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Inflammatory mediators play a critical role in the regulation of sympathetic outflow to
cardiovascular organs in hypertension. Emerging evidence highlights the involvement of
immune cells in the regulation of blood pressure. However, it is still unclear how these immune
cells are activated and recruited to key autonomic brain regions to regulate sympathetic
outflow to cardiovascular organs. Chemokines such as C-C motif chemokine ligand 2
(CCL2), and pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-a) and
interleukin 1 beta (IL-1p), are upregulated both peripherally and centrally in hypertension.
More specifically, they are upregulated in key autonomic brain regions that control sympathetic
activity and blood pressure such as the paraventricular nucleus of the hypothalamus and
the rostral ventrolateral medulla. Furthermore, this upregulation of inflammatory mediators
is associated with the infiltration of immune cells to these brain areas. Thus, expression of
pro-inflammatory chemokines and cytokines is a potential mechanism promoting invasion
of immune cells into key autonomic brain regions. In pathophysiological conditions, this can
result in abnormal activation of brain circuits that control sympathetic nerve activity to
cardiovascular organs and ultimately in increases in blood pressure. In this review, we discuss
emerging evidence that helps explain how immune cells are chemoattracted to autonomic
nuclei and contribute to changes in sympathetic outflow and blood pressure.

Keywords: neuroinflammation, chemoattraction, immune system, autonomic nervous system, hypertension

INTRODUCTION

The autonomic nervous system plays a major role in blood pressure regulation whereby
dysfunction can lead to hypertension. Brain regions lacking a functional blood-brain barrier
(BBB), known as circumventricular organs (CVOs), can sense and respond to circulating factors
such as blood-borne hormones, like angiotensin II. This can lead to elevated sympathetic
discharge and blood pressure (BP) (Nunes and Braga, 2011; Zubcevic et al, 2017). CVOs,
such as the subfornical organ (SFO) and the area postrema (AP), regulate sympathetic outflow
by changing the activity of neurons in the paraventricular nucleus of the hypothalamus (PVN)
and the rostral ventrolateral medulla in the brainstem (RVLM) (van der Kooy and Koda, 1983;
Dampney et al., 1987; Braga et al, 2011). Both the PVN and the RVLM are implicated in
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the regulation of sympathetic outflow to cardiovascular organs
via direct projections to sympathetic preganglionic neurons
(SPNs) located in the spinal cord (Strack et al., 1989a,b; Schramm
et al., 1993). Thus, these brain regions play an important role
in regulating homeostatic levels of sympathetic outflow to the
cardiovascular organs such that activation of the AP, by
inflammatory mediators such as tumor necrosis factor alpha
(TNF-a), for example, can lead to increases in both cardiac
and renal sympathetic nerve activity (Korim et al., 2018).
The upregulation of pro-inflammatory mediators is associated
with human hypertension (Chrysohoou et al., 2004; Antonelli
et al, 2012). Studies in experimental rodent models of
hypertension confirm this finding. Moreover, they further show
that upregulation of a wide range of pro-inflammatory mediators
occurs in key brain regions known to regulate sympathetic
outflow to cardiovascular organs (Shen et al, 2015). These
pro-inflammatory cytokines include TNF-a, interleukin 1 beta
(IL-1B), interleukin 6 (IL-6), and pro-inflammatory chemokines
such as C-C motif chemokine ligand 2 (CCL2). These mediators
are upregulated in the PVN and RVLM, in models of both
primary and secondary hypertension (Li et al, 2014; Song
et al.,, 2014). Selective blockade of these inflammatory mediators
in the central nervous system reduces BP in animal models
of hypertension (Li et al., 2014; Song et al., 2014). These studies
indicate that upregulation of pro-inflammatory mediators in
brain regions that control cardiovascular function contributes
to sustained BP increase in hypertension. However, the factors
leading to upregulation of these mediators in critical brain
areas in the context of cardiovascular control remain unclear.
Recently, focus has shifted to the role of immune cells in
the development of hypertension (Bomfim et al., 2018; Caillon
et al., 2018; Carnagarin et al.,, 2018). Resident immune cells in
the central nervous system (microglia) are responsible for local
inflammatory processes in the brain (Shen et al.,, 2015). In fact,
chronic central infusion of minocycline, an anti-inflammatory
antibiotic that reduces microglia activation, reduces central
inflammation and BP in hypertension (Shi et al., 2010). There
is also evidence that peripheral bone marrow immune cells are
involved in inducing brain inflammation, leading to a hypertensive
phenotype (Santisteban et al., 2015). Interestingly, when the bone
marrow of spontaneously hypertensive rats (SHRs) is ablated
and replaced with bone marrow from normotensive Wistar Kyoto
rats (WKYs), central inflammation is attenuated, leading to BP
reduction (Santisteban et al., 2015). This evidence suggests that
peripheral immune cells play an important role in central
inflammation and the development of hypertension.
Infiltrating immune cells are activated and recruited by
pro-inflammatory chemokines, such as CCL2 (Deshmane et al.,
2009). Interestingly, CCL2 is upregulated in the PVN of
hypertensive rodents. This upregulation of CCL2 was linked
to the presence of infiltrating immune cells in the PVN of
these animals (Wang et al,, 2018). Moreover, there is a clear
gradient of CCL2 levels in hypertensive animals, whereby the
lowest levels are detected in bone marrow and the highest
levels are detected in the cerebrospinal fluid (CSF) of rodents
(Santisteban et al., 2015). Hence, this forms a distinct chemotactic
gradient, such that immune cells are recruited to specialized

cardiovascular control regions of the brain. Once there, they
initiate an inflammatory cascade, which impairs sympathetic
control and mediates sustained increases in BP.

In this review, we discuss the evidence supporting brain
chemoattraction and the involvement of immune cells in
regulating sympathetic outflow to cardiovascular organs. We will
focus on the effects of chemoattraction of immune cells to
induce inflammatory cascades in key autonomic brain centers
that control cardiovascular function, and the potential role of
these changes in the development of hypertension.

