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Abboud FM, Singh MV. Autonomic regulation of the immune
system in cardiovascular diseases. Adv Physiol Educ 41: 578–593,
2017; doi:10.1152/advan.00061.2017.—The autonomic nervous sys-
tem is a powerful regulator of circulatory adjustments to acute
hemodynamic stresses. Here we focus on new concepts that empha-
size the chronic influence of the sympathetic and parasympathetic
systems on cardiovascular pathology. The autonomic neurohumoral
system can dramatically influence morbidity and mortality from
cardiovascular disease through newly discovered influences on the
innate and adaptive immune systems. Specifically, the end-organ
damage in heart failure or hypertension may be worsened or alleviated
by pro- or anti-inflammatory pathways of the immune system, respec-
tively, that are activated through neurohumoral transmitters. These
concepts provide a major new perspective on potentially life-saving
therapeutic interventions in the deadliest of diseases.
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THE AUTONOMIC NERVOUS SYSTEM (ANS), through an enormous
array of reflexes, can regulate almost all physiological func-
tions in the body. This brief review focuses on the role of the
ANS as a key chronic regulator of the pathological states of the
cardiovascular system rather than on its role in homeostasis of
the normal physiological state. The main message is that not
only does the ANS act directly on the cardiovascular hemody-
namic state, but it also is a powerful contributor to the devel-
opment of cardiovascular pathology and disease through its
regulation of the immune system.

Autonomic Dysregulation in Cardiovascular Disease

The beginnings of our understanding of the ANS in cardio-
vascular control can be traced back to the work of the Nobel
Prize winner Corneille Heymans in 1938 for identifying the
carotid sinus nerves (33) (Fig. 1). These are tiny baroreceptor
and chemoreceptor nerves that sense minute changes in hemo-
dynamic pressure and humoral factors and respond by activat-
ing autonomic reflexes transmitted by the sympathetic and
parasympathetic neural outputs. The barosensory nerves in the
carotid sinus and aortic arch exert powerful bidirectional reg-
ulation of hemodynamic states. On one hand, their activation
can inhibit the sympathetic drive to prevent a surge in the blood
pressure from causing a stroke, while, on the other hand, they
can increase sympathetic activity if the arterial pressure falls.

The carotid body chemosensory nerves are activated by
glomus cells that sense hypoxia and acidosis, release of ATP,
acetylcholine (ACh), and other transmitters, and initiate reflex
increases in ventilation as well as in sympathetic nerve activity.

Since the discovery of carotid and aortic baro- and chemo-
receptors, it took 30 yr to define the efferent part, the neu-
rotransmitters of the reflex responses, when Axelrod (6), Del
Castillo and Katz (16), and Von Euler (80) identified ACh as a
transmitter for the parasympathetic nerves and norepinephrine
(NE) as a transmitter for the sympathetic nerves. Their studies
elucidated how these neurotransmitters are stored, released,
and degraded.

More recent work has focused on the molecular identity of
the mechanosensitive ion channels in baroreceptor endings (2,
17, 18, 51) and the chemosensing channels in glomus cells of
the carotid body (62, 64, 77). The clinical relevance of iden-
tifying these channels is in their contribution to the morbid
increase in sympathetic nerve activity in heart failure and
hypertension. In both of these fatal cardiovascular states, the
reduced baroreceptor sensitivity and enhanced chemoreceptor
sensitivity (1, 78) sustain the high sympathetic drive. Ongoing
clinical trials attempt to activate the carotid sinus baroreceptors
electrically or ablate the carotid body in patients (32, 61, 82) to
decrease sympathetic nerve activity.

The powerful influence of the sympathetic nerves can be
illustrated by the following examples, where the sympathetic
nerve activity either is suppressed suddenly as in syncope, or is
enhanced chronically in pathological states, as in heart failure
and hypertension.

Sympathoinhibition and vagal stimulation during syncope.
The first example is that of the sudden suppression of the
sympathetic activity. Prolonged standing under stressful situa-
tions often causes collapse and fainting. Intense anxiety can
also induce fainting. It is estimated that most people have
experienced similar episodes at some time in their lifetime. The
sudden loss of motor tone is transient, as these individuals
quickly recover their normal postures. Measurements of the
sympathetic nerve activity in the peroneal nerve suggest that,
immediately before the syncopal episode, the sympathetic
activity is dramatically increased, and then it abruptly stops
(Fig. 2). This sympathetic withdrawal is accompanied by
bradycardia, vasodilatation, and a dramatic drop in the arterial
pressure. Although one would expect that the fall in the arterial
pressure should trigger the baroreceptor reflex to increase
sympathetic activity, quite oppositely the sympathetic activity
is inhibited (81).

The reason is that, in addition to the baroreceptor regulation
of the sympathetic and parasympathetic outflows, there are
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cardiac sensory afferents and other splanchnic vagal afferents
that are sympathoinhibitory as well (1). Thus the vagus nerve
does not simply carry an efferent parasympathetic cholinergic
innervation; it also includes sensory fibers with nerve endings
in the heart and other viscera that can be inhibitory. In addition
to the mechanical activation of baroreceptors that reflexly
decrease sympathetic drive, the signals from cardiac and other
vagal afferent sensory receptors may also inhibit the sympa-
thetic drive and accentuate the parasympathetic drive, causing
vasodilatation, bradycardia, and hypotension. Hence these ep-
isodes of loss of consciousness are referred to as “vasovagal”
syncope (2). Some of the episodes are referred to as “neuro-
cardiogenic syncope” when the sympathoinhibitory sensory
signal is originating in the heart, in cardiac afferents that may
be the cause of syncope in patients with aortic stenosis (2, 56).

