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Summary

Neural reflex circuits regulate cytokine release to prevent potentially damaging inflammation and 

maintain homeostasis. In the inflammatory reflex, sensory input elicited by infection or injury 

travels through the afferent vagus nerve to integrative regions in the brainstem, and efferent nerves 

carry outbound signals that terminate in the spleen and other tissues. Neurotransmitters from 

peripheral autonomic nerves subsequently promote acetylcholine-release from a subset of CD4+ T 

cells that relay the neural signal to other immune cells, e.g. through activation of α7 nicotinic 

acetylcholine receptors on macrophages. Here, we review recent progress in the understanding of 

the inflammatory reflex and discuss potential therapeutic implications of current findings in this 

evolving field.
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Neural regulation of inflammation is ancient

The immune system must prevent invasion by pathogens, but simultaneously tolerate 

symbionts (1, 2) and avoid excessive responses against host tissue which could cause non-

resolving inflammation and autoimmune diseases (3). Under certain conditions, for example 

in sepsis, the immune response can be more injurious than the pathogen invasion (4). 

Immunity is normally strictly regulated to effectively suppress pathogens and tumors but 

simultaneously allows for host-microbial synergy, organism growth, and reproduction. 

Within the immune system, inhibitory cytokines, soluble cytokine receptors, lipoxins and 

resolvins, as well as glucocorticoids and other hormones, can constrain activity and promote 

resolution (5, 6). Recent discoveries show that neural reflexes that control inflammation are 

an ancient component of animal physiology (7). Caenorhabditis elegans is one of the least 
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complex animals with a nervous system. These nematodes are equipped with a feeding 

system, gut, and a nervous system, but lack skeletal elements and a circulatory system. In 

this relatively simple organism, the innate immune response to bacterial invasion of non-

neural cells is regulated by nerve signals (8). Neural reflexes regulate immunity also in 

higher vertebrates (3). Indeed, the nervous system has a number of features which makes it 

well suited for homeostatic control.

Neural reflexes

Nerves are uniquely capable signal transmitters. In contrast to endocrine factors, they deliver 

precisely targeted signals instantaneously. The central nervous system (CNS) communicates 

with practically all parts of the body through sensory and motor neurons. The complex 

organization of the CNS with numerous types of highly organized neuronal systems 

continuously process multiple external and internal inputs and interacting layers of neural 

networks in the CNS can integrate set points and sensory signals to fine-tune the motor 

response. In this way, autonomic homeostatic reflexes regulate a number of vital functions, 

including heart rate, vascular tone, respiration, temperature, and intestinal motility. 

Accumulated experimental evidence indicates that the immune system is regulated in a 

similar manner through the inflammatory reflex. This system of balanced integration of 

input signals and set points provides for sophisticated optimization and coordination of 

organ function.

Reflex control of immunity: the sensory arc

An important task for the nervous system is to sense and respond to threats, be it with pain 

and behavioral changes or reflex withdrawal from noxious stimuli. Hence, it is resonable 

that the CNS is involved in sensing and regulation of inflammation. Infection and injury can 

induce a wide range of behavioral and physiological responses, including social isolation, 

reduced food intake, increased sleep, fever, hyperalgesia and mobilization of energy 

reserves (9), which indicates that the CNS monitors inflammation and manages resources to 

promote homeostasis. Alert signals from the periphery reach the brain through several 

different routes, including via specialized cells in the brain vasculature, choroid plexus and 

circumventricular organs, and through TLRs and cytokine receptors in the brain (10–12). 

Peripheral afferent nerves transmit ‘danger signals’ and elicit neural reflexes which regulate 

the immune response. A prototypical neural reflex circuit of this kind is the ‘inflammatory 

reflex’ which includes a sensory arm in the afferent vagus and a motor arm in the efferent 

vagus nerve (3) (Fig. 1). The following sections focus on this neural circuit.

