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Relevance of Immune-Sympathetic
Nervous System Interplay
for the Development of Hypertension

Pawel J. Winklewski, Marek Radkowski, and Urszula Demkow

Abstract

Historically, the sympathetic nervous system (SNS) has been mostly

associated with the ‘fight or flight’ response and the regulation of cardio-

vascular function. However, evidence over the past 30 years suggests that

SNS may also influence the function of immune cells. In this review we

describe the basic research being done in the area of SNS regulation of

immune function. Further, we show that the SNS-immune interplay dur-

ing circadian rhythm may modulate the robustness of the inflammatory

response, critical for survival during periods of increased activity. Finally,

new concepts of a close relationship between these systems in the patho-

genesis of hypertension are discussed.
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1 Introduction

Primary (bone marrow and thymus) and second-

ary (spleen and lymph nodes) lymphoid organs are

abundantly innervated by autonomic, mostly sym-

pathetic efferent fibers. Norepinephrine (NE), a

sympathetic nervous system (SNS) neurotransmit-

ter, is released into the lymphoid tissue and

modulates the function of immune cells. Bellinger

et al. (2008) have mentioned the following criteria

of neuroimmune transmission: (1) the presence of

noradrenergic fibers in lymphoid organs, (2) the

release of NE from noradrenergic terminals in
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these organs, and (3) the expression of

adrenoceptors on lymphoid cells capable to

respond functionally to the stimulation. Therefore,

sympathetic innervation of lymphoid organs

meets the criteria for neurotransmission, with

immune cells as target cells.

2 Physiological Immune-
Sympathetic Nervous System
Interplay

2.1 Bone Marrow

Activation of β-adrenoceptors stimulates the pro-

liferation and differentiation of hematopoietic/

mesenchymal stem cells. Isoproterenol, a

β-adrenergic agonist, added to murine bone mar-

row cell culture increases cellular proliferation

and granulopoiesis in a dose-dependent manner

(Felten et al. 1996), while the addition of a

β-antagonist to cultured human bone marrow

cells diminishes cellular proliferation and

decreases the number of granulocyte-

macrophage colony forming units (GM-CFU)

(Dresch et al. 1981). Activation of

α-adrenoceptors suppresses myelopoiesis and

augments lymphopoiesis. Prazosin, an α1-adren-
ergic antagonist, increases GM-CFU formation

and accelerates myelopoiesis while it reduces the

differentiation of precursor cells into thymocytes

and splenic T and B cells in vitro (Maestroni and

Conti 1994; Maestroni 1995).

Both α- and β-adrenoceptor antagonists pro-

vide protection against radiation-induced cell

death. However, the protective effects of these

antagonists are time-dependent. β-adrenoceptor
antagonists are protective when administered

prior to irradiation, while α-adrenoceptor
antagonists are more effective after radiation

exposure (Byron 1972; Byron and Fox 1969;

Lipski 1980). It seems that the expression of α-
and β-adrenoceptors on immune cells may

change over the time; β-adrenoceptor expression
predominates in the early phases of bone marrow

stem cell activation, and α-adrenoceptor expres-
sion increases at later stages (Dresch et al. 1981).

In animals exposed to stress, corticosteroids

enhance, while catecholamines suppress, T cell

accumulation in the bone marrow, suggesting

that these two groups of stress mediators may

act, at least in part, in opposition to each other

(Sudo et al. 1997).

2.2 Thymus

The regulation of thymic function by the SNSwas

extensively explored in the 1970s and 1980s.

These early studies highlighted β-adrenoceptor
dependent enhancement of thymocyte differenti-

ation and suppression of thymocyte proliferation

in the presence of intact NE innervation (Singh

and Owen 1975; Singh and Owen 1976; Singh

1985). An in vivo exposure to isoproterenol

reduces thymic weight and thymocyte number

in mice (Durant 1986). Similarly, catecholamines

or isoproterenol decrease concanavalin A- or

lipopolysaccharide-induced proliferation of

murine thymocytes (Cook-Mills et al. 1995).

However, thymocyte proliferation increases

after treatment with epinephrine, isoproterenol,

and NE. Morgan et al. (1984) reported that stim-

ulation of β2-adrenoceptors can elevate the level

of intracellular cAMP, while stimulation of

α-adrenoceptor by NE increases intracellular

Ca2+. Elevated cAMP production induces cell

apoptosis (McConkey et al. 1990). Thymus

weight and tissue cell count decrease and the

number of peripheral proliferating T cells are

reduced following chemical sympathectomy,

whereas apoptosis increases (Kendall and

al-Shawaf 1991). Sympathetic modulation of thy-

mocyte development and maturation has been

reviewed in detail elsewhere (Bellinger

et al. 2008).

2.3 Lymphocytes

Human and murine T naı̈ve, Th1, and CD8+

lymphocytes express β2-adrenoceptors (Fuchs

et al. 1988; Radojcic et al. 1991; Swanson

et al. 2001). In contrast, Th2 clones do not express

β2-adrenoceptors (Sanders et al. 1997; Kohm

et al. 2002). In vitro, adrenergic agonists can
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modulate all phases of the immune response

(induction, proliferation, and effector function).