UPREGULATION OF BRAIN PRO-
INFLAMMATORY CYTOKINES AND
CHEMOATTRACTION OF IMMUNE
CELLS ON THE REGULATION OF
BLOOD PRESSURE

Upregulation of Brain Pro-inflammatory
Cytokines in Hypertension
Increases in BP in rodent models of hypertension are associated
with the upregulation of pro-inflammatory mediators, both
peripherally and centrally. Recent studies demonstrate that a
number of pro-inflammatory mediators are elevated in different
rodent models of hypertension (Jia et al, 2014; Song et al,
2014; Yu et al, 2015; Li et al, 2016). For example, there are
significantly higher levels of TNF-a, IL-1B, IL-6, and CCL2 in
the PVN of SHRs, a model of primary hypertension, compared
with normotensive WKYs. Similarly, in a model of secondary
hypertension (renovascular; two kidney-one clip, 2 K-1C), the
levels of TNF-a, IL-1pB, IL-6, and CCL2 are elevated in the
RVLM (Li et al, 2014). Furthermore, the levels of these
pro-inflammatory mediators are also elevated in the PVN of
angiotensin II-induced hypertensive rat models (Kang et al.,
2009, 2014; Sriramula et al., 2013; Su et al., 2014), as well as
in high salt diet-induced hypertension (Gao et al., 2016; Wang
et al.,, 2018). The downstream effect of this increased inflammation
is thought to contribute to altered neuronal signaling caused
by imbalances in neurotransmitter and neuromodulator levels
in key autonomic brain centers. For instance, glutamate and
norepinephrine are upregulated whereas GABA was
downregulated within both the PVN and the RVLM of
hypertensive animals (Jia et al., 2014; Song et al, 2014; Yu
et al,, 2015; Li et al, 2016). Thus, changes in the activity of
neurons in key autonomic brain nuclei may contribute to
elevated sympathetic nerve activity (SNA) and increases in BP.
Blockade of receptors for pro-inflammatory mediators within
cardiovascular brain regions reduces BP in rodent models of
hypertension. Recently, we showed that blockade of TNF-a
receptors (TNFR1) in the AP reduces BP in the 2 K-1C model
of hypertension (Korim et al., 2018). Others have also demonstrated
that non-selective blockade of TNF-a receptors (Sriramula et al.,
2013; Song et al.,, 2014), IL-1p receptors (Lu et al., 2017), and
the downstream secondary messenger of pro-inflammatory
cytokines NF-kB (Yu et al, 2015) in the PVN of hypertensive
rats reduced BP. Interestingly, antagonism of pro-inflammatory
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cytokine receptors within the central nervous system not only
reduced SNA and BP in hypertension, but also appeared to
restore the neurotransmitter imbalances and excessive activation
of cardiovascular brain regions (Sriramula et al, 2013; Song
et al, 2014; Lu et al, 2017). Thus, the dysregulation of
pro-inflammatory mediator levels within key autonomic centers
appears to be associated with the development of hypertension.

Exogenous application of pro-inflammatory cytokines into
specific central cardiovascular control centers of normotensive
animals increases SNA and BP. For example, microinjections
of TNF-a and IL-1f into the SFO (Wei et al, 2015) and in
the PVN (Shi et al, 2011) increased renal SNA and BP.
Furthermore, our group has recently shown that the
microinjection of TNF-a into the AP increases both renal and
cardiac SNA and BP (Korim et al., 2018). Interestingly, we found
receptors for TNF-a to be expressed on AP neurons projecting
to the RVLM - a cardiovascular brain region known for
containing neurons directly projecting to SPNs (Strack et al.,
1989a,b; Schramm et al, 1993). These neurons appear to
be chronically activated in hypertensive animals and are also
active following microinjection of TNF-a into the AP (Korim
et al., 2018). These studies provide a direct causal relationship
whereby activation of neurons by pro-inflammatory mediators,
within important central cardiovascular control regions such
as the AP, increases the sympathetic outflow and BP. Indeed,
we have also previously demonstrated that the AP is critical
in driving the increased cardiac SNA in an ovine model of
heart failure (Abukar et al., 2018). Taken together, these studies
provide compelling evidence to support a link between increases
in brain pro-inflammatory mediators and the dysregulation of
SNA and BP in hypertension.

C-C Motif Chemokine Ligand 2 and

the Chemoattraction of Immune Cells

in Hypertension

Chemokines are pro-inflammatory mediators and chemotactic
cytokines, whose main function is to regulate cell trafficking
(Rollins, 1997; Deshmane et al., 2009; Zlotnik and Yoshie,
2012). These proteins create a concentration gradient and
activate immune cells, causing them to move up this chemotactic
gradient (Zlotnik and Yoshie, 2012). The chemokine CCL2
(also known as monocyte chemoattractant protein-1 or MCP-1),
and its cognate receptor C-C Chemokine receptor type 2
(CCR2), is one of the most extensively studied chemokines.
While CCL2 can be secreted by a variety of cell types, including
endothelial cells and vascular smooth muscle cells (Bartoli
et al., 2001), the main source of CCL2 is believed to
be monocytes/macrophages (Yoshimura et al., 1989a,b). CCL2
is secreted in response to injury, oxidative stress, growth factors,
and expression of other pro-inflammatory cytokines — where
CCL2 secretion forms a gradient toward these stimuli. This
process is termed chemotaxis, where CCL2 recruits circulating
monocytes/macrophages to the respective chemical stimulus
in the inflamed tissue or site of injury (Ajuebor et al., 1998).
Evidence that CCL2 plays a vital role in the process of monocyte
recruitment and cytokine expression is demonstrated by the

finding that these are abnormal in CCL2 knockout mice (Lu
et al,, 1998). Interestingly, both CCL2 and its receptor, CCR2,
are expressed and produced in the brain, specifically in central
autonomic control centers such as the PVN and the RVLM
(Wittendorp et al., 2004; Banisadr et al., 2005; Hinojosa et al.,
2011; Morioka et al., 2013). However, the extent to which
CCL2 and the chemoattraction of immune cells contribute to
increased SNA and BP in the development of hypertension is
still unknown and requires further investigation.

