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Abstract
The autonomic nervous system (ANS), hypothalamic–pituitary–adrenal (HPA) axis, and immune system are connected 
anatomically and functionally. These three systems coordinate the central and peripheral response to perceived and systemic 
stress signals. Both the parasympathetic and sympathetic components of the autonomic nervous system rapidly respond 
to stress signals, while the hypothalamic–pituitary–adrenal axis and immune system have delayed but prolonged actions. 
In vitro, animal, and human studies have demonstrated consistent anti-inflammatory effects of parasympathetic activity. 
In contrast, sympathetic activity exerts context-dependent effects on immune signaling and has been associated with both 
increased and decreased inflammation. The location of sympathetic action, adrenergic receptor subtype, and timing of activ-
ity in relation to disease progression all influence the ultimate impact on immune signaling. This article reviews the brain 
circuitry, peripheral connections, and chemical messengers that enable communication between the ANS, HPA axis, and 
immune system. We describe findings of in vitro and animal studies that challenge the immune system with lipopolysaccha-
ride. Next, neuroimmune connections in animal models of chronic inflammatory disease are reviewed. Finally, we discuss 
how a greater understanding of the ANS-HPA-immune network may lead to the development of novel therapeutic strategies 
that are focused on modulation of the sympathetic and parasympathetic nervous system.
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Introduction

The autonomic nervous system (ANS) plays a crucial 
role in maintaining homeostasis through its connec-
tions to multiple physiologic systems including the 
hypothalamic-pituitary-adrenocortical (HPA) axis and 
the immune system. Although the relationships between 
the ANS and some systems, such as the cardiovascu-
lar system, are understood in significant detail, there is 
still much to be understood about how the ANS, HPA 

axis, and the immune system coordinate a response to 
stress. Through both the parasympathetic nervous sys-
tem (PNS) and sympathetic nervous system (SNS), the 
ANS can reflexively respond to a stress signal within 
seconds. In contrast, the HPA axis and immune system 
take longer to respond and typically have more pro-
longed actions.

This review addresses the brain circuitry, peripheral 
connections, and chemical messengers underlying an 
integrated ANS-HPA-immune network. The first sec-
tion reviews the structural circuitry of the ANS, and 
its connections to HPA axis, and immune system. The 
second section focuses on the chemical messengers and 
receptors that underlie the functional connectivity of 
the network. The final section reviews clinical studies 
that demonstrate a wide array of diseases that are asso-
ciated with a dysregulated ANS-HPA-immune network 
(Fig. 1).
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Anatomy

In this section, important components of the ANS and 
its structural connections with the HPA axis and immune 
system will be reviewed. Our understanding of the ANS-
HPA-immune circuitry has been advanced by transneuronal 
labeling [1, 2], a technique that involves a microinjection of 
neurotropic live viruses into peripheral tissue or brain of the 
study animal. Budding viruses are transported to continu-
ous neurons across synapses. Immunohistochemistry (IHC) 
techniques for viral products enable visualization of primary, 
secondary, or third order neurons [1, 2].

Structures of the autonomic nervous system (ANS)

Structures subserving autonomic function span the 
entire neuroaxis, from the brain to peripheral nerves, 
and beyond to diverse target organs. The term central 
autonomic network (CAN) typically refers to cortical 
and subcortical brain regions that regulate autonomic 
function [3]. Important structures include the nucleus 
of the solitary tract (NTS), insula cortex, hypothalamus, 
amygdala, prefrontal cortex, hippocampus, and periaq-
ueductal gray (PAG) [1, 4]. In the brainstem, the NTS 
is the first relay station for visceral afferent projections 
and sends information through multi-synaptic pathways 
to the hypothalamus as well as limbic structures includ-
ing the hippocampus and prefrontal cortex [5]. The 
hypothalamus is a brain regional critical to the stress 
response and maintenance of homeostasis. It addition 
to information from the NTS, the hypothalamus receives 

signals regarding the internal and external environmen-
tal from forebrain structures, including the primary 
viscero-motor and sensory cortex located in the insular 
cortex. Limbic structures including the prefrontal cortex, 
amygdala, and hippocampus link emotions to the ANS. 
The hippocampus receives multi-synaptic input from 
brainstem nuclei and has connections to the paraven-
tricular nucleus (PVN) of the hypothalamus [5]. Finally, 
the PAG receive connections from the aforementioned 
forebrain structures, the brainstem, and the spinal cord 
and coordinate autonomic and somatic responses to 
stress and pain [5].