Stimulation of β-adrenoceptors inhibits mitogen-

and anti-CD3 antibody-induced T cell prolifera-

tion and diminishes naı̈ve T cell differentiation

into Th1 cells (Swanson et al. 2001; Sanders

et al. 1997; Ramer-Quinn et al. 1997). However,

under Th1-promoting culture conditions,

β-adrenoceptor stimulation drives Th1 effector

cell development from naı̈ve T cells. These effec-

tor Th1 cells produce higher amounts of IFN-γ
after re-stimulation (Swanson et al. 2001). Under

Th2-promoting culture conditions, naı̈ve T cells

exposed to NE transform into Th2 cells, but adren-

ergic agents have no effect on IL-4, IL-5, or IL-10

production (Swanson et al. 2001; Sanders

et al. 1997; Ramer-Quinn et al. 1997). Taken

together, these in vitro data suggest that NE stim-

ulation of β2-adrenoceptor plays a role in the

development of Th1 polarized cell-mediated

immunity (Felten et al. 1996).

B lymphocytes express β2-adrenoceptors, and
their stimulation elevates the intracellular concen-

tration of cAMP, similarly to that seen in T cells

(Fuchs et al. 1988; Bishopric et al. 1980). The

enhancement or inhibition of B cell proliferation

through β2-adrenoceptors depends on the type of

mitogen used. Receptor stimulation or elevation

of intracellular cAMP inhibits lipopolysaccharide-

induced B cell proliferation (Diamantstein and

Ulmer 1975; Vischer 1976) and the production

of immunoglobulins (Ig) (Cohen and Rothstein

1989; Whisler et al. 1992). In contrast, activation

of β2-adrenoceptors and increased cAMP enhance

ionomycin-induced B cell proliferation (Cohen

and Rothstein 1989; Whisler et al. 1992). NE

administration and β2-adrenoceptor stimulation

enhance IgM production in murine spleen cells

cultured with a Th1 cell-dependent antigen. This

effect is blocked by the addition of a

β-adrenoceptor antagonist (Sanders and Munson

1984a, b).

2.4 Macrophages

α2 and β2-adrenoceptors are expressed on normal

macrophages. Functional effects of stimulation

of these adrenoceptors depend on the receptor

subtype. β2-adrenoceptor stimulation suppresses

macrophage activity, whereas α2-adrenoceptor
stimulation enhances it (Bellinger et al. 2008).

2.5 Circadian Rhythm

Circadian rhythms generated by the central

biological clock of the SNS regulate the majority

of physiological and behavioral conditions,

including locomotor activity and sleep-awake

cycles, as well as autonomic, endocrine, and

immune functions. In rodents, the highest SNS

input to the spleen is provided during the day.

Granzyme-B, perforin, INF-γ, and INF-α are

expressed in natural killer (NK) cells in a rhyth-

mic manner, with the highest levels during the

dark period (a period of activity for rodents)

(Arjona and Sarkar 2005). In vitro studies suggest

that NE and other β-agonists suppress the mRNA

expression of granzyme-B, perforin, and INF-γ
(Dokur et al. 2004). Further, splenic denervation

increases TNF-α expression under various experi-

mental conditions (Molina 2001; Kees et al. 2003;

Meltzer et al. 2004). The rhythmic pattern of NK

cell function may have evolved for the benefit of

having them readily available during periods of

activity, when injuries and infections are more

likely to occur. Circadian disruption or desynchro-

nization between the central and peripheral

systems could alter rhythms of sympathetic NE

input to the spleen, thereby compromising the

cytotoxic activity of NK cells. It is possible that

compromised NK cell function resulting from

altered release of the mediators outlined above

could play a role in metastatic tumor growth or

other diseases (Logan et al. 2011).

Circadian migration of leukocytes into tissues

is also regulated by signals from the SNS; the

peak of this recruitment occurs in rodents at

night. Circadian hematopoietic cell recruitment

is synchronized by the molecular clock via sym-

pathetic nerves, modulated through β-
adrenoceptor oscillations, the expression of

endothelial cell adhesion molecules, and the che-

mokine release by endothelial cells

(Scheiermann et al. 2012). Moreover, diurnal
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mechanisms stabilizing neutrophil numbers may

interfere with the course of inflammatory cardio-

vascular diseases (Coller 2005). Circadian

rhythms modulate the robustness of the inflam-

matory response, critical for survival during

periods of increased activity (Scheiermann

et al. 2012). In humans, hypersensitivity to

inflammatory stimuli associated with increased

SNS tone may have a detrimental effect, poten-

tially linked to a higher incidence of acute vascu-

lar events in the morning (Boudreau et al. 2012;

Reavey et al. 2013).

3 Sympathetic-Immune-CNS
Interaction Concept
of Hypertension

It is widely accepted that the pathophysiology of

hypertension includes autonomic nervous system

dysfunction, as well as immune system involve-

ment (Guzik et al. 2007; Zubcevic et al. 2011; de

Kloet et al. 2013; Santisteban et al. 2013). How-

ever, the close relationship between these

systems in the pathogenesis of hypertension and

in particular the role of the brain in this interac-

tion is still evolving. Two aspects will be

discussed in depth: the effect of inflammatory

cytokines on the paraventricular nucleus and

subfornical organ (cardiovascular control centers

in the brain), and the potential role of the bone

marrow in hypertension.