There is some evidence suggesting the involvement of increased
chemoattraction of immune cells by CCL2 into cardiovascular
brain centers during the development of hypertension. For
example, selective antagonism of CCR2 receptors reduces BP
in rodent models of hypertension (Aiyar et al., 1999; Elmarakby
et al, 2007; Chan et al., 2012; Chang et al., 2014; Wang et al,,
2015). Furthermore, studies in models of both primary and
secondary hypertension reveal upregulation of CCL2 both
peripherally and centrally (Sriramula et al, 2013; Li et al,
2014; Song et al., 2014), with a 3-fold elevation in the levels
of CCL2 within the PVN of hypertensive animals (Sriramula
et al, 2013; Li et al, 2014; Song et al., 2014). Upregulation
of CCL2 occurs in the bone marrow, serum, and cerebrospinal
fluid of SHRs compared with normotensive WKYs (Santisteban
et al,, 2015). Interestingly, the increase in CCL2 levels in SHRs
forms a gradient from the bone marrow (lowest concentrations)
toward the cerebrospinal fluid (highest concentrations)
(Santisteban et al., 2015), possibly forming a chemotactic gradient
toward the central nervous system. Thus, it seems that CCL2
chemoattracts immune cells and triggers an inflammatory
cascade within the brain, leading to increases in BP.

THE NEURO-IMMUNE-INFLAMMATORY
MODEL OF HYPERTENSION

In hypertension, increased circulating levels of angiotensin II is
a potential cause for increased levels of brain CCL2 (Matsuda
et al,, 2015). A hallmark of hypertension is the upregulation of
renin-angiotensin system and increased levels of angiotensin II
(Goldblatt et al., 1934; Crowley et al., 2006, 2010). While not all
human essential hypertension is angiotensin II mediated, the serum
levels of CCL2 are increased in hypertensive patients (Antonelli
et al., 2012). Interestingly, treating these patients with angiotensin
IT receptor blockers, which reduces blood pressure, also reduces
plasma levels of CCL2 (Marketou et al,, 2011), suggesting a link
between angiotensin II and increased levels of CCL2. Similarly,
in a rodent renovascular model of hypertension, peripheral blockade
of receptors for angiotensin IT attenuates peripheral CCL2 production
(Xie et al., 2006). Moreover, in vitro studies show that angiotensin
IT can directly stimulate the production of CCL2 from monocytes
and vascular smooth muscle cells (Chen et al., 1998; Tsou et al.,
2007). In addition, systemic angiotensin II infusion increases CCR2
receptor expression in circulating monocytes — which is blunted
by blocking angiotensin II receptors (Ishibashi et al., 2004). Recent
studies further show that application of angiotensin II to primary
hypothalamic neurons induces increased CCL2 mRNA and CCL2
protein levels in the cell culture media (Santisteban et al., 2015).
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As such, the stimulation of receptors for angiotensin II on peripheral
circulating monocytes, vascular smooth muscle cells, and even
on neurons induces the production of CCL2 in these cells.
Increased levels of CCL2 lead to the disruption of the BBB
and facilitate immune cell infiltration into the brain tissue.
While the BBB prevents immune cells from entering the brain,
we have previously suggested that this structure is disrupted
in hypertension (Setiadi et al., 2018). The regulation of BBB
permeability involves tight junction proteins expressed on
endothelial cells (Begley and Brightman, 2003). CCL2 is known
to disrupt the BBB, through dysregulation of tight junction
proteins such as ZO-1, ZO-2, occludin, and claudin-5 (Stamatovic
et al, 2009; Roberts et al, 2012). In vitro studies have
demonstrated that the application of CCL2 to primary mouse
brain endothelial cell cultures reorganizes and redistributes

tight junction proteins, increasing the permeability of the BBB
(Stamatovic et al., 2003, 2009). Hence, CCL2 can directly disrupt
the BBB by regulating the distribution of tight junction proteins.
In SHRs, increased BBB permeability in the PVN and RVLM
facilitates the entry of circulating angiotensin II into these
brain structures (Biancardi et al., 2013). Interestingly, in vitro
studies using primary human brain endothelial cells corroborate
in vitro animal studies by showing that CCL2 can disrupt
tight junction proteins expressed on endothelial cells cultured
from human brains (Roberts et al., 2012). Furthermore, the
application of CCL2 to primary human brain endothelial cell
cultures induces the expression of cell adhesion molecules,
such as PECAM-1 on the surface membrane of endothelial
cells, which is required for facilitating transmigration of immune
cells through endothelial cells (Muller et al., 1993; Roberts
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et al., 2012). Thus, not only can CCL2 reorganize the distribution
of tight junction proteins expressed on endothelial cells to
increase BBB permeability, it can also induce the expression
of cell adhesion molecules on the surface membrane of endothelial
cells to facilitate immune cell entry into brain tissue (Figure 1).

The recruitment and infiltration of immune cells into distinct
brain regions can induce an inflammatory cascade resulting in
the local upregulation of pro-inflammatory cytokines. The
recruitment of activated immune cells into brain areas, including
the PVN, results in the production and the upregulation of
pro-inflammatory cytokines such as TNF-a, IL-1fB, and IL-6
(Santisteban et al., 2015; Zubcevic et al., 2017; Sharma et al,
2019). These pro-inflammatory cytokines are capable of directly
activating neurons and increasing sympathetic outflow and BP
(Shi et al., 2011; Wei et al., 2015; Korim et al., 2018). Furthermore,
the upregulation of pro-inflammatory cytokines and chemoattraction
of activated immune cells also leads to activation of microglial
cells (Santisteban et al., 2015; Zubcevic et al., 2017; Sharma et al.,
2019). As microglia are the resident immune cells of the brain,
activation of microglia leads to further release of pro-inflammatory
mediators (Shi et al., 2010; Shen et al., 2015), therefore establishing
an inflammatory state and escalating the inflammatory process
centrally. Such a chronic inflammatory state results in further
activation of immune cells, further neuroinflammation, and further
rises in BP, leading to severe hypertension (Marvar et al., 2010).
Whereas the blockade of receptors for pro-inflammatory cytokines
in the brain (Sriramula et al., 2013; Song et al, 2014; Lu et al,,
2017) prevents the activation of microglia (Shi et al, 2010), the
recruitment of peripheral macrophages to the brain (Santisteban
et al, 2015) and completely reverses the increased levels of
peripheral and central pro-inflammatory cytokines and chemokines,
leading to a reduced BP in hypertensive rats.