Sympathoexcitation in heart failure. The second example of
autonomic dysregulation illustrates a heightened sympathetic
activity. It has been reported that patients with severe heart
failure may have circulating blood levels of NE well over 800
pg/ml (13). These patients had a �10% chance of survival in
2 yr. However, patients with �400 pg/ml circulating levels of
NE had a 50% survival chance in 5 yr. The levels of NE are
powerful biomarkers of the excessive sympathetic activation
and the mortality of patients in heart failure. A significant

positive correlation between left ventricular filling pressures,
plasma NE levels, and muscle sympathetic nerve activity was
observed in patients in heart failure (46) (Fig. 3). Clearly, the
baroreflexes are not effective in suppressing the fatal increase
in sympathetic activity in congestive heart failure. This raises
a question of how can the excessive sympathetic activity be
inhibited to reverse heart failure. For a long time it was thought
that it is not possible to induce and sustain inhibition of
sympathetic activity by electrical nerve stimulation of the
baroreceptor nerves (21). However, in 2004, Lohmeier et al.
(50) demonstrated that stimulating the carotid sinus nerves in
conscious dogs can cause bradycardia and hypotension that last
for 1 wk. This study raised the possibility that excessive
sympathetic drive may indeed be inhibited in patients over a
prolonged period of time.

The following two examples in animal models of heart
failure demonstrate that the autonomic system can be modu-
lated to improve survival.

First is a landmark study of carotid sinus nerve stimulation
in dogs with heart failure induced with chronic cardiac pacing
(88). The plasma levels of NE in heart failure were markedly
increased in the unstimulated group (Fig. 4), but remained
low in dogs that also underwent carotid sinus nerve stimu-
lation. Without stimulation of the carotid sinus nerves, the
mortality was very high. In just ~40 days, heart failure was
uniformly fatal, while the NE levels were very high. On the
other hand, in the group that underwent carotid stimulation,
the survival was impressively prolonged, and NE levels
were reduced (Fig. 4).

In a second study using a rat model of heart failure after
myocardial infarction (49), vagal nerve stimulation dramati-
cally improved survival. Despite the relatively short period of
vagal stimulation (between 0 and 40 days post-myocardial
infarction), the protective effect was sustained over 4 mo.
Improved survival was associated with reduced NE level dur-
ing stimulation of the vagus nerve (Fig. 4).

Thus sympathoinhibition and parasympathetic activation
improve survival in these two models of heart failure. In one
model, this was achieved with baroreceptor stimulation, and in
the other with vagus nerve stimulation. The question, then, is

Fig. 1. Discovery of sensory receptors and au-
tonomic neurotransmitters. Sensory afferents
from the carotid body, carotid sinus, and aortic
arch relay their signals through the petrosal and
nodose ganglia to the nucleus tractus solitarius.
The sympathetic ganglia neurons are the soma
of the sympathetic efferent innervation releas-
ing norepinephrine (NE). The parasympathetic
cholinergic (ACh) innervation of the heart and
gut originates in the dorsal motor nucleus of the
vagus in the medulla (red lines).

Fig. 2. Hemodynamics of syncope: sympathoinhibition, hypotension, brady-
cardia, and vasodilatation (finger plethysmography). The asterisk marks the
sudden loss of sympathetic activity. [From Wallin and Sundlof (81) with
permission from Elsevier.]
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whether similar benefits can be attained in humans. As men-
tioned above, there are currently clinical trials that test the
effectiveness of carotid sinus nerve stimulation and vagal nerve
stimulation in patients with drug-resistant hypertension, and in
heart failure.

Autonomic Regulation of the Immune System

How does the autonomic system influence cardiovascular
pathology to affect survival? A “conspiracy” triangle between
the ANS, the immune system, and cardiovascular disease is

Fig. 3. Muscle sympathetic nerve activity (SNA) in heart failure. Left: direct recordings of muscle SNA from the peroneal nerve in patients with heart failure
are shown. SNA is highest in the patient with the most severe heart failure. MAP, mean arterial pressure; HR, heart rate; bpm, beats/min; CI, cardiac index. Right:
bar graphs show the marked increase in muscle SNA in congestive heart failure (CHF) compared with age-matched controls. The SNA increases progressively
with the left ventricular (LV) filling pressure. Values are means � SE; n, no. of subjects. [Left panel from Ferguson et al. (21) with permission from Elsevier;
right panel from Leimbach et al. (46) with permission from Wolters Kluwer Health.]

Fig. 4. Prolonged survival with sympathoinhibition and
vagal stimulation (VS). Improved survival in heart failure
in dogs with carotid sinus baroreceptor nerve stimulation
(top left) and in rats with vagus nerve stimulation (top
right) is shown. Bottom: the survival was dramatically
prolonged and associated with significant reductions in
norepinephrine (NE) levels (shaded line and bar). Values
are means � SE; nos. in parentheses, no. of animals. SS,
sham stimulation. *P � 0.01. [Right panels from Li et al.
(49) and left panels from Zucker et al. (88) with permission
from Wolters Kluwer Health.]
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proposed (Fig. 5) (3). Vertex A of the triangle represents
increased mortality from autonomic dysregulation. Vertex B
represents the inflammatory response that is integral to almost
all cardiovascular manifestations of disease. Finally, and most
relevant to this paper, vertex C defines how the ANS can
modulate the immune system to either increase or reduce
mortality. It is known that the immune system contributes
significantly to atherosclerosis through deposition of foam
cells, T cells, and dendritic cells in the atherosclerotic plaques.
In heart failure, the cytokine storm causes significant centrally
induced sympathetic drive. In atrial fibrillation, invasion of the
atria by macrophages and monocytes can induce fibrosis and
remodeling. In stroke, peroxiredoxins that are cytosolic anti-
oxidants are released from ischemic cells and act as initiators
of cytokine release from macrophages, causing postischemic
inflammation and brain damage (23). Here the focus will be on
hypertension and heart failure.