Cytokine-producing innate immune cells respond to pathogen-associated molecular patterns 

(PAMPs) and danger-associated molecular patterns (DAMPs), derived from microbes or 

damaged host tissue. Dendritic cells, capable of releasing IL-1β and prostaglandins (13, 14), 

reside in close proximity of vagus nerve fibers in the periphery, for example in lymph nodes 

and the intestine (10). Afferent neurons in the vagus nerve express receptors for IL-1β and 

prostaglandins (15) and mRNA and protein for TLR4 have been found in the nodose 

ganglion of the afferent vagus nerve (16) and in the carotid chemoreceptor (17). Injection of 

intravenous or intra-peritoneal LPS activates afferent vagus neurons (18, 19) and 
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administration of IL-1β in the periphery gives rise to nerve signals (20, 21) as well as 

transcription and protein synthesis (15, 19) in the afferent vagus nerve. c-fos staining, a 

marker of neuronal activity, was combined with retrograde tracing of vagus fibers 

terminating in the gut, and showed that a high percentage of these efferent neurons express 

c-fos 24 h after experimental abdominal surgery. Selective ablation of vagal fibers to the gut 

reduced the number of c-fos-positive neurons and increased leukocyte recruitment into the 

muscular wall of the intestine (22). Furthermore, administration of microbial species in the 

periphery slows heart rate, a classical sign of increased efferent vagus nerve activity. 

Extensive pharmacological and physiological studies have established that vagus nerve 

activity is associated with increased heart rate variability (HRV). Decreased HRV has been 

linked to sensing of increased cytokine levels, PAMPs and DAMPs and bacterial and fungal 

infection (16, 17, 23, 24). There is a strong correlation between decreased HRV and 

morbidity and mortality in a number of diseases associated with excessive inflammation, 

including myocardial infarction, rheumatoid arthritis, ulcerative colitis and multiple organ 

failure, and the anti-inflammatory effects of efferent vagus signaling likely contributes to 

this association (25–30).

Signals through the afferent vagus nerve reach the nucleus tractus solitarius (NTS) in the 

brainstem medulla oblongata, which is interconnected with the dorsal motor nucleus, where 

the majority of efferent vagus nerve fibers originate. Afferent signaling also activates central 

neurons that project to the hypothalamus and other CNS nuclei (10). These neural 

projections are important for the inflammatory response, e.g. regulation of the 

neurohormonal hypothalamus-pituitary-adrenal (HPA) axis with its associated 

glucocorticoid production, and for induction of fever. Furthermore, afferent vagus nerve 

activity in response to LPS or IL-1β-administration in the periphery causes efferent vagus 

nerve signaling to the thymus, as well as increased activity in the splenic nerve (20, 31, 32). 

Subdiaphragmatic vagotomy abolishes the effects on adrenocorticotropin of intraperitoneal 

administration of LPS or IL-1β (10), unless systemic IL-1β levels reach high levels (33), and 

blocks IL-1β- induced hyperthermia (34). Increased cytokine levels in the periphery and 

exogenous administration of proinflammatory cytokines also elicit sickness behavior. 

Reciprocally, blockade of the cytokines IL-1β, IL-6 and TNF abolishes this response (35, 

36). Hence, a sensory arc for inflammation is in place.

These findings suggest that peripheral nerves alert the CNS to threats before the condition 

becomes severe enough to produce systemic levels of inflammatory mediators that can 

directly activate receptors in the brain. The processing mechanisms in the CNS of afferent 

nervous signals elicited by peripheral inflammation are not well understood. CNS perception 

of inflammation alters behavior, a range of physiological parameters, and induces nervous 

signals that regulate immunity in the periphery. In support of this notion, pharmacological 

activation of the CNS can protect from excessive cytokine production by efferent signaling 

through the vagus nerve (37); the tetravalent guanylhydrazone CNI-1493 (semapimod) 

likely functions by activating CNS centers and subsequent activation of the efferent vagus 

nerve-based cholinergic arm of the inflammatory reflex (38). Intrathecal CNI-1493 inhibits 

peripheral inflammation and this effect is abolished by vagotomy (39, 40). Pharmacological 

modulation of central muscarinic cholinergic activation by muscarine, the M1 receptor 

agonist McN-A-343, and the M2 receptor antagonist methoctramine is associated with 
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increased efferent vagus nerve activity and reduces serum TNF levels significantly during 

endotoxemia (41). Treatment with galantamine, a centrally acting acetylcholine esterase 

inhibitor used clinically to increase central cholinergic signaling for treatment of Alzheimer

¢s disease, also reduces serum levels of TNF in endotoxemia, and this effect is attenuated by 

vagotomy (42), corroborating the role of the vagus nerve in this system.