In summary, we propose a possible mechanism by which
an inflammatory state in brain areas that control cardiovascular
function is established, resulting in impaired BP control and
hypertension. We propose that the increased levels of angiotensin
II in the circulation results in the production and release of
CCL2. This chemokine produces a chemotactic gradient that
recruits immune cells toward the central nervous system. In
addition, CCL2 increases BBB permeability and promotes the
recruitment of activated immune cells. These immune cells
initiate an inflammatory cascade where several pro-inflammatory
mediators are released locally. Pro-inflammatory mediators
activate neurons directly or indirectly by involving microglial
transmission, which relays excitatory synapses to cardiovascular
sympathetic premotor neurons in the ventrolateral medulla
(Brown and Guyenet, 1985). The excitation of these neuronal
subsets increases SNA and BP. These findings suggest that
sustained activation of autonomic circuits contributes to the

REFERENCES

Abukar, Y., Ramchandra, R., Hood, S. G., McKinley, M. J., Booth, L. C,,
Yao, S. T., et al. (2018). Increased cardiac sympathetic nerve activity
in ovine heart failure is reduced by lesion of the area postrema, but

Cardiol. 113:35. doi: 10.1007/

not lamina terminalis. Basic Res.

500395-018-0695-9

development of increased SNA and BP in neurogenic hypertension.
Hence, chronic chemoattraction and recruitment of immune
cells into key cardiovascular control regions might be a potential
pathophysiological mechanism responsible for impaired BP
control and hypertension (Figure 1).

CONCLUSION

In this review, we discussed recent findings that support our
proposal of a potential mechanism to explain the contribution
of neuroinflammation and chemoattraction mediated by CCL2,
in brain regions that control cardiovascular function, as a cause
of the sustained increase in sympathetic tone and BP in
hypertension. This mechanism likely involves the recruitment
and the infiltration of immune cells by chemokines to key
autonomic brain areas. In future, targeting brain immune cells
or the chemoattraction of immune cells may serve as a new
avenue for developing antihypertensive treatments. In fact, in
the pre-clinical setting, blockade of receptors for CCL2 or preventing
immune cells from being activated reduces BP, in addition to
slowing the development of atherosclerosis and vascular hypertrophy
(Aiyar et al, 1999; Bush et al, 2000; Elmarakby et al, 2007;
Chan et al, 2012; Chang et al,, 2014; Santisteban et al., 2015;
Wang et al,, 2015). However, more thorough investigations are
required to determine the mechanism by which chemoattraction
and immune cells interact with the central nervous system, during
the development and maintenance of hypertension.

AUTHOR CONTRIBUTIONS

KE drafted the manuscript and Figure. WK, AS, CM, and SY
critically revised the intellectual content. All authors conceived
and discussed the content of the manuscript, approved the
final version of the manuscript, and agreed to be accountable
for all aspects of the work.

FUNDING

This work was supported by the National Health and Medical
Research Council of Australia (GNT 1079680 to SY; GNT 1128108
to CM and SY), the High Blood Pressure Research Council of
Australia, the Rebecca L Cooper Medical Foundation (WK), and
the Victorian Government through the Operational Infrastructure
Scheme. KE and AS are supported by the Australian Government
Research Training Program Scholarships. SY is supported by an
Australian Research Council Future Fellowship (FT170100363).

Aiyar, N,, Disa, J., Stadel, J. M., and Lysko, P. G. (1999). Calcitonin gene-related
peptide receptor independently stimulates 3’,5'-cyclic adenosine monophosphate
and Ca2+ signaling pathways. Mol. Cell. Biochem. 197, 179-185.

Ajuebor, M. N., Flower, R. J., Hannon, R., Christie, M., Bowers, K., Verity, A.,
et al. (1998). Endogenous monocyte chemoattractant protein-1 recruits
monocytes in the zymosan peritonitis model. . Leukoc. Biol. 63, 108-116.
doi: 10.1002/j1b.63.1.108

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 984


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1007/s00395-018-0695-9
https://doi.org/10.1007/s00395-018-0695-9
https://doi.org/10.1002/jlb.63.1.108

Elsaafien et al.

Immune Involvement in Neurogenic Hypertension

Antonelli, A., Fallahi, P, Ferrari, S., Ghiadoni, L., Virdis, A., Mancusi, C.,
etal. (2012). High serum levels of CXC (CXCL10) and CC (CCL2) chemokines
in untreated essential hypertension. Int. J. Immunopathol. Pharmacol. 25,
387-395. doi: 10.1177/039463201202500208

Banisadr, G., Gosselin, R. D., Mechighel, P, Kitabgi, P, Rosene, W., and
Parsadaniantz, S. P. M. (2005). Highly regionalized neuronal expression of
monocyte chemoattractant protein-1 (MCP-1/CCL2) in rat brain: evidence
for its colocalization with neurotransmitters and neuropeptides. J. Comp.
Neurol. 489, 275-292. doi: 10.1002/cne.20598

Bartoli, C., Civatte, M., Pellissier, J., and Figarella-Branger, D. (2001). CCR2A
and CCR2B, the two isoforms of the monocyte chemoattractant protein-1
receptor are up-regulated and expressed by different cell subsets in idiopathic
inflammatory myopathies. Acta Neuropathol. 102, 385-392. doi: 10.1007/
5004010100394

Begley, D. J., and Brightman, M. W. (2003). “Structural and functional aspects
of the blood-brain barrier” in Peptide transport and delivery into the central
nervous system (Birkhduser, Basel: Springer), 39-78.