Innate and adaptive immune modulation in hypertension.
The immune system comprises two broad components. The
innate immune component, which includes monocytes, mac-
rophages, and dendritic cells, “presents” the antigens to the
second component, the T lymphocytes of the adaptive immune
system. Both of these systems contribute to hypertension. The
role of the immune system in hypertension was shown in a
series of papers published by Svendsen’s laboratory as early as
the 1970s. Those papers founded the concept of the immuno-
genetic basis of hypertension (74–76). The absence of the

thymus (in athymic nude mice) prevents the onset of DOCA-
salt hypertension, which suggests that the thymus is required
for DOCA-salt hypertension (74, 75). The importance of the
thymus in genetic hypertension was impressively demonstrated
by Ba et al. (7). Their early work in the spontaneously hyper-
tensive rat (SHR) demonstrated the delayed onset of hyperten-
sion associated with arterial lesions and a selective depression
of T-cell function, including suppressor T cells, along with the
appearance of thymocytotoxic auto-antibodies. They found
that histo-compatible thymus grafts or injections of thymus
extracts into neonatal SHR resulted in long-lasting recovery of
suppressor T-cell immune functions, decrease in the titer of the
auto-antibodies, and prevention of both the arterial lesions and
the hypertension. Twenty-five years later, the importance of T
cells was demonstrated in angiotensin II (ANG II)-induced
hypertension (27). Adoptive transfer of wild-type (WT) T
lymphocytes into RAG1�/� mice that lack both B and T cells
and do not develop hypertension with ANG II infusion induces
hypertension and causes significant infiltration of the vascular
system with T lymphocytes (Fig. 6).

Role of IL-6 in ANG II hypertension. T lymphocytes are
activated by the innate immune system, which releases inter-
leukin-6 (IL-6). IL-6 is a very potent inflammatory cytokine,
and IL-6 knockout mice have a significantly suppressed hy-
pertensive response during ANG II infusion (9, 45). The
prevention of ANG II hypertension in IL-6�/� mice was not
caused by a loss of the renal vasoconstrictor effect of ANG II,
as ANG II caused significant vasoconstriction of the afferent
renal arterioles of these mice as in WT mice (Fig. 7).

Yet another renal mechanism of IL-6-dependent ANG II
hypertension is the phosphorylation of JAK2/STAT3 in the
kidney (9). In the IL-6 knockout, the phosphorylation of
JAK/STAT by ANG II is prevented and so is sodium reab-
sorption in the kidney, as well as the aldosterone-dependent
ANG II hypertension (73).

A different IL-6-dependent component involved in ANG II
hypertension is likely a central neural activation of JAK2/
STAT3 pathways that was demonstrated in cultured rat brain
astrocytes (40). If so, there is likely an IL-6 cytokine release in
the hypothalamic area by the central microglial immune cells
that drives central sympathetic activity and hypertension.

An intriguing interaction between IL-6 and IL-17 has
been described in the ANG II-mediated aortic dissections
(39). The transduction and activation of STAT3 signaling by

Fig. 5. The neuroimmune triangle. The schematic portrays the fatal influences
of autonomic dysregulation in A, the pathological damage of the immune
system in B, and the powerful modulation of the immune response by the
autonomic system in C. CV, cardiovascular.

Fig. 6. T-cell dependence of ANG II hyper-
tension. Left: shows that vascular infiltration
with CD3� lymphocytes (purple-stained
cells) and expression of T-cell receptors
(TcR; red cells) are increased with ANG II
infusion. Right: the pressor response to ANG
II is restored in RAG1�/� mice with T-cell
but not B-cell infusions. Values are means �
SE. *P � 0.01 vs. C57BL/6. [Modified from
Guzik et al. (27) with permission.]
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IL-6 occurs via the T-helper lymphocyte 17-IL-17 axis in
C57BL/6 mice (39).

Microglial activation in autonomic brain region. The work
of Santisteban et al. in Circ Res (68) has provided compelling
evidence that microglial activation in autonomic brain regions
represents a neuroinflammatory nidus in neurogenic hyperten-
sion. The concept is that proinflammatory bone marrow cells
migrate to the hypothalamic paraventricular nucleus and acti-
vate and become part of the microglial/macrophage inflamma-
tory central system (87). The release of cytokines, chemokines,
and reactive oxygen species would lead to sustained and
excessive sympathetic activity and hypertension.

The successful reconstitution of male Wistar-Kyoto (WKY)
rats with bone marrow of male SHR results in a significant
elevation of mean arterial pressure in the WKY (147 � 16
mmHg) compared with 114 � 2 mmHg in the WKY-WKY
reconstitution (68, 87).

The effectiveness of minocycline, an oral antibiotic that
inhibits microglial activation and attenuates hypertension in
both SHR and ANG II-infused rats, in reducing central migra-
tion of bone marrow-derived cells supports the concept of
central neurogenic inflammation in hypertension. The fact that
minocycline has also been shown to be clinically effective in
depression, in reducing gut mucosal damage in experimental
colitis, and in enhancing morphine’s effectiveness in diabetic
neuropathy has justified some of the ongoing clinical trials in
drug-resistant hypertension (24, 25, 34).

