transduction and G Protein Levels in Platelets From
Hypertensive Patients Improve With Antihypertensive Drug Therapy.
Hypertension (1996) 28(1):83-90. doi: 10.1161/01.HYP.28.1.83

58. Watanabe Y, Metoki H, Ohkubo T, Katsuya T, Tabara Y, Kikuya M, et al.
Accumulation of Common Polymorphisms is Associated With Development
of Hypertension: A 12-Year Follow-Up From the Ohasama Study. Hypertens
Res (2010) 33(2):129-34. doi: 10.1038/hr.2009.193

59. Menzaghi C, Paroni G, De Bonis C, Soccio T, Marucci A, Bacci S, et al. The
-318 C>G Single-Nucleotide Polymorphism in GNAI2 Gene Promoter Region
Impairs Transcriptional Activity Through Specific Binding of Spl
Transcription Factor and is Associated With High Blood Pressure in
Caucasians From Italy. ] Am Soc Nephrol (2006) 17(4 Suppl 2):S115-9. doi:
10.1681/ASN.2005121340

60. Zhang X, Frame AA, Williams JS, Wainford RD. GNAI2 Polymorphic
Variance Associates With Salt Sensitivity of Blood Pressure in the Genetic
Epidemiology Network of Salt Sensitivity Study. Physiol Genomics (2018) 50
(9):724-5. doi: 10.1152/physiolgenomics.00141.2017

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Amraei, Moreira and Wainford. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.


https://doi.org/10.3389/fphys.2018.00104
https://doi.org/10.1016/j.yfrne.2011.12.002
https://doi.org/10.1111/j.1748-1716.2011.02313.x
https://doi.org/10.1016/j.neuropharm.2014.10.027
https://doi.org/10.1113/EP087924
https://doi.org/10.1517/14728222.12.6.717
https://doi.org/10.1517/14728222.12.6.717
https://doi.org/10.1152/physrev.00017.2003
https://doi.org/10.1152/physiolgenomics.00097.2020
https://doi.org/10.1161/01.HYP.23.6.914
https://doi.org/10.1097/00004872-200401000-00028
https://doi.org/10.1161/01.HYP.28.1.83
https://doi.org/10.1038/hr.2009.193
https://doi.org/10.1681/ASN.2005121340
https://doi.org/10.1152/physiolgenomics.00141.2017
http://creativecommons.org/licenses/by/4.0/

	Central Gαi2 Protein Mediated Neuro-Hormonal Control of Blood Pressure&#146;and Salt Sensitivity
	Introduction
	G-Protein Coupled Receptors and Gαi-subunit Proteins
	GPCR Signaling and Blood Pressure Regulation
	Functional Selectivity of Central Gαi-subunit Protein-Gated Mediated Cardio-Renal Signal Transduction
	Central Gαz/Gαq-Subunit Regulation of Arginine Vasopressin Secretion
	Central Gαi2 Proteins and Functional Selectivity of α2 Adrenoceptor Signal Transduction
	Central Gαi2 Proteins and Acute Natriuresis

	Gαi2 Proteins and the Salt Sensitivity of Blood Pressure
	PVN Gαi2 Proteins and Neuroinflammation
	Neuro-anatomical Localization of PVN Gαi2 Expressing Neurons
	Impact of Central Gαi2 Proteins on Acute and Chronic Neuronal Activation
	Gαi Proteins in Cardiovascular Tissues
	G Protein Subunit Alpha I2 Polymorphic Variance and Blood Pressure
	Summary and Perspectives
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