In contrast to the highly integrated connections of the 
CAN, caudally there is a structural and functional diver-
gence into parasympathetic, sympathetic, afferent, and 
enteric components of the ANS [6]. The SNS is complex 
and physiologically diverse, sending projections to all 
organ systems in the body. Preganglionic SNS neurons 
reside in the lateral horns of the thoracolumbar segments 
and project to nearby prevertebral, paravertebral, and pre-
visceral ganglia. The post-ganglionic fibers of the SNS 
innervate smooth muscle, cardiac muscle, and parenchy-
mal organs, including all organs of the immune system. 
The parasympathetic division originates from nuclei in the 
brainstem and in the sacral spinal cord [6].

The vagus nerve, the main component of the parasym-
pathetic nervous system, is a bidirectional nerve bundle 
that originates in the medulla and contains both effer-
ent and afferent fibers [7, 8]. Important vagal efferents 
innervate the cardiovascular and gastrointestinal system 
to modulate heart rate and gastrointestinal motility. Vagal 
afferents comprise approximately 80% of the vagus nerve 
and carry visceral information from almost every organ 
system to the NTS [9].

The enteric nervous system (ENS) resides within the 
walls of the gut and modulates gastrointestinal function 
[10]. The ENS receives important cholinergic projec-
tions from gastrointestinal branches of the vagus nerve. 
Vagal efferents stimulate gastric acid production, promote 
motility, and modulate immune cell activity within gas-
trointestinal mucosa [10]. Gut vagal afferent fibers play 
an important role in the “gut-brain axis” and influence the 
brain circuitry involved in mood and anxiety disorders [9].

Anatomic connections between the ANS 
and the immune system

The ANS has structural connections to the organs of the 
immune system which are categorized as primary and sec-
ondary lymphoid organs. The thymus and bone marrow are 
primary lymphoid organs and produce lymphocytes. Sec-
ondary lymphoid organs include the lymph nodes, spleen, 
and tonsils, as well as mucosal tissue of the skin, gut, lungs, 

Fig. 1   Bidirectional anatomical and functional connections exist 
between the autonomic nervous system (ANS), hypothalamic–pitui-
tary–adrenal (HPA) axis, and immune system
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and peritoneum [11]. Both primary and secondary lymphoid 
organs receive significant sympathetic innervation (please 
see [12] for detailed review). In brief, transneuronal labeling 
studies have shown sympathetic innervation to the thymus 
originates in sympathetic premotor neurons in the hypothala-
mus, pons, and medulla oblongata. These premotor neurons 
project to sympathetic preganglionic neurons in the inter-
mediolateral (IML) cell column of the T1-T7 spinal cord. 
Pre-ganglionic neurons in the IML synapse at nearby sympa-
thetic ganglia. Post-ganglionic SNS projections innervate the 
thymus [12]. Similarly, in the case of bone marrow, premo-
tor sympathetic brain nuclei in the hypothalamus, pons, and 
brain stem project to T8-L1 spinal sympathetic pregangli-
onic neurons, with post-ganglionic projections innervating 
the bone marrow. Immunohistochemistry (IHC) studies have 
found no evidence of vagal or sensory innervation to the 
thymus or bone marrow [13–15].

Sympathetic innervation has also been studied in second-
ary lymphoid organs, including the spleen and lymph nodes. 
In animal models, neuronal mapping has demonstrated that 
the spleen receives input from prevertebral sympathetic gan-
glia associated with the celiac-mesenteric plexus and the 
thoracic sympathetic chain through the splenic nerve [13]. 
While there is no evidence for parasympathetic or sensory 
input to the spleen in numerous rodent models [13–15], a ret-
rograde mapping study of the cat splenic nerve using horse-
radish peroxidase demonstrated labeling in the dorsal root 
ganglion, indicating the cat splenic nerve contains sensory 
afferents [16]. In lymph nodes, SNS innervation originates 
from the postganglionic neurons that supply sympathetic 
input to the area of the body where the lymph node resides 
(e.g., the superior cervical lymph node receives innerva-
tion from the ipsilateral superior cervical ganglion) [17]. 
Recently, advanced techniques using optogenetics, RNA 
sequencing, and retrograde labeling have demonstrated that 
lymph nodes receive sensory innervation, and this innerva-
tion has a preference for the LN periphery, where inflamma-
tion-related cellular changes are most likely to occur [18].