Inflammatory immune suppression in heart failure. The link
between the immune system and hypertension and heart failure
in humans has been addressed. With the availability of anti-
tumor necrosis factor (TNF-�) agents, several trials have been
carried out in patients with inflammatory autoimmune diseases,
such as rheumatoid arthritis (86). Many such patients have
associated hypertension. Although the systemic rheumatologi-
cal manifestations of the disease may improve, the associated
hypertension has worsened with prolonged administration of
Etanercept (the recombinant TNF receptor that binds to TNF-�
and neutralizes it) and Infliximab (the monoclonal antibody
that binds to both soluble and transmembrane TNF-�) (60).

In heart failure, the inflammatory immune response is dam-
aging, and TNF receptor-1 knockdown in subfornical organs,
as well as inhibition of brain proinflammatory cytokines, were
effectively protective in animal models (41, 84). In humans,
however, the use of Etanercept was fraught with worsening of
heart failure (12, 38, 55). Since TNF-� initiates its biological
effects by binding to two distinct receptors, receptor 1 (R1;
p55), which initiates a toxic response, and receptor 2 (R2; p75),
which mediates a protective effect (57), the worsening of the
patients in the anti-TNF-� clinical trials may reflect the sup-
pression of the beneficial R2. This was shown in a murine
model of myocardial infarction (57) and raises the possibility
that anti-TNF-� R1 selective blockers might be more consis-
tently effective in future clinical trials.

Fig. 8. ANG II-induced splenic sympathetic overactivity enhances gene expression of cytokines. Central ANG II infusion increases splenic and renal sympathetic
nerve discharge (SND; left, tracings) and activates immune system (right; bar graphs). Increased cytokine gene expression in spleen with ANG II (light shaded
bars) vs. artificial cerebrospinal fluid (aCSF; solid bars) is reduced significantly with splenic denervation (dark shaded bars). Values are means � SE.
*Significantly different from aCSF-treated splenic-intact and ANG II-treated splenic-denervated, P � 0.05. †Significantly different from ANG II-treated
splenic-denervated, P � 0.05. [From Ganta et al. (22).]

Fig. 7. IL-6 dependence of ANG II hyper-
tension. IL-6 knockout (KO) prevents ANG
II-hypertension seen in wild type (WT; left),
but constriction of afferent renal arterioles is
preserved in the KO (right). [From Brand et
al. (9) with permission from Wolters Kluwer
Health.]
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We believe that more promising results of clinical trials with
monoclonal antibodies will be forthcoming, and the transfer of
immunological information from rat to mouse to human will be
much more predictable with technological advances. A com-
pelling case in point is the most recent article from the New
England Journal of Medicine (August 27, 2017) by Ridker et
al. (65) showing that Canakinumab (monoclonal antibody
targeting IL-1�) in 10,061 patients reduced cardiovascular
mortality post-myocardial infarction, despite elevated choles-
terol. Currently, the drug is approved for juvenile idiopathic
arthritis and periodic fever syndrome. The authors also noted a
decrease in lung cancer progression.

Sympathetic innervation of the immune system. A direct link
between the sympathetic nerves and the immune system exists.
Direct ANG II administration in the central nervous system
increases the splenic as well as renal sympathetic nerve activ-
ities, which are accompanied with expression of IL-1�, IL-2,
IL-6, IL-16, and TGF-� (Fig. 8). However, denervation of the
spleen abrogated the cytokine responses to central administra-
tion of ANG II but did not affect the renal nerve activity. This
suggests a direct link between sympathetic nerve activity and
the activation of the immune system in the spleen (22).

The lymphoid organs are innervated by sympathetic nerves
that release NE at the nerve terminals and may induce immune
activation (20). Immune cells, including T and B lymphocytes,
predominantly express �2-adrenergic receptors (66, 67). Acti-
vation of T and B cells in the presence of NE enhances
cytokine and IgG secretion, respectively (59). Thus increased
sympathetic nerve activity has an immune-enhancing proin-
flammatory effect. Another possible mechanism of sympatho-
mediated immune regulation is the NE-induced increased pro-
duction of reactive oxygen species in immune cells. A redox-
regulated suppressor of splenic T-lymphocyte activation has
been reported in a model of sympathoexcitation (11).

In another model, myocardial infarction increases sympa-
thetic nerve activity to the bone marrow, causing release of
hematopoietic stem cells. These bone marrow-derived hema-
topoietic cells migrate to the spleen, where monocyte produc-
tion is accelerated (Fig. 9). The monocytes/macrophages then
migrate to the periphery and to the endothelium of the coronary
vessels and magnify the thrombotic effects and the risk of
further myocardial infarction (19). There is clear indication in
patients that activation of �3-adrenergic receptor in bone mar-

Fig. 10. Tonic suppressive vagal influence on the immune system. Vagotomy increases NF-�B expression at 2 and 4 wk (W) after surgery (A) and enhances
cytokine release from CD4� T-cell activation (solid bars vs. open bars; B). Values are means � SE. *P � 0.05 and **P � 0.005 (A). *P � 0.01 (B). [panel
B was modified from Karimi et al. (42) with permission from Elsevier.]

Fig. 9. Myocardial infarction (MI) increases
sympathetic activity to bone marrow. Sche-
matic shows that MI accelerates atheroscle-
rosis by an immunological process involving
activation of the sympathetic nervous system
(SNS) to the bone marrow (BM), releasing
hematopoietic, stem, and progenitor cells,
and activation of the immune system of the
spleen and migration of macrophages and
monocytes to the coronaries. SCF, stem cell
factor. [From Dutta et al. (19) with permis-
sion from Macmillan Publishers Ltd.]
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row increases the intravascular migration of monocyte and
hematopoietic stem cells.