Biancardi, V. C., Son, S. J., Ahmadi, S., Filosa, J. A., and Stern, J. E. (2013).
Circulating angiotensin II gains access to the hypothalamus and brain stem
during hypertension via breakdown of the blood-brain barrier. Hypertension
63, 572-579. doi: 10.1161/HYPERTENSIONAHA.113.01743

Bomfim, G. E, Cau, S. B. A, Bruno, A. S., Fedoce, A. G., and Carneiro, F. S.
(2018). Hypertension: a new treatment for an old disease? Targeting the
immune system. Br. J. Pharmacol. 176, 2028-2048. doi: 10.1111/bph.14436

Braga, V. A., Medeiros, I. A., Ribeiro, T. P, Franca-Silva, M. S., Botelho-Ono, M. S.,
and Guimaraes, D. D. (2011). Angiotensin-II-induced reactive oxygen
species along the SFO-PVN-RVLM pathway: implications in neurogenic
hypertension. Braz. J. Med. Biol. Res. 44, 871-876. doi: 10.1590/s0100-
879x2011007500088

Brown, D., and Guyenet, P. G. (1985). Electrophysiological study of cardiovascular
neurons in the rostral ventrolateral medulla in rats. Circ. Res. 56, 359-369.

Bush, E., Maeda, N., Kuziel, W. A., Dawson, T. C., Wilcox, J. N., DeLeon, H.,
et al. (2000). CC chemokine receptor 2 is required for macrophage infiltration
and vascular hypertrophy in angiotensin II-induced hypertension. Hypertension
36, 360-363. doi: 10.1161/01.HYP.36.3.360

Caillon, A., Paradis, P, and Schiffrin, E. L. (2018). Role of immune cells in
hypertension. Br. J. Pharmacol. 176, 1818-1828. doi: 10.1111/bph.14427

Carnagarin, R., Matthews, V., Zaldivia, M. T., Peter, K., and Schlaich, M. P.
(2018). The bidirectional interaction between the sympathetic nervous system
and immune mechanisms in the pathogenesis of hypertension. Br. J.
Pharmacol. 176, 1839-1852. doi: 10.1111/bph.14481

Chan, C. T.,, Moore, J. P, Budzyn, K., Guida, E., Diep, H.,, Vinh, A, et al.
(2012). Reversal of vascular macrophage accumulation and hypertension by
a CCR2 antagonist in deoxycorticosterone/salt-treated mice. Hypertension
60, 1207-1212. doi: 10.1161/HYPERTENSIONAHA.112.201251

Chang, A. Y, Li, E C., Huang, C.-W., Wu, J. C,, Dai, K.-Y,, Chen, C.-H,, et al.
(2014). Interplay between brain stem angiotensins and monocyte
chemoattractant protein-1 as a novel mechanism for pressor response after
ischemic stroke. Neurobiol. Dis. 71, 292-304. doi: 10.1016/j.nbd.2014.08.005

Chen, X.-L., Tummala, P. E., Olbrych, M. T., Alexander, R. W,, and Medford, R. M.
(1998). Angiotensin II induces monocyte chemoattractant protein-1 gene
expression in rat vascular smooth muscle cells. Circ. Res. 83, 952-959. doi:
10.1161/01.RES.83.9.952

Chrysohoou, C., Pitsavos, C., Panagiotakos, D. B., Skoumas, ., and Stefanadis, C.
(2004). Association between prehypertension status and inflammatory markers
related to atherosclerotic disease* The ATTICA Study. Am. J. Hypertens.
17, 568-573. doi: 10.1016/j.amjhyper.2004.03.675

Crowley, S. D., Gurley, S. B., Herrera, M. J., Ruiz, P, Griffiths, R., Kumar, A. P,
et al. (2006). Angiotensin II causes hypertension and cardiac hypertrophy
through its receptors in the kidney. Proc. Natl. Acad. Sci. USA 103, 17985-17990.
doi: 10.1073/pnas.0605545103

Crowley, S. D., Song, Y.-S., Sprung, G., Griffiths, R., Sparks, M., Yan, M., et al.
(2010). A role for angiotensin II type 1 receptors on bone marrow-derived
cells in the pathogenesis of angiotensin II-dependent hypertension.
Hypertension 55, 99-108. doi: 10.1161/HYPERTENSIONAHA.109.144964

Dampney, R. A., Czachurski, J., Dembowsky, K., Goodchild, A. K., and Seller, H.
(1987). Afferent connections and spinal projections of the pressor region in
the rostral ventrolateral medulla of the cat. J. Auton. Nerv. Syst. 20, 73-86.

Deshmane, S. L., Kremlev, S., Amini, S., and Sawaya, B. E. (2009). Monocyte
chemoattractant protein-1 (MCP-1): an overview. J. Interf. Cytokine Res. 29,
313-326. doi: 10.1089/jir.2008.0027

Elmarakby, A. A., Quigley, J. E., Olearczyk, J. J., Sridhar, A., Cook, A. K,
Inscho, E. W, et al. (2007). Chemokine receptor 2b inhibition provides
renal protection in angiotensin II-salt hypertension. Hypertension 50,
1069-1076. doi: 10.1161/HYPERTENSIONAHA.107.098806

Gao, H.-L,, Yu, X.-J,, Qi, J, Yi, Q-Y, Jing, W.-H., Sun, W.-Y,, et al. (2016).
Oral CoQI0 attenuates high salt-induced hypertension by restoring
neurotransmitters and cytokines in the hypothalamic paraventricular nucleus.
Sci. Rep. 6:30301. doi: 10.1038/srep30301

Goldblatt, H., Lynch, J., Hanzal, R. E, and Summerville, W. W. (1934). Studies
on experimental hypertension I. The production of persistent elevation of
systolic blood pressure by means of renal ischemia. J. Exp. Med. 59, 347-379.