Anatomic connections between the ANS 
and the HPA axis

The HPA axis and the ANS are anatomically connected 
through the hypothalamus (Fig. 2). On the efferent side, the 
hypothalamus can trigger the rapid sympatho-adrenomedul-
lary (SAM) pathway, as well as the slower HPA axis. On the 
afferent side, the NTS receives vagal projections that detect 
systemic stress signals (e.g., interleukins, hypoglycemia, 
pain signals). These data are conveyed, via adrenergic and 
noradrenergic projections, to the PVN of the hypothalamus, 
directly activating the HPA axis [19]. Destruction of these 
ascending NTS neurons reduces the HPA axis response to 
systemic perturbations such as an interleukin-1 beta (IL-1 

β) injection and hypoglycemia [20], but does not impact 
the HPA axis response to perceived emotional stressors. 
Therefore, ascending catecholaminergic pathways appear 
to specifically relay afferent detected systemic stress signals 
and are not necessary for perceived stress to influence HPA 
axis output. Communication between the ANS and HPA 
axis is bidirectional. The PVN activates the SNS and PNS 
through projections to the IML and dorsal motor nucleus 
of the vagus (DMV), respectively [19]. The presence of 
both parasympathetic and sympathetic projection neurons 
in the PVN supports its role as a central coordinator of the 
ANS [21].

Activity of the HPA axis and ANS is also influenced 
by top-down processing that encodes perceived or emo-
tional stress. This emotional-autonomic network has been 
identified through both animal tracing and human imag-
ing studies and includes the hippocampus, central nucleus 
of the amygdala, and bed nucleus of the stria terminalis. 
The hippocampus has been identified as a region of par-
ticular importance in activating both the ANS and HPA 
[3]. A direct projection from the ventral subiculum of the 
hippocampus to the PVN has been identified through ret-
rograde transport studies. Activation of glucocorticoid 
receptors (GR) expressed in the hippocampus result in 
decreased activity of the HPA axis [22]. The hippocampus 
also receives information from the main vagal relay sta-
tion, the NTS, through a multi-synaptic pathway, indicating 
that the hippocampus receives information regarding both 
perceived and afferent-detected stressors [5].

Physiology

In this section, we will describe the chemical messengers 
that enable communication between the ANS, HPA axis, 
and immune system.

Neurohumoral interactions between the ANS 
and the immune system

Both the SNS and PNS have chemical connections to the 
immune system. In the PNS, both pre- and post-gangli-
onic parasympathetic fibers use acetylcholine (ACh) as 
their main neurotransmitter. ACh binds to muscarinic 
(mAChR) and nicotinic receptors (nAChr) that are each 
comprised of several subunits that heterodimerize to enable 
cell and tissue specificity [23]. Immune cells have both 
muscarinic and nicotinic receptors. A receptor subtype, 
which appears to be particularly important for immune 
signaling modulation, is the α7ChR. This receptor exists 
on innate immune cells including macrophages, dendritic 
cells, and T and B cells and plays an essential role in the 
suppression of cytokine synthesis through the cholinergic 

953Neurological Sciences (2022) 43:951–960



1 3

anti-inflammatory pathway (discussed further in “Animal 
models” section).

In the SNS, pre-synaptic fibers use acetylcholine as their 
neurotransmitter, while post-ganglionic sympathetic fib-
ers use norepinephrine (NE), with few exceptions [24]. NE 
binding of β and α adrenergic receptors (AR) on immune 
cells triggers second messenger systems including protein-
kinase-A (PKA) and the mitogen-activated protein kinase 
(MAPK) pathways. Activation of these second messenger 
pathways modulate cytokine release and alter immune cell 
differentiation, leading to pro- or anti- inflammatory activ-
ity [25]. Activation of α-AR leads to an increase in pro-
inflammatory cytokines tumor necrosis factor alpha (TNF-α) 
and IL-6, while the activation of β-AR is associated with 
lower levels of inflammation [26]. Anti-inflammatory action 
occurs through inhibition of pro-inflammatory cytokines or 
promotion of anti-inflammatory cytokines such as IL-1ra, 
TNF-receptor fragments, and IL-10 [26]. Relative α/β-AR 
expression and differences in NE binding affinity for 

α/β-ARs permit context-dependent effects of SNS activity 
on immune cell signaling [25].

In addition to post-ganglionic release of NE directly on 
lymphoid organs and immune cells, NE is released into the 
blood stream following activation of the sympatho-adre-
nomedullary (SAM) axis by the hypothalamus following 
a stress [27]. Systemically, NE has indirect actions on the 
immune system through regulation of blood and lymph 
flow, recruitment of inflammatory cells, and stimulation of 
leukocyte generation in the bone marrow [28]. The concen-
tration of NE in the systemic blood stream is lower than the 
concentration of NE found at the junction of post-gangli-
onic fibers and α/β-AR. NE has a higher binding affinity at 
α-AR. Thus, it has been posited that systemically circulat-
ing NE acts predominantly at α-AR, while NE released by 
post-ganglionic projections acts at both α-AR and β-AR 
[25]. Therefore, the location of NE activity contributes to 
the context-dependent influences of the SNS on the immune 
system.

Fig. 2   Stress signals, detected 
by afferents, and perceived 
stress, detected by the forebrain, 
are processed through bottom-
up and top-down circuits that 
activate the hypothalamic 
pituitary adrenal (HPA)-axis 
and autonomic nervous system 
(ANS)

Limbic forebrain (Hippocampus,
amygdala, prefrontal cortex)

ANS

Hypothalamus
(PVN)

Brainstem (NTS), circumventricular
organs

Perceived stress signals

Afferent detected stress signals:
e.g Pain, Immune signaling
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Neurohumoral interactions between the ANS 
and the HPA axis

The HPA axis and ANS interact at several levels of the 
neuroendocrine axis through their effector molecules, i.e., 
glucocorticoids in the case of the HPA axis and norepineph-
rine for the ANS. The majority of studies demonstrate that 
catecholamines (including norepinephrine) activate the HPA 
axis. Dual labeling IHC studies have demonstrated that cat-
echolamine-synthesizing afferents, originating in the NTS, 
terminate on cells in the PVN that release corticotropin 
releasing factor (CRF). CRF travels in the hypophyseal por-
tal system to stimulate the anterior pituitary gland to release 
adrenocorticotropic hormone (ACTH), which in turn stimu-
lates the release of glucocorticoids from the adrenal glands 
[29]. Activation of the SAM pathway also results in systemic 
release of catecholamines that act on ARs in the PVN to 
stimulate the HPA axis [30].

The mechanisms by which the HPA axis influences ANS 
activity are less well understood but likely involve reduced 
parasympathetic activity and cardiovagal baroreflex sensi-
tivity. In animals, administration of glucocorticoids in the 
NTS rapidly decreased the activity of baroreceptive neu-
rons and depressed cardiovagal baroreflex sensitivity [31]. 
This result was reproduced in human subjects [32]. A bolus 
of hydrocortisone acutely increased heart rate and blood 
pressure and reduced cardiovagal baroreflex sensitivity and 
heart rate variability in healthy young males [32]. While 
this mechanism is still under investigation, glucocorticoid 
modulation of serotonergic signaling between the prefrontal 
cortex and the amygdala through 5HT1A receptors may play 
an important role [33].

Pathophysiology

In this section, we describe how the ANS, HPA axis, and 
immune system communicate during acute and chronic 
stress. First, we will first describe findings of in vitro and 
animal studies that use lipopolysaccharide (LPS) to acutely 
challenge the immune system. LPS is an endotoxin present 
on gram-negative bacteria which triggers the innate immune 
response. Next, neuroimmune connections in animal mod-
els of more chronic inflammatory disease will be reviewed. 
Finally, human observational and interventional studies 
examining the therapeutic potential of PNS and SNS modu-
lation will be discussed.

In vitro studies

To understand the role of the PNS in inflammation, 
α7nAChR has been studied in immune cells exposed to 
LPS. Both macrophages and dendritic cells treated with 

ACh release less TNF-α, IL-6, and other pro-inflammatory 
cytokines in response to LPS through actions of ACh at 
α7-nAChR [34, 35]. Through α7-nAChR, ACh also sup-
presses macrophage production of LPS-induced matrix 
metalloproteinases (MMP)-9, an activator of cytokines and 
chemokines. [36]

Following an LPS challenge, the SNS can have pro- or 
anti-inflammatory effects on immune signaling that depend 
on AR subtype [37]. As seen in the resting state (described 
in Sect. 3.1), α-AR activity is pro-inflammatory, while β-AR 
is anti-inflammatory [12, 38]. Stimulation of macrophage 
α-ARs with an α-agonist or a low concentration of NE (that 
preferentially activates α-AR) increased the production of 
LPS-induced TNF-α [39]. This effect was prevented by the 
α-AR antagonist yohimbine [39]. In contrast, NE action at 
macrophage β-ARs decreased LPS-induced TNF-α. The 
augmentation of TNF-α by NE was inhibited by a β-blocker 
[12, 38].

Animal models

Experimental models of endotoxemia have measured the 
effect of physical manipulation of the vagus nerve (i.e., 
vagal nerve stimulation or vagotomy), genetic manipulation 
of cholinergic receptors, or pharmacologic stimuli (cholin-
ergic or anticholinergic) on the response to an inflammatory 
stimulus. Vagal afferents play a critical role in the detec-
tion and transmission of systemic stress signals to the brain. 
Rodents post vagotomy did not display the central increase 
in IL-1β expression following a peripheral injection of LPS 
[40, 41]. The brain may also initiate a response to stress sig-
nals through vagal efferents. Following LPS administration, 
stimulation of the peripheral vagus nerve resulted in attenu-
ated serum TNF-α production and a lower likelihood of sep-
tic shock [35]. The anti-inflammatory effect of vagal nerve 
stimulation (VNS) has been demonstrated in other models of 
acute inflammatory stress including experimental pancrea-
titis [42] and myocardial ischemia/reperfusion injury [43]. 
In models of chronic disease including inflammatory bowel 
disease [44], arthritis [45], and cardiovascular disease [46], 
VNS reduces inflammation and disease severity. The precise 
anti-inflammatory mechanism is incompletely understood 
and is not purely parasympathetic, as sympathetic interme-
diaries are required [47]. While diminished TNF-α release 
from splenic macrophages is a broadly accepted part of the 
“cholinergic anti-inflammatory pathway” (CAP), there is no 
evidence for vagal innervation of the spleen. The necessity 
of splenic adrenergic neurons, ACh-producing T cells, and 
the α7ChR has been established in animal models, as vagal 
stimulation did not produce TNF-α suppression in mice 
without functional T cells, mice lacking α7ChR, and mice 
post splenectomy [48]. One working model proposes that 
vagal efferents may influence adrenergic mesenteric ganglia 
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supplying post-ganglionic projections to the spleen through 
the splenic nerve [49]. Sympathetic innervation may activate 
β2AR on splenic T cells to release ACh and activate α7ChR 
on splenic macrophages which results in decreased produc-
tion of TNF-α [34]. A rodent model of immune-mediated 
arthritis provides another example of how vagal activity 
reduces inflammation through a circuitry involving the SNS 
and stimulation of β2AR [50, 51].

The impact of systemic and local SNS action on immune 
signaling and disease progression has been studied in ani-
mal models of inflammatory disorders. NE released into the 
bloodstream primarily acts through pro-inflammatory α-AR 
[52]. Local release of NE by post-ganglionic fibers on target 
tissue (e.g., synovial fluid, hepatocytes, adipose tissue, or 
intestine) can act at β-AR or α-AR. In a rodent model of 
immune-mediated hepatitis, activation of β2AR produces 
anti-inflammatory effects [53, 54]. Receptor expression lev-
els, sensitivity, and concentration of NE determine the bal-
ance of α /β-AR activity, and thus, pro-/anti-inflammatory 
impact of adrenergic modulation. Disease severity at time of 
SNS modulation is another important contextual factor that 
can determine the ultimate consequence of SNS activity on 
immune signaling [55].

Human studies

The ANS-HPA-immune network has been studied in humans 
through observational and interventional studies. Obser-
vational studies have typically examined ANS activity in 
patients with chronic inflammatory disorders or have made 
associations between immune signaling molecules and ANS 
activity. Interventional studies have used both vagus nerve 
stimulation and pharmacological agents to modulate ANS 
signaling in patients with inflammatory diseases.

Observational studies in humans

Basic tenets of cardiac physiology have driven the design of 
many observational studies. Heart rate variability (HRV), 
defined as the fluctuation in length of sequential R-R inter-
vals, is determined by parasympathetic and sympathetic 
efferent activity to the heart [56]. Reduced HRV is a marker 
of dysautonomia and is associated with many chronic dis-
eases [56]. The balance of sympathetic and parasympathetic 
input can be assessed through time and frequency-domain 
analyses of HRV. The high-frequency (HF) component of 
HRV is associated with vagally mediated activity and flex-
ibility of the ANS, while the low-frequency (LF) component 
of HRV has been theorized to reflect more general ANS 
activity, but with a sympathetic predominance [57]. The 
majority of studies examining the relationship between the 
ANS and immune signaling have utilized indices of resting 
HRV. A more limited body of work has used measures of 

reflexive HRV including changes in heart rate in response 
to stimuli such as valsalva maneuver (VM), deep breathing, 
and tilt-table testing.

In observational studies, parasympathetically mediated 
indices of cardiac function are negatively associated with 
both markers of inflammation and chronic inflammatory 
diseases, while those associated with SNS activity are posi-
tively associated with markers of inflammation and chronic 
inflammatory diseases [58]. In a recent meta-analysis, the 
parasympathetically mediated HF-HRV and standard devia-
tion of R-R intervals (SDNN) had the strongest correlations 
(negative direction of effect) with markers of inflammation 
[58]. The association between low vagal activity and vulner-
ability to inflammation is present early in life. In pre-term 
infants, for every one standard deviation decrease in HF-
HRV, the odds ratio of developing necrotizing enterocol-
itis (NEC) increased ten-fold [59]. In adults, patients with 
inflammatory bowel disease (IBD) had lower HF-HRV 
compared to healthy controls. In adults, rheumatoid arthritis 
(RA), IBD, and neuropsychiatric conditions are all associ-
ated with cardiac measurements indicative of lower resting 
vagal activity [58]. Using measures of reflexive HRV, our 
lab has demonstrated that vagal dysfunction in patients liv-
ing with HIV is associated with small intestinal bacterial 
overgrowth (SIBO), which is linked to elevation of the pro-
inflammatory cytokine IL-6 [60].

Studies focused on the SNS in humans are methodologi-
cally more complex for reasons related to the physiology and 
pathophysiology of the system itself and issues of measure-
ment. The SNS is a tonically active system and as such its 
dysfunction may involve under- or over-activity or a com-
bination thereof. For example, a hyperadrenergic state has 
been described in early diabetic autonomic neuropathy prior 
to development of more overt autonomic failure [61]. More-
over, physical and psychological stressors and the activity 
of the HPA axis influence short-term SNS activity. Meth-
odologic challenges center upon the difficulty of directly 
measuring SNS activity. Microneurography, although tech-
nically challenging, can directly record muscle sympathetic 
nerve activity (MSNA) but is limited by significant floor 
effects. Sympathetic nerve fiber density provides detailed 
local information but requires collection of tissue specimen. 
Thus, many studies use heart rate and blood pressure-based 
parameters, including LF-HRV (as described above), and 
adrenergic baroreflex sensitivity (BRSA), a continuous vari-
able defined as the rate of systolic blood pressure recovery 
(mmHg/second) following release of the VM. Drawbacks 
include dependence on patient effort during the VM and 
confounding effects of medications.

Congruent with the signal transduction pathways identi-
fied through in vitro and in vivo models, human observa-
tional studies have shown context-dependent influences 
of adrenergic signaling during inflammation. An acute, 
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robust increase in NE concentration acts through β-AR to 
reduce inflammation. In acute sepsis, NE infusion has an 
anti-inflammatory effect that correlates with the infusion 
rate and can be inhibited with a β-blocker [62]. Similarly, 
a hyperventilation technique that significantly increased 
resting NE and LPS-induced NE resulted in reduced 
production of IL-6, IL-8, and TNF-α in healthy controls 
[63]. In contrast, when the inflammation state persists, as 
occurs in many chronic inflammatory illnesses, systemic 
SNS activity is positively correlated with inflammation. 
[64] For example, increased SNS activity in hypertension 
is associated with cardiac inflammation and remodeling 
[65]. In patients with RA, general sympathetic activity 
as measured by MSNA was positively correlated with 
C-reactive protein (CRP) [64]. The pro-inflammatory 
influence of NE in states of chronic inflammation may be 
related to downregulation and desensitization of immune 
cell β2-ARs following chronic stimulation that favors pro-
inflammatory α-AR signaling [52]. In chronic diseases, 
there is also local repulsion of SNS fibers from immune 
organs, reducing NE concentration at target tissue and the 
local anti-inflammatory action at β-AR [64].

Human interventional studies

There has been significant interest in treating inflamma-
tory conditions through modulation of vagal nerve activ-
ity [66]. In a small pilot study on patients with mild and 
moderate Crohn’s disease study, surgically implanted 
VNS, or “invasive” VNS (iVNS), resulted in symptomatic 
improvement in the majority of patients [67]. Further, fol-
lowing incubation with LPS, blood samples from Crohn’s 
patients who received iVNS had a reduction in TNF-α 
levels [68]. A non-invasive handheld VNS device (nVNS, 
gammaCore) was FDA-cleared for the treatment of two 
inflammatory disorders, migraine and cluster headache 
disorders [69]. In women with Sjogren’s syndrome, nVNS 
for 4 weeks was associated with reductions in IL-1β and 
TNF-α levels [70]. In patients with refractory gastropa-
resis, almost half experienced symptomatic improvement 
with the use of nVNS 2–3 times daily [71]. In our own lab, 
we found that 8 weeks of the acetylcholinesterase inhibi-
tor, pyridostigmine, resulted in improved small intestinal 
bacterial overgrowth (SIBO) and decreased levels of pro-
inflammatory cytokines for our patients with HIV-auto-
nomic neuropathy [72].

The majority of therapeutic interventions targeting the 
ANS have focused on increasing cholinergic signaling. How-
ever, studies that have targeted the SNS have also shown 
promising results. In a small randomized double blind study, 
sympathetic ganglionectomy decreased pain for patients 
with RA [73]. The analgesic effect of β blockers has been 

examined for the treatment of surgical pain. An infusion of 
esmolol during surgery was found to decrease post-operative 
pain severity and opioid consumption [74, 75]. Patients with 
active UC, given 8 weeks of transdermal clonidine, had a 
reduction in sympathetic activity as measured by MSNA, 
plasma epinephrine levels, and spectral indices of cardiac 
sympathetic activity. The reduction of sympathetic overac-
tivity correlated to reduction in UC disease activity [76].

Remaining questions and future directions

The anatomically and functionally interconnected ANS-
HPA-immune plays an important, but incompletely under-
stood role in inflammatory disease development. In this 
final section, we pose questions that reflect current gaps 
in our understanding of the ANS-HPA-Immune network.

1)	 What role does the SNS play in the transition from a 
state of acute to chronic inflammation and can modu-
lation of the SNS early in disease prevent inflamma-
tory chronification? While the majority of therapeutic 
advances have focused on modulating the PNS, modulat-
ing the SNS during key windows of disease vulnerability 
may prevent a state of chronic inflammation. The ani-
mal models comparing the efficacy of sympathectomy 
in early and late stages of RA suggest that the timing 
of SNS modulation is critical. By preventing chronic 
inflammation, SNS modulation may also be a promis-
ing analgesic. Viewing pain as a state of dysregulated 
ANS-HPA-immune signaling sheds light on the putative 
analgesic mechanisms of angiotensin receptor blockade 
and alpha/beta blockade in migraine treatment [77].

2)	 How do sex hormones influence the ANS-HPA-immune 
network? Few studies have examined sex differences in 
the ANS-HPA-immune network. There are sex differ-
ences in the autonomic nervous system [78] and HPA 
axis [68]. Estrogen has been shown to decrease sym-
pathetic nerve discharge by ~ 30%. Further, injection of 
estrogen into areas of the CAN including the NTS and 
medulla also decreases sympathetic activity and heart 
rate, suggesting both peripheral and central actions of 
estrogen on the ANS [79]. This is an opportunity for 
future studies to advance our understanding of the 
female predominance of chronic inflammatory diseases.

3)	 Does the hippocampus provide the anatomical substrate 
for the link between disorders of central inflammation, 
dysautonomia, and a dysregulated HPA axis? The hip-
pocampus’s modulation of the ANS and HPA axis, as 
well as its plasticity, make it an important, yet under-
studied, coordination center of the HPA axis, ANS, and 
immune systems through mechanisms that are not yet 
well understood [16]. Hippocampal atrophy is present 
in a diverse array of disorders associated with low-grade 
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inflammation and dysautonomia. However, few studies 
have examined the role of the hippocampus in coordinat-
ing the ANS-HPA-immune system [80].

By addressing these questions, we hope future studies 
will lead to the development of novel therapeutic strate-
gies for our patients suffering from diseases that involve a 
dysregulated ANS-HPA-immune network.
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