The circadian oscillations of the sympathetic nerve activity
can also regulate the transendothelial movements of monocytes
and macrophages and govern the recruitment of hematopoietic,
stem, and progenitor cells to the bone marrow and leukocytes
to peripheral tissues or organs. These effects are exaggerated
during increased sympathetic activity as a result of the activa-
tion of endothelial adhesion molecules. Increased transendo-
thelial migration may increase inflammatory responses in skel-
etal muscle, whereas, in the bone marrow, the migration may
improve bone marrow engraftment. Scheiermann et al. (69)
have also shown a diurnal difference in the engraftment of
bone marrow. On adoptive transfer, bone marrow engraftment
in lethally irradiated rodents is more effective if the bone
marrow transfer is done at night during the nocturnal increase
in sympathetic activity or during the infusion of isoproterenol.
It will be interesting to see whether this enhanced engraftment
occurs in humans.

The recent attempts to treat drug-resistant hypertension with
renal denervation in patients raises the question of whether the
sympathetic innervation of the kidney contributes directly or
indirectly to immune activation and hypertension. Such an
effect might contribute to the drop in arterial pressure in the
respondents to denervation. Xiao et al. (83) had reported an
anti-inflammatory response to renal denervation. We also ob-
served that renal denervation abrogates nicotine-induced pre-
mature hypertension in SHR and reduces renal macrophage
migration (30). In confirmation, Zaldivia et al. (85) recently
reported, in Hypertension, compelling evidence that renal de-
nervation may indeed be associated with reduced monocyte
activation.

Parasympathetic modulation of the immune system. The
parasympathetic nervous system has considerable effects on

immunity that are even more intriguing. When the subdia-
phragmatic vagi of NF-�B reporter mice were severed, the in
vivo luminescence from NF-�B promoter-driven luciferase
expression was markedly increased around the gut and the
colon 4 wk after the denervation (58). Moreover, lymphocytes
obtained from the spleens after vagotomy show proinflamma-
tory increases in expression of interferon-	, TNF-�, and IL-6
on CD4-T-cell activation (Fig. 10). Thus the parasympathetic
nervous system must exert a constitutive tonic inhibition of
inflammatory responses and NF-�B activation in the gut that
are unmasked on vagotomy (42). This is a remarkable demon-
stration of an intrinsic anti-inflammatory influence of the vagi.

In another study, Tracey et al. (8, 79) stimulated the vagi in
mice that were given lipopolysaccharides (LPS). LPS, the cell
wall component of gram-negative bacteria, causes septic shock
from excessive inflammatory response through activation of
toll-like receptor (TLR)-4 to produce cytokines such as TNF-�.
Administration of LPS to mice results in a marked drop in the
arterial blood pressure (Fig. 11). Moreover, administration of
LPS to vagotomized mice causes an even more dramatic drop
in blood pressure as seen in septic shock. In contrast, there is
significant abrogation of LPS-induced hypotension in mice that
are undergoing electrical stimulation of the vagus nerve.

It is noteworthy that, despite the immunoregulatory effects
of the nervous system on cytokine production by the innate
immune cells, the details of the autonomic circuitry innervating
the spleen are disputed (5). In particular, Bratton et al. (10)
tested the vagal innervation of the spleen in a series of studies
and concluded that the vagus nerve does not directly innervate
the spleen. The mechanism by which sympathetic nerves may
induce cholinergic activation in the spleen deserves further
consideration.

However, vagi innervate the splanchnic bed and most of the
splanchnic organs and must modulate and suppress the inflam-

Fig. 11. Vagal nerve stimulation attenuates the LPS-induced TNF response and endotoxin shock. Left: schematic shows vagal efferent activation of the
reticuloendothelial system and cholinergic (ACh) receptors on macrophage. Right, A–C: show that vagal denervation (VGX) worsens the fall in mean arterial
blood pressure (MABP) and enhances the serum and liver TNF responses to LPS (hatched bars). Vagal nerve stimulation (STIM) attenuates the LPS-induced
TNF responses and prevents hypotension, endotoxin, and shock (shaded bars and line). Values are means � SE. *P � 0.05 and **P � 0.005 vs. sham � LPS.
#P � 0.05 vs. VGX � LPS. [Right panel was modified from Borovikova et al. (8) with permission from Macmillan Publishers Ltd.]
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matory response of the extensive gut immune system. The
vagal influence is sufficiently powerful to suppress the re-
sponse to activation of the TLRs by LPS. This modulation of
the inflammatory response occurs at the level of macrophages
(8, 79). Macrophages express cholinergic receptors on their
membranes (Fig. 11). It appears that the �7-nicotinic acetyl-
cholinergic receptors that are activated during the stimulation
of the vagus nerve can be protective against septic shock by
suppressing the activation of macrophages. But how is that
suppression of macrophage inflammatory response to LPS
relevant to hypertension?

Relevance of the cholinergic anti-inflammatory response to
hypertension. In a two-kidney, one-clip model of hypertension,
it was observed that, in �7-nicotinic receptor knockout mice,
there were greater increases in IL-6, IL-1�, and TNF-� com-
pared with the WT mice (Fig. 12) (48). End-organ damage was
also more pronounced with increased cardiac fibrosis and renal
glomerulosclerosis. Thus the damage in two-kidney, one-clip
hypertensive mice is accentuated in the absence of �7-nicotinic
cholinergic receptor (Fig. 12). The ANS modulates the expres-
sion of proinflammatory cytokines and immune cell prolifera-
tion (43). In addition to the macrophages, �7-nicotinic cholin-
ergic receptors can also modulate lymphocyte activation (15).
These studies further underline the pathological significance of
the autonomic regulation of the immune system.

An important question is whether an abnormality of the
immune system may precede hypertension and be causative in
the development of hypertension. More specifically, does the
SHR that develops hypertension several weeks after birth have
an intrinsic abnormality of the innate immune system that
initiates the hypertension?