Although facets of the sensing and processing of immunerelated signals by the CNS have 

been delineated, understanding of the complete stepwise process is incomplete and yet 

unidentified pathways are likely to exist. Nevertheless, more has recently been learned about 

how cholinergic regulatory signals from the CNS are propagated to target immune cells 

through efferent cholinergic nerves.

Reflex control of immunity: the efferent arc

Neuroanatomy

Activation of efferent cholinergic signaling has profound effects on the systemic production 

of TNF in endotoxemia (6). The vagus nerve provides a key pathway for this effect. Both 

pharmacological and electrical stimulation of the vagus nerve substantially improve 

outcome and reduce pro-inflammatory cytokine levels in a wide range of experimental 

inflammatory and auto-immune diseases (Table 1). Reciprocally, ablation of the cervical 

vagus nerve prevents activation of the motor vagus from reducing systemic TNF in 

endotoxemia (37, 43).

The vagus nerve originates in the brainstem medulla oblongata and travels down the neck 

before spreading to the organs of the chest and abdomen. A series of tracing experiments 

using injection of fluorescent anterograde carbocyanine dyes into the dorsal motor nucleus 

of the rat vagus tracks efferent vagal neurons to visceral ganglia, including the celiac plexus 

(44, 45). Signals in the vagus nerve are subsequently propagated to the spleen via the splenic 

nerve (46, 47). Approximately 90% of TNF released systemically in the early phase of 

rodent endotoxemia originates in the spleen (46) and splenectomy protects against sepsis 

lethality (48). Therefore, the spleen is a primary target for signals in the efferent pathway of 

the inflammatory reflex. Vagus nerve stimulation (VNS) in vivo attenuates endotoxemic 

TNF production in splenic red pulp and marginal zone macrophages (46). The inhibitory 

effect of electrical VNS on splenic TNF production is abrogated by surgical ablation of the 

splenic nerve or by catecholamine depletion by reserpine, indicating a functional connection 

between vagal cholinergic and splenic catecholaminergic nerve fibers through these ganglia. 

Electrical stimulation of the distal stump of a transected cervical vagus nerve resulted in 

catecholamine release to the blood stream, but not in splenectomized animals (49). Within 

celiac plexus ganglia, vagus nerve efferents may transmit information through interneurons 

(50) or to postsynaptic, catecholaminergic neurons directly. Severing of the common celiac 

nerve also abolishes TNF suppression by VNS, suggesting that the efferent arc of the 

inflammatory reflex is functionally hardwired through the vagus nerve and celiac plexus to 

the spleen (47, 48).

The CNS can transmit signals to the celiac ganglion not only through the vagus nerve, but 

also through the sympathetic chain. However, data from experimental diseases support 
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requirement of vagal efferent signaling for the integrity of the inflammatory reflex. After 

cervical vagotomy, electrical stimulation of the distal vagus stumps protects against injuries 

from hypovolemic shock, burns and injuries from mechanical ventilation (51–53). In two 

burn models, VNS protected against injury, but if vagotomy was performed below the 

region of stimulation, the protective effect was abolished (54, 55). Another recent study 

showed that increased vagal activity, as determined by the high frequency (HF) domains of 

HRV, inversely correlates to TNF and IL-6 levels in endotoxin-stimulated whole blood (23), 

suggesting that the innate immune response to PAMPs is under control of efferent signals in 

the vagus nerve. In line with this, treatment of cultured macrophages with agonists for 

nicotinic acetylcholine receptors such as nicotine or acetylcholine significantly reduces their 

endotoxin-induced release of TNF and other pro-inflammatory cytokines, including 

cytokines associated with inflammasome activation such as IL-1β and IL-18 (56). Taken 

together, our current understanding is that the vagus nerve acts reflexively to dampen 

inflammation in the periphery, specifically, but not exclusively, through neural projections 

to the spleen. This signal culminates in inhibition of cytokine producing immune cells by 

activation of their cholinergic receptors. Intriguingly, the spleen lacks cholinergic 

innervation and the splenic nerve is chatecoholaminergic. How does this neural signal then 

activate cholinergic receptors in the spleen?