Hinojosa, A. E., Garcia-Bueno, B., Leza, J. C., and Madrigal, J. L. (2011).
Regulation of CCL2/MCP-1 production in astrocytes by desipramine and
atomoxetine: involvement of alpha2 adrenergic receptors. Brain Res. Bull.
86, 326-333. doi: 10.1016/j.brainresbull.2011.09.014

Ishibashi, M., Hiasa, K.-I., Zhao, Q., Inoue, S., Ohtani, K., Kitamoto, S., et al.
(2004). Critical role of monocyte chemoattractant protein-1 receptor CCR2
on monocytes in hypertension-induced vascular inflammation and remodeling.
Circ. Res. 94, 1203-1210. doi: 10.1161/01.RES.0000126924.23467.A3

Jia, L. L., Kang, Y. M., Wang, E X, Li, H. B, Zhang, Y, Yu, X. ], et al.
(2014). Exercise training attenuates hypertension and cardiac hypertrophy
by modulating neurotransmitters and cytokines in hypothalamic paraventricular
nucleus. PLoS One 9:e85481. doi: 10.1371/journal.pone.0085481

Kang, Y.-M., Ma, Y., Zheng, J.-P, Elks, C., Sriramula, S., Yang, Z.-M., et al.
(2009). Brain nuclear factor-kappa B activation contributes to neurohumoral
excitation in angiotensin II-induced hypertension. Cardiovasc. Res. 82,
503-512. doi: 10.1093/cvr/cvp073

Kang, Y.-M., Zhang, D.-M., Yu, X.-J., Yang, Q, Qi, J., Su, Q. et al. (2014).
Chronic infusion of enalaprilat into hypothalamic paraventricular nucleus
attenuates angiotensin II-induced hypertension and cardiac hypertrophy by
restoring neurotransmitters and cytokines. Toxicol. Appl. Pharmacol. 274,
436-444. doi: 10.1016/j.taap.2013.12.001

Korim, W. S., Elsaafien, K., Basser, J. R., Setiadi, A., May, C. N,, and Yao, S. T.
(2018). In renovascular hypertension, TNF-a type-1 receptors in the area
postrema mediate increases in cardiac and renal sympathetic nerve activity
and blood pressure. Cardiovasc. Res. 115, 1092-1101. doi: 10.1093/cvr/cvy268

Li, H.-B,, Li, X, Huo, C.-],, Su, Q., Guo, J., Yuan, Z.-Y,, et al. (2016). TLR4/
MyD88/NF-kB signaling and PPAR-y within the paraventricular nucleus
are involved in the effects of telmisartan in hypertension. Toxicol. Appl.
Pharmacol. 305, 93-102. doi: 10.1016/j.taap.2016.06.014

Li, H.-B,, Qin, D.-N., Ma, L., Miao, Y.-W., Zhang, D.-M., Lu, Y,, et al. (2014).
Chronic infusion of lisinopril into hypothalamic paraventricular nucleus
modulates cytokines and attenuates oxidative stress in rostral ventrolateral
medulla in hypertension. Toxicol. Appl. Pharmacol. 279, 141-149. doi: 10.1016/j.
taap.2014.06.004

Lu, P, Jiang, S.-J, Pan, H.,, Xu, A.-L, Wang, G.-H., Ma, C.-L., et al. (2017).
Short hairpin RNA interference targeting interleukin 1 receptor type I in the
paraventricular nucleus attenuates hypertension in rats. Pflugers Arch. 470,
1-10. doi: 10.1007/500424-017-2081-0

Lu, B., Rutledge, B. J., Gu, L., Fiorillo, J., Lukacs, N. W,, Kunkel, S. L., et al.
(1998). Abnormalities in monocyte recruitment and cytokine expression in
monocyte chemoattractant protein 1-deficient mice. J. Exp. Med. 187,
601-608. doi: 10.1084/jem.187.4.601

Marketou, M. E., Kontaraki, J. E., Tsakountakis, N. A., Zacharis, E. A.,
Kochiadakis, G. E., Arfanakis, D. A., et al. (2011). Differential effect of
telmisartan and amlodipine on monocyte chemoattractant protein-1 and
peroxisome proliferator-activated receptor-gamma gene expression in peripheral
monocytes in patients with essential hypertension. Am. J. Cardiol. 107,
59-63. doi: 10.1016/j.amjcard.2010.08.048

Marvar, P. J., Thabet, S. R., Guzik, T. J., Lob, H. E., McCann, L. A., Weyand, C,,
et al. (2010). Central and peripheral mechanisms of T-lymphocyte activation
and vascular inflammation produced by angiotensin II-induced hypertension.
Circ. Res. 107, 263-270. doi: 10.1161/CIRCRESAHA.110.217299

Matsuda, S., Umemoto, S., Yoshimura, K., Itoh, S., Murata, T., Fukai, T., et al.
(2015). Angiotensin II Activates MCP-1 and induces cardiac hypertrophy

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 984


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1177/039463201202500208
https://doi.org/10.1002/cne.20598
https://doi.org/10.1007/s004010100394
https://doi.org/10.1007/s004010100394
https://doi.org/10.1161/HYPERTENSIONAHA.113.01743
https://doi.org/10.1111/bph.14436
https://doi.org/10.1590/s0100-879x2011007500088
https://doi.org/10.1590/s0100-879x2011007500088
https://doi.org/10.1161/01.HYP.36.3.360
https://doi.org/10.1111/bph.14427
https://doi.org/10.1111/bph.14481
https://doi.org/10.1161/HYPERTENSIONAHA.112.201251
https://doi.org/10.1016/j.nbd.2014.08.005
https://doi.org/10.1161/01.RES.83.9.952
https://doi.org/10.1016/j.amjhyper.2004.03.675
https://doi.org/10.1073/pnas.0605545103
https://doi.org/10.1161/HYPERTENSIONAHA.109.144964
https://doi.org/10.1089/jir.2008.0027
https://doi.org/10.1161/HYPERTENSIONAHA.107.098806
https://doi.org/10.1038/srep30301
https://doi.org/10.1016/j.brainresbull.2011.09.014
https://doi.org/10.1161/01.RES.0000126924.23467.A3
https://doi.org/10.1371/journal.pone.0085481
https://doi.org/10.1093/cvr/cvp073
https://doi.org/10.1016/j.taap.2013.12.001
https://doi.org/10.1093/cvr/cvy268
https://doi.org/10.1016/j.taap.2016.06.014
https://doi.org/10.1016/j.taap.2014.06.004
https://doi.org/10.1016/j.taap.2014.06.004
https://doi.org/10.1007/500424-017-2081-0
https://doi.org/10.1084/jem.187.4.601
https://doi.org/10.1016/j.amjcard.2010.08.048
https://doi.org/10.1161/CIRCRESAHA.110.217299

Elsaafien et al.

Immune Involvement in Neurogenic Hypertension

and dysfunction via toll-like receptor 4. J. Atheroscler. Thromb. 22, 833-844.
doi: 10.5551/jat.27292

Morioka, N., Tokuhara, M., Harano, S., Nakamura, Y., Hisaoka-Nakashima, K.,
and Nakata, Y. (2013). The activation of P2Y6 receptor in cultured spinal
microglia induces the production of CCL2 through the MAP kinases-NF-
kappaB pathway. Neuropharmacology 75, 116-125. doi: 10.1016/j.
neuropharm.2013.07.017

Muller, W. A., Weigl, S. A., Deng, X,, and Phillips, D. M. (1993). PECAM-1
is required for transendothelial migration of leukocytes. J. Exp. Med. 178,
449-460.

Nunes, E C., and Braga, V. A. (2011). Chronic angiotensin II infusion modulates
angiotensin II type I receptor expression in the subfornical organ and the
rostral ventrolateral medulla in hypertensive rats. J. Renin-Angiotensin-
Aldosterone Syst. 12, 440-445. doi: 10.1177/1470320310394891

Roberts, T. K., Eugenin, E. A., Lopez, L., Romero, 1. A., Weksler, B. B,
Couraud, P-O,, et al. (2012). CCL2 disrupts the adherens junction: implications
for neuroinflammation. Lab. Investig. 92, 1213-1233. doi: 10.1038/
labinvest.2012.80

Rollins, B. J. (1997). Chemokines. Blood 90, 909-928.

Santisteban, M. M., Ahmari, N., Carvajal, ]. M., Zingler, M. B, Qi, Y., Kim, S,
et al. (2015). Involvement of bone marrow cells and neuroinflammation in
hypertension. Circ. Res. 117, 178-191. doi: 10.1161/CIRCRESAHA.117.305853

Schramm, L. P, Strack, A. M., Platt, K. B., and Loewy, A. D. (1993). Peripheral
and central pathways regulating the kidney: a study using pseudorabies
virus. Brain Res. 616, 251-262.

Setiadi, A., Korim, W. S., Elsaafien, K., and Yao, S. T. (2018). The role of the
blood-brain barrier in hypertension. Exp. Physiol. 103, 337-342. doi: 10.1113/
EP086434

Sharma, R. K., Yang, T., Oliveira, A. C., Lobaton, G. O., Aquino, V., Kim, S.,
et al. (2019). Microglial cells impact gut microbiota and gut pathology in
angiotensin II-induced hypertension. Circ. Res. 124, 727-736. doi: 10.1161/
CIRCRESAHA.118.313882

Shen, X. Z,, Li, Y, Li, L., Shah, K. H., Bernstein, K. E., Lyden, P, et al. (2015).
Microglia participate in neurogenic regulation of hypertension. Hypertension
66, 309-316. doi: 10.1161/HYPERTENSIONAHA.115.05333

Shi, P, Diez-Freire, C., Jun, J. Y., Qi, Y., Katovich, M. J,, Li, Q,, et al. (2010).
Brain microglial cytokines in neurogenic hypertension. Hypertension 56,
297-303. doi: 10.1161/HYPERTENSIONAHA.110.150409

Shi, Z., Gan, X. B., Fan, Z. D., Zhang, E, Zhou, Y. B., Gao, X. Y,, et al. (2011).
Inflammatory cytokines in paraventricular nucleus modulate sympathetic
activity and cardiac sympathetic afferent reflex in rats. Acta Physiol. 203,
289-297. doi: 10.1111/j.1748-1716.2011.02313.x

Song, X.-A,, Jia, L.-L., Cui, W,, Zhang, M., Chen, W, Yuan, Z.-Y,, et al. (2014).
Inhibition of TNF-a in hypothalamic paraventricular nucleus attenuates
hypertension and cardiac hypertrophy by inhibiting neurohormonal excitation
in spontaneously hypertensive rats. Toxicol. Appl. Pharmacol. 281, 101-108.
doi: 10.1016/j.taap.2014.09.004

Sriramula, S., Cardinale, J. P, and Francis, J. (2013). Inhibition of TNF in the
brain reverses alterations in RAS components and attenuates angiotensin
II-induced hypertension. PLoS One 8:€63847. doi: 10.1371/journal.pone.0063847

Stamatovic, S. M., Keep, R. F, Kunkel, S. L., and Andjelkovic, A. V.
(2003). Potential role of MCP-1 in endothelial cell tight junctionopening’:
signaling via Rho and Rho kinase. J. Cell Sci. 116, 4615-4628. doi: 10.1242/
j¢5.00755

Stamatovic, S. M., Keep, R. E, Wang, M. M., Jankovic, I, and Andjelkovic, A. V.
(2009). Caveolae-mediated internalization of occludin and claudin-5 during
CCL2-induced tight junction remodeling in brain endothelial cells. J. Biol
Chem. 284, 19053-19066. doi: 10.1074/jbc.M109.000521

Strack, A., Sawyer, W,, Hughes, J., Platt, K., and Loewy, A. (1989a). A general
pattern of CNS innervation of the sympathetic outflow demonstrated by
transneuronal pseudorabies viral infections. Brain Res. 491, 156-162.

Strack, A. M., Sawyer, W. B,, Platt, K. B, and Loewy, A. D. (1989b). CNS
cell groups regulating the sympathetic outflow to adrenal gland as revealed

by transneuronal cell body labeling with pseudorabies virus. Brain Res. 491,
274-296.

Su, Q. Qin, D.-N., Wang, E-X,, Ren, J,, Li, H.-B., Zhang, M., et al. (2014).
Inhibition of reactive oxygen species in hypothalamic paraventricular nucleus
attenuates the renin-angiotensin system and proinflammatory cytokines in
hypertension. Toxicol. Appl. Pharmacol. 276, 115-120. doi: 10.1016/j.
taap.2014.02.002

Tsou, C.-L., Peters, W, Si, Y., Slaymaker, S., Aslanian, A. M., Weisberg, S. P,
et al. (2007). Critical roles for CCR2 and MCP-3 in monocyte mobilization
from bone marrow and recruitment to inflammatory sites. J. Clin. Invest.
117, 902-909. doi: 10.1172/JCI29919

van der Kooy, D., and Koda, L. Y. (1983). Organization of the projections of
a circumventricular organ: the area postrema in the rat. J. Comp. Neurol.
219, 328-338.

Wang, M.-L., Kang, Y.-M,, Li, X.-G., Su, Q, Li, H.-B,, Liu, K.-L., et al. (2018).
Central blockade of NLRP3 reduces blood pressure via regulating inflammation
microenvironment and neurohormonal excitation in salt-induced prehypertensive
rats. J. Neuroinflammation 15:95. doi: 10.1186/s12974-018-1131-7

Wang, Y., Zhu, M., Xu, H., Cui, L., Liu, W,, Wang, X,, et al. (2015). Role of
the monocyte chemoattractant protein-1/CC chemokine receptor 2 signaling
pathway in transient receptor potential vanilloid type 1 ablation-induced
renal injury in salt-sensitive hypertension. Exp. Biol. Med. 240, 1223-1234.
doi: 10.1177/1535370214565970

Wei, S.-G., Yu, Y., Zhang, Z.-H., and Felder, R. B. (2015). Proinflammatory cytokines
upregulate sympathoexcitatory mechanisms in the subfornical organ of the
rat. Hypertension 65, 1126-1133. doi: 10.1161/HYPERTENSIONAHA.114.05112

Wittendorp, M. C., Boddeke, H. W. G. M., and Biber, K. (2004). Adenosine
A(3) receptor-induced CCL2 synthesis in cultured mouse astrocytes. Glia
46, 410-418. doi: 10.1002/glia.20016

Xie, Q.-Y,, Sun, M., Yang, T.-L., and Sun, Z.-L. (2006). Losartan reduces monocyte
chemoattractant protein-1 expression in aortic tissues of 2K1C hypertensive
rats. Int. J. Cardiol. 110, 60-66. doi: 10.1016/j.ijcard.2005.07.046

Yoshimura, T., Robinson, E., Tanaka, S., Appella, E., and Leonard, E. (1989a).
Purification and amino acid analysis of two human monocyte chemoattractants
produced by phytohemagglutinin-stimulated human blood mononuclear
leukocytes. J. Immunol. 142, 1956-1962.

Yoshimura, T., Yuhki, N., Moore, S. K., Appella, E., Lerman, M. I, and
Leonard, E. J. (1989b). Human monocyte chemoattractant protein-1 (MCP-1)
full-length cDNA cloning, expression in mitogen-stimulated blood mononuclear
leukocytes, and sequence similarity to mouse competence gene JE. FEBS
Lett. 244, 487-493.

Yu, X.-J,, Zhang, D.-M,, Jia, L.-L., Qi, J., Song, X.-A., Tan, H., et al. (2015).
Inhibition of NF-kB activity in the hypothalamic paraventricular nucleus
attenuates hypertension and cardiac hypertrophy by modulating cytokines
and attenuating oxidative stress. Toxicol. Appl. Pharmacol. 284, 315-322.
doi: 10.1016/j.taap.2015.02.023

Zlotnik, A., and Yoshie, O. (2012). The chemokine superfamily revisited. Immunity
36, 705-716. doi: 10.1016/j.immuni.2012.05.008

Zubcevic, J., Santisteban, M. M., Perez, P. D., Arocha, R., Hiller, H., Malphurs, W. L.,
et al. (2017). A single angiotensin II hypertensive stimulus is associated
with prolonged neuronal and immune system activation in Wistar-Kyoto
rats. Front. Physiol. 8:592. doi: 10.3389/fphys.2017.00592

Conflict of Interest Statement: 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.

Copyright © 2019 Elsaafien, Korim, Setiadi, May and Yao. 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.

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 984


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.5551/jat.27292
https://doi.org/10.1016/j.neuropharm.2013.07.017
https://doi.org/10.1016/j.neuropharm.2013.07.017
https://doi.org/10.1177/1470320310394891
https://doi.org/10.1038/labinvest.2012.80
https://doi.org/10.1038/labinvest.2012.80
https://doi.org/10.1161/CIRCRESAHA.117.305853
https://doi.org/10.1113/EP086434
https://doi.org/10.1113/EP086434
https://doi.org/10.1161/CIRCRESAHA.118.313882
https://doi.org/10.1161/CIRCRESAHA.118.313882
https://doi.org/10.1161/HYPERTENSIONAHA.115.05333
https://doi.org/10.1161/HYPERTENSIONAHA.110.150409
https://doi.org/10.1111/j.1748-1716.2011.02313.x
https://doi.org/10.1016/j.taap.2014.09.004
https://doi.org/10.1371/journal.pone.0063847
https://doi.org/10.1242/jcs.00755
https://doi.org/10.1242/jcs.00755
https://doi.org/10.1074/jbc.M109.000521
https://doi.org/10.1016/j.taap.2014.02.002
https://doi.org/10.1016/j.taap.2014.02.002
https://doi.org/10.1172/JCI29919
https://doi.org/10.1186/s12974-018-1131-7
https://doi.org/10.1177/1535370214565970
https://doi.org/10.1161/HYPERTENSIONAHA.114.05112
https://doi.org/10.1002/glia.20016
https://doi.org/10.1016/j.ijcard.2005.07.046
https://doi.org/10.1016/j.taap.2015.02.023
https://doi.org/10.1016/j.immuni.2012.05.008
https://doi.org/10.3389/fphys.2017.00592
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Chemoattraction and Recruitment of Activated Immune Cells, Central Autonomic Control, and Blood Pressure Regulation
	Introduction
	Upregulation of Brain Pro-inflammatory Cytokines and Chemoattraction of Immune Cells on the Regulation of Blood Pressure
	Upregulation of Brain Pro-inflammatory Cytokines in Hypertension
	C-C Motif Chemokine Ligand 2 and 
the Chemoattraction of Immune Cells 
in Hypertension

	The Neuro-Immune-Inflammatory Model of Hypertension
	Conclusion
	Author Contributions

	References