Abnormal Immune System in Hypertension

As mentioned above, blood pressure in SHR is dependent on
the thymus. Thymus grafts or injection of thymus extracts into
neonatal SHR restored suppressor T-cell immune function and
delayed or prevented hypertension (7). Although thymus is
required for normal establishment of the T cells that form the
adaptive immune system, these cells are dependent on the

Fig. 13. Pathways of autonomic modulation of inflammation cells and their
migration to end organs. Schematic portrays the proinflammatory influence of
angiotensin II and increased sympathetic neurohumoral drive (NE) balanced
off by an anti-inflammatory influence of parasympathetic activity (ACh).
Receptors on the innate immune cells modulate cytokine release that activates
the adaptive immune system and the migration of immune cells to end organs,
causing hypertension. nAChR, nicotinic ACh receptor; AT1R, angiotensin II
type 1 receptor.

Fig. 12. �7-Nicotinic receptors are protective in two-kidney-one-clip (2K1C) hypertension. Proinflammatory state (IL-6, IL-I�, and TNF-�), as well as cardiac
hypertrophy [left ventricular weight/body weight (LVW/BW)] and glomerulosclerosis in 2K1C hypertension (WT; solid bars), are enhanced in �7-nicotinic
receptors of KO mice (shaded bars). nAChR, nicotinic ACh receptor. Values are means � SE. *P � 0.05 and **P � 0.01 compared with sham (unpaired t-test).
#P � 0.05 compared with WT (unpaired t-test). [From Li et al. (48) with permission from Wolters Kluwer Health.]
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innate immune system for their activation. The recent work
from our laboratories has addressed the following question.

Do the innate immune cells of SHR display an inflammatory
response on activation of their TLRs? The innate immune cells
express TLRs through which they can be induced to produce
proinflammatory cytokines. They also express the receptors
that enable the ANS to influence the inflammatory response.
This regulation is an important mechanism, because the pro-
duction of cytokines by the innate system initiates the process
of activation of the adaptive immune cells, such as T-helper
(Th) and T-regulatory cells, which migrate to peripheral or-
gans, such as the brain, the vascular system, the heart, and the

kidney, and induce end-organ damage (Fig. 13). Thus the
inflammatory signal pathway can be modulated in a very
effective way by the nicotinic cholinergic receptor or the ANG
receptor to modify the amount and type of cytokines that are
released and, in turn, induce T-cell activation, invasion of the
tissues, and the development of hypertension (Fig. 14). ANG
II-induced sympathetic nerve activity is proinflammatory, and,
by contrast, the parasympathetic cholinergic nerve activity is
anti-inflammatory. Together, these two autonomic outputs reg-
ulate the immune system through their effects on the innate
immune cells.

Does ANG II or the cholinergic transmitter nicotine modu-
late the response of innate immune cells in culture? There are
more than a dozen TLRs that are activated on innate immune
cells by multiple specific exogenous ligands that represent the
molecular patterns of a class of pathogens, such as bacteria,
fungi, or viruses. TLRs can also recognize endogenous ligands
that are relevant to autoimmunity. The endogenous ligands are
generated by injury or cell damage; for example, in myocardial
infarction, the cellular debris and released cellular DNA may
function as ligands for the TLRs. On activation by their
respective ligands, the TLR signaling pathways lead to activa-
tion of the NF-�B transcription factor and expression of a
battery of proinflammatory genes, including cytokines. The
interactions of the inflammatory pathways with pathways of

Fig. 14. Regulation of cytokine release from immune cells during toll-like
receptor (TLR) activation. Schematic shows opposing influences of activation
of �7-nAChR by nicotine and AT1R by ANG II on cytokine release.

Fig. 15. Cytokine responses of splenocytes to activa-
tion of TLR effects of specific TLR ligands on TNF-�
(A), IL-10 (B), and IL-6 (C) are dose related and
equivalent in WKY (open bars) and SHR (shaded bars)
splenocytes. Direct effects of nicotine (Nic) and ANG
II are negligible. Values are means � SE. LTA, lipo-
teichoic acid; PIC, poly I:C; Flag, flagellin; CpG,
CpG2395. [From Harwani et al. (31) with permission
from Wolters Kluwer Health.]
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activation of ANG receptors or ACh receptors regulate the
intensity of cytokine production.

To test this conceptual model, splenocytes from WKY and
SHR were isolated and exposed to various ligands of the TLRs
in the presence or absence of either ANG II or nicotine. More
specifically, splenocytes were stimulated with three doses of
several TLR ligands, and the release of TNF-�, IL-10, and IL-6
was measured (Fig. 15) (31).

TLR activation is enhanced by nicotine and ANG II in SHR.
Two important observations were immediately obvious from
the results. First, there was a dose-dependent response of the
cytokine production to the ligands, and, second, there was
significant variability in the amount of cytokine release, de-
pending on which TLR was activated (Fig. 15). Neither ANG
II nor nicotine alone activated the cytokine production (Fig.
15). However, the release of cytokines by activation of TLR-
7/8 with Cl097 and TLR-9 with CpG was significantly reduced
by nicotine in WKY splenocytes (31) (Fig. 16). Thus nicotine
has an ex vivo anti-inflammatory effect that reduces the release
of cytokines by immune cells of the normotensive WKY. In
contrast, SHR splenocytes showed significant enhancement of
the cytokines by TLR activation in the presence of nicotine. It
is notable that these splenocytes were from prehypertensive
SHR. These results show that nicotine has an anti-inflamma-
tory effect on normotensive WKY, whereas it has a proinflam-
matory effect in SHR.

ANG II had no effect on TLR-induced cytokine production
in the WKY splenocytes. Yet again, in SHR, there was an
exaggerated inflammatory response to TLR activation. These
results show that both nicotine and ANG have a proinflamma-
tory effect in SHR immune cells even before the onset of

hypertension. The mechanisms of these differences between
the normotensive WKY and the SHR are complex and will
require further study.

In vivo inflammatory responses to nicotine and ANG II in
SHR. The in vitro effect of nicotine on the isolated splenocytes
was reproduced in vivo. Nicotine was infused in young prehy-
pertensive SHR for 24 h, and 4 h before the end of the 24-h
period the TLR-7/8 ligand Cl097 was injected. The sera and
tissues from these rats were collected. In WKY, infusion of
nicotine alone did not increase IL-6 or IL-1�. However, injec-
tion of TLR-7/8 ligand Cl097 increased the cytokine release,
but the infusion of nicotine resulted in a reduced cytokine
response to injection of Cl097 in WKY (31). In contrast, in the

Fig. 17. In vivo cytokine responses to Cl097. In vivo responses of serum
levels of IL-6 and IL-1� to TLR7 ligand (Cl097) are increased in SHR
(solid bars) and suppressed in WKY (shaded bars) by nicotine. Nos. above
each bar graph, no. of animals in the particular group. Values are means �
SE. *P � 0.05. **P � 0.01. [From Harwani et al. (31) with permission
from Wolters Kluwer Health.]

Fig. 16. Markedly enhanced IL-6 responses to
TLR by nicotine (A and B) and ANG II (C and
D) in SHR splenocytes (B and D) and not in
WKY (A and C). IL-6 release in response to
TLR 7 (Cl097) and TLR9 (CpG) ligands ex
vivo is inhibited by nicotine in WKY (solid
bars) and markedly enhanced in SHR (shaded
bars). ANG II also enhances the response in
SHR but not in WKY. Values are means �
SE. ***P � 0.001 and **P � 0.01 indicate
significantly different responses to TLR alone
(open bars) vs. TLR with exposure to either
nicotine or ANG II (solid and shaded bars).
[From Harwani et al. (31) with permission
from Wolters Kluwer Health.]
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SHR, infusion of nicotine enhanced the proinflammatory cy-
tokine release on Cl097 injection (Fig. 17). Clearly the immune
cells of SHR lack the anti-inflammatory suppressive effect of
nicotine that is seen in the WKY. Not only was the respon-
siveness of the SHR immune cells to TLR-7/8 stimulation
increased in the presence of nicotine (31), but their number was
also increased (Fig. 18). This proliferative response of

CD161�CD8� cells in SHR was not seen in WKY spleno-
cytes.

Abnormal immune cell phenotype in SHR. The large popu-
lation of CD161� cells in SHR was further investigated to
determine a connection between the development of hyperten-
sion and the number of CD161� cells (Fig. 19, A and B). First,
the density of CD161� cells in the spleens of WKY and SHR

Fig. 18. Cell sorting of activated macrophages in SHR vs.
WKY. Activated macrophages (CD161�, CD8�) are increased
in SHR vs. WKY and increase further with nicotine in SHR.
[From Harwani et al. (31) with permission from Wolters
Kluwer Health.]

Fig. 19. Pronounced increases of CD161�

splenocytes in SHR over WKY is age related
and antecedes hypertension. A: age-related
increases in CD161� cells in splenocyte pop-
ulation are associated with increases in arte-
rial pressure in SHR (shaded bars) vs. WKY
(black bars). B: the increases of CD161�

cells in SHR over WKY are not caused by an
increase in the splenocyte population and
spleen size (C) nor on CD4� (D) or CD8�

cells (E). Values are means � SE. [From
Singh et al. (71) with permission from
Elsevier.]
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from birth (1 day old) to full adulthood (38 wk old) was
compared (71).

In SHR spleens, the CD161� cell number was significantly
greater at birth than in WKY and continued to increase for 5
wk before hypertension developed. Moreover, the number of
CD161� cells dramatically increased with aging, reaching to
one-third of the splenocyte population, and was associated with
the progressive increase in arterial pressure (71). Thus the
CD161 cell surface marker is expressed in an abnormally high
number of immune cells in SHR, and its expression precedes
the development of hypertension. This increase in CD161�

cells is not from increased spleen size and is also independent
of CD4 or CD8 cell surface markers, as the number of CD4�

or CD8� cells was comparable in WKY and SHR (Fig. 19,
C–E). The increased number of CD161� cells was also evident
in the increased infiltration of other organs, such as kidney and
aorta (Fig. 20). When SHRs were infused with nicotine for 24
h, the subset of CD4�CD161� cells increased in spleens. The
identity and role of the CD161� cells in SHR hypertension was
further investigated (71).

CD161, ROR�t, and Th17 molecular markers of inflamma-
tory cells in SHR. The CD161 marker was originally identified
as the human homolog of the NKRP1 glycoproteins expressed
on rodent natural killer cells. Later, it was found to be ex-
pressed on several different cell types. This marker is signifi-
cantly upregulated in CD4� Th17 cells that express the master
regulator transcription factor retinoic acid receptor (RAR)-
related orphan receptor 	 t (ROR	t) and secrete cytokines
IL-17A and IL-17F (37, 71). In fact, CD161 is considered as
one of the defining markers of CD4� Th17 cells (14, 54).

Th17 cells and IL-17 cytokines are involved in several
autoimmune diseases, including Crohn’s disease, psoriasis, and
lupus, as well as in ANG II hypertension and end-organ
damage (52, 53). Since hypertension entails several features of
an autoimmune disorder (29, 63), the CD161� Th17 cells are
likely components of the inflammation response in SHR hy-

pertension. Moreover, SHR splenocytes constitutively express
high levels of ROR	t transcription factor, predominantly in the
CD4� cells (71) (Figs. 21 and 22). When splenocytes are
programmed into Th17 lineage by in vitro T-cell receptor
activation with an agonistic anti-CD3 antibody in the presence
of TGF-� and IL-6, both WKY and SHR cells induced similar
levels of Il-17a RNA, but SHR spleen cells had significantly
greater expression of Il-17f RNA (Fig. 22). Thus, although the
genes for Il-17a and Il-17f are transcribed by ROR	t, they
must be regulated differently in SHR vs. WKY (4, 26).

In vivo, the Th17 polarization is prompted by activation of
T-cell receptors with dendritic cells. A distinctive feature of
dendritic cells is high expression of TLR3. So, when rats were
treated with an agonist of TLR3 (poly-IC), the expression of
Il-17a was modestly increased in both WKY and SHR. How-
ever, the expression of Il-17f was considerably more enhanced
in SHR than in WKY. This increase in Il-17f was significantly
reduced by digoxin, a blocker of ROR	t (35), which also
reduced the hypertension when given over several weeks to
SHRs.

These results indicate that ROR	t in SHR has a greater
potential to produce proinflammatory IL-17F and to a much
greater extent than IL-17A cytokines, which must be contrib-
uting to the hypertension.

Fig. 20. End-organ overexpression of CD161� cells in SHR.
Overexpression of CD161� cell population in kidney and aorta
of SHRs vs. WKYs is shown. FSC, forward scatter. [From
Singh et al. (71) with permission from Elsevier.]

Fig. 21. Importance of ROR	t in Th17 programming. Activated innate im-
mune cells induce Th17 programming of naive CD4� T cells that includes
overexpression of ROR	t. MHC, myosin heavy chain; TCR, T-cell receptor.
[From Singh et al. (71) with permission from Elsevier.]
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Selective endothelial dysfunction by IL-17F. Immune mech-
anisms, including IL-17 cytokines, may cause vascular damage
(53, 70). ROR	t is also known to promote glomerulonephritis
through increased immune cell infiltration and cytokine pro-
duction in renal tissue (72). IL-17A and IL-17F are the closest
members of the proinflammatory IL-17 cytokine family; they
share significant sequence homology. Both are secreted as
homodimers and also form IL-17A/IL-17F heterodimers. How-
ever, these cytokines have distinct as well as overlapping roles
in highly pathogenic inflammatory diseases, including hyper-
tension and end-organ damage (28).

We tested endothelium-dependent vascular relaxation in
WKY rat aortic rings following treatment with IL-17A or
IL-17F. IL-17F treatment impaired ACh-induced, endotheli-
um-dependent vasorelaxation (71) (Fig. 23A). However, so-
dium nitroprusside-induced nonendothelial vasorelaxation was
not affected in IL-17F (Fig. 23B). In contrast, IL-17A treat-
ment did not affect endothelium-dependent vasorelaxation,

even at a higher concentration (Fig. 23C), which actually
enhanced sodium nitroprusside vasorelaxation (Fig. 23D). De-
spite their structural similarity and sharing of receptors (44),
IL-17A and IL-17F display significant differences in their
activities (36, 47) (Fig. 23).

Summary
1. The ANS exerts a powerful modulatory influence on the

immune system with proinflammatory morbid cardiovas-
cular consequences.

2. Vagus nerve activity provides a protective anti-inflam-
matory nicotinic cholinergic effect mediated by �7-nico-
tinic cholinergic receptors.

3. In a genetic model of hypertension (SHR), the anti-
inflammatory effect of nicotine on innate immune cells is
reversed to a proinflammatory response before the onset
of hypertension.

Fig. 22. Pronounced gene expression of ROR�t and Il-17f in
SHR vs. WKY. Proinflammatory cytokine gene induction of
splenocytes into Th17 lineage by T-cell receptor activation
includes a marked overexpression of ROR�t and an enhanced
response of Il-17f, but not Il-17a, in SHR compared with
WKY. Values are means � SE. Untr, untreated. *Statistically
significant difference (P � 0.05). [From Singh et al. (71) with
permission from Elsevier.]

Fig. 23. Effects of IL-17A (C and D) and IL-17F (A and B) on endothelial dysfunction. Selective loss of cholinergic (ACh) endothelial-dependent vasorelaxation
is seen with IL-17F (A) but not IL-17A (C). Neither 17F (B) nor 17A (D) reduced nonendothelial-mediated relaxation with sodium nitroprusside (SNP). Values
are means � SE. *Statistically significant difference (P � 0.05). [From Singh et al. (71) with permission from Elsevier.]
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4. An excessively large population of CD161� splenocytes
is present in SHR in the neonatal state and increases with
age as hypertension develops and progresses.

5. ROR	t, the master regulator transcription factor of Th17
cells, is overexpressed in CD161�CD4� in SHR, which,
when induced by a TLR-3 agonist, express high levels of
the proinflammatory IL-17F cytokine.

6. ACh-induced endothelium-dependent vasorelaxation is
significantly impaired by IL-17F.

Conclusion

The ANS is a powerful regulator of the immune system. The
innate immune system in genetic hypertension is abnormally
induced by the ANS to trigger proinflammatory responses to
endogenous antigens. The findings implicate a dysregulated
immune system with increased IL-17F production by the over-
expressed ROR	t transcription factor in the genetic hyperten-
sion seen in SHR. These provoke pathological renal and
vascular changes that initiate and sustain the hypertensive
state.
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