3.1 Effect of Inflammatory
Cytokines
on the Paraventricular Nucleus
and Subfornical Organ

Inflammatory cytokines such as TNF-α and

IL-1β activate cyclooxygenase-2 (Cox-2) in

perivascular macrophages of the blood-brain bar-

rier. Cox-2 catalyzes the production of prosta-

glandin E2 which enters the brain and stimulates

paraventricular nucleus neurons (PVN) which, in

turn, regulate adrenocorticotropic hormone

release and increase sympathetic drive (Felder

et al. 2009; Felder 2010). Further, direct micro-

injection of TNF-α and IL-1β to PVN increases

blood pressure and sympathetic outflow and

enhances the cardiac sympathetic afferent reflex

(Shi et al. 2011). Intracerebroventricular admin-

istration of IL-10 decreases TNF-α, IL-1α, pros-
taglandin E2, and Cox-2 levels in the PVN and

attenuates sympathoexcitation (Yu et al. 2007).

Chronic angiotensin II-induced hypertension is

associated with increased expression of inflamma-

tory cytokines and microglial activation in PVN

(Shi et al. 2011; Colombari et al. 2010).

Minocycline, an antibiotic that can cross the

blood-brain barrier, inhibits microglial activation,

attenuates angiotensin II-induced high blood pres-

sure, decreases the amount of PVN inflammatory

cytokines, and mitigates cardiac hypertrophy (Shi

et al. 2011). Most likely, the subfornical organ, a

forebrain circumventricular organ that lacks a

blood-brain barrier, plays a major role and is a

predominant site in the brain at which circulating

proinflammatory cytokines act to elicit cardiovas-

cular and sympathetic responses. Intracarotid

injection of TNF-α or IL-1β significantly

increases mean blood pressure, heart rate, and

renal sympathetic nerve activity in rats with an

intact sunfornical organ, while these excitatory

responses are significantly attenuated in

sunfornical organ-lesioned rats (Wei et al. 2013).

3.2 Potential Role of Bone Marrow
in Hypertension

Although the bone marrow is known as a primary

lymphoid organ, according to some authors it has

a potential to serve as a secondary immune organ

and may be involved in systemic T cell-mediated

immunity. It has been demonstrated that the bone

marrow may harbor memory T cells and, impor-

tantly, may be a site for the initiation of T cell

activation (Feuerer et al. 2003). A critical role of

T cells in hypertension has been discussed else-

where (Guzik et al. 2007; Zubcevic et al. 2011;

de Kloet et al. 2013; Santisteban et al. 2013). The

bone marrow is also the primary source of endo-

thelial progenitor cells (Asahara et al. 1999)

which play a particularly important role in
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endothelial repair in arterial injury following

inflammatory or hypertensive stimuli (Rabelink

et al. 2004; Hristov et al. 2007; Zhu et al. 2013).

Acute inflammatory stimuli trigger endothelial

progenitor cell mobilization, while chronic

inflammation can have the opposite effect,

decreasing the number of circulating endothelial

progenitor cells (Andreou et al. 2006). As in

other vascular beds, NE acts as a vasoconstrictor

in the bone marrow and plays an important role

in controlling blood flow (Feitelson et al. 2002).

It has been proposed that hypertension, which

presents with increased circulating NE, is

responsible for extensive vasoconstriction in

bone marrow, creating a hypoxic environment.

Consequently, hypertension could negatively

modulate stem and endothelial progenitor cells

and enhance local inflammatory responses, i.e., T

cell activation and cytokine production

(Santisteban et al. 2013). The last hypothesis,

however, has to be verified experimentally.

4 Conclusions

Current evidence suggests that the SNS plays an

important role in both activating and limiting

immune and inflammatory responses. This, in

turn, encourage thinking that manipulation of

the SNS may be useful in regulation of immune

reactivity, including the inflammatory reactions

in hypertension and other cardiovascular

diseases. However, therapeutic manipulation

will become possible only when our knowledge

about the mechanisms responsible for the fine-

tuning of the immune system by the SNS is

significantly increased. Another important issue

for all cardiovascular diseases, including hyper-

tension, is how the disease itself influences sym-

pathetic activity. Finally, activation of the

autonomic system in the brain and periphery is

quite frequently in opposition to each other,

which makes therapeutic interventions even

more complex and difficult.

Undoubtedly, it is necessary to develop new

technologies for manipulating the SNS in time

and space, in conjunction with activation of other

neuroendocrine hormone systems. Some of such

technologies are already being investigated in

clinical trials. Of particular interest would be to

investigate the full impact of new modalities

used to treat resistant hypertension, such as

renal innervation, carotid glomectomy or

baroreflex activation therapy, on immune sys-

tem. The assessment of the immune system

should become a standard analysis when

searching for new methods of the SNS

modulation.
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