Nerve to immune cell signaling in spleen

Stimulation of the splenic nerve increases splenic levels of norepinephrine (49). 

Anatomically, the adrenergic splenic nerve fibers terminate in T-cell-rich areas and have 

been observed to form synaptic-like structures with immune cells (57). This organization 

raises the possibility of intimate crosstalk between efferent splenic nerves and resident 

splenic immune cells. Blocking beta-adrenergic, but not alpha-adrenergic, receptors in the 

spleen ex vivo abolished the inhibition of splenic TNF production by splenic nerve activation 

(58). Recently, these findings were supported by observations in vivo. Vida et al. found that 

splenic nerve stimulation or administration of β-adrenergic agonists, respectively, indeed 

reduced systemic levels of TNF in endotoxemia (59). Hence, adrenergic signaling in the 

spleen has significant effects on TNF release.

Concomitantly, it has been shown that the integrity of the inflammatory reflex is critically 

dependent on expression of the α7 nicotinic acetylcholine receptor (α7nAChR), since 

electrical or pharmacological activation of the cholinergic anti-inflammatory pathway does 

not attenuate TNF release in α7nAChR-deficient mice (42, 60). Systemic levels of TNF in 

endotoxemia were higher in the α7nAChR-deficient animals than in controls, suggesting 

tonic inhibition of inflammation mediated by signaling through the α7nAChR. α7nAChR is 

expressed at several anatomic locations and in different cell types, including neurons, glial 

cells, and T cells. It is common in the brain, and present in autonomic ganglia (61, 62). 

Accumulating evidence indicates that the α7nAChR expression in macrophages is vital for 

acetylcholine-mediated suppression of TNF release: cholinergic agonists fail to inhibit TNF 

release in macrophages with suppressed α7nAChR expression mediated by anti-sense 

treatment (60) or in macrophages from α7nAChR-deficient mice (63). Because of the 

known wide-spread expression of α7nAChR, it was still theoretically possible that the 

integrity of the inflammatory reflex relied on α7nAChR not in macrophages, but in the CNS 
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or in autonomic ganglia. This ambiguity was resolved by performing VNS in animals with 

chimeric expression of the α7nAChR. The chimeras were created by cross-transferring 

bone-marrow: Wild type mice were transplanted with bone-marrow from α7nAChR-

deficient donors, effectively creating mice with a α7nAChR-deficient immune system and a 

wildtype nervous system. Reciprocally, α7nAChR deficient mice received bone-marrow 

from wildtype donors, which created mice with a wildtype immune system and a α7nAChR-

deficient nervous system. In endotoxemia, VNS failed to reduce systemic TNF levels in 

animals with an α7nAChR deficient immune system, while α7nAChR deficiency in the 

nervous system did not interfere with the TNF attenuating effects of VNS (64). This 

observation locates the requirement for α7nAChR in the efferent arc of the inflammatory 

reflex to immune cells, and indicates that cholinergic ligands directly regulate immune cells 

in vivo. Hence, both adrenergic and cholinergic signaling in the spleen play key roles in the 

inflammatory reflex.

It has long been known that the spleen contains substantial amounts of acetylcholine, but its 

source had not been thoroughly investigated. In fact, soon after Otto Loewi in the early 20th 

century elucidated the chemical basis of synaptic transmission by stimulating the vagus 

nerve of an innervated frog heart causing it to slow, and then using conditioned media from 

this stimulation to slow a second, denervated heart, Henry Dale isolated the active agent, 

acetylcholine, from ox and horse spleen (65, 66). Today, it is axiomatic that acetylcholine is 

a principle neurotransmitter released under the control of action potentials in the vagus 

nerve. Although it has been known for a century that the spleen contains large amounts of 

acetylcholine, the source and role of splenic acetylcholine was not well understood.

Choline acetyltransferase-expressing T cells in the inflammatory reflex

T lymphocytes can express choline acetyltransferase (ChAT), the enzyme that catalyzes 

acetylcholine biosynthesis and are capable of making and releasing acetylcholine (67). 

These insights together with the effect of VNS on immune cells, the requirement of spleen 

acetylcholine, and the proximity of nerve endings and T cells in spleen, lead to the discovery 

of a role for splenic T cells in propagation of nerve signals. Analysis of microdialysis 

samples from spleen showed that activation of the vagus nerve increased splenic 

acetylcholine levels (68). Hence, although the spleen is devoid of cholinergic nerve fibers, 

signals conveyed by the vagus nerve can promote release of acetylcholine in spleen. This 

realization suggested that acetylcholine-producing lymphocytes link the catecholaminergic 

splenic nerve signal to acetylcholine-responsive target cells to attenuate release of TNF. 

Splenic nerve endings predominantly terminate in the splenic white pulp, and stimulation of 

the splenic nerve increases release of norepinephrine from the spleen (57, 69).

Adrenergic stimulation promotes acetylcholine release from T cells (68). If specialized T 

lymphocytes in the spleen white pulp are a functional and integral part of the efferent arc of 

the inflammatory reflex, VNS should fail to reduce endotoxemic levels of TNF in T-cell-

deficient mice. In agreement with this prediction, VNS does not reduce systemic levels of 

TNF in endotoxemia in T cell deficient nude mice (68). Hence, T cells are necessary for the 

integrity of the inflammatory reflex. Further studies revealed that ChAT-expressing T cells 

capable of acetylcholine synthesis constitute approximately 10% of CD3+ CD4+ CD44hi 
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CD62Llow cells. Adoptive transfer of these cells is sufficient to restore the integrity of the 

efferent arc of the inflammatory reflex in T cell deficient nude mice. In support of the notion 

that acetylcholine production and release is a key part of this anti-inflammatory pathway, 

transfer of CD3+ CD4+ CD44hi CD62Llow ChAT− cells to nude mice fails to restore 

function of the efferent arc of the inflammatory reflex. The finding that adoptive transfer 

into nude mice of CD4+ T cells in which ChAT had been knocked down failed to restore the 

inflammatory reflex provided further proof for the role of ChAT in the T cells in this novel 

link between the nervous system and innate immune cells (68). These data demonstrate that 

neural signals transmitted through the vagus nerve culminate in release of spleen 

acetylcholine from a small subset of memory T cells. Acetylcholine then acts on bone 

marrow derived cells via α7nAChR signaling to attenuate TNF release in spleen (Fig. 2). In 

effect, it can be said that CD3+ CD4+ CD44hi CD62Llow ChAT+ memory T cells, ‘ChAT+ T 

cells’, relay neural input via neurotransmitter release and thus fulfill a function of 

interneurons.

Properties of choline acetyltransferase-expressing T cells

The population of ChAT+ T cells is a subset which has several interesting features. Of the β-

adrenergic receptors, they predominantly express the β2. The effect of activation of β2 

adrenergic receptors on T cells is complex, and it has been suggested that β2 activation 

promotes a Th2 response (70).

The anatomical distribution of ChAT+ T cells is only partly known. They constitute about 2–

3% of CD4+ T cells in spleen, around 1% of CD4+ T cells in inguinal lymph nodes, but 

approximately 10% of CD4+ T cells in Peyer′s patches. The cause of this differential 

distribution is unknown. ChAT-expression in CD4+ T cells is stimulated by T-cell receptor 

activation by plate-bound anti-CD3 anti-bodies or other T-cell activators (68, 71) as is 

acetylcholine production (72) which suggests that antigen binding may promote ChAT+ 

expression. It is conceivable that specific antigens derived from the gut promote the high 

local frequency of ChAT+ T cells in Peyer′s patches, but this remains to be investigated.

When ChAT+ T cells are activated by plate-bound anti-CD3 antibodies, they secrete a 

combination of IL-10, IL-17 and IFNγ at similar levels, and IL-2 at a considerable lower 

level (68). IL-10 is associated with inhibition of inflammation and regulatory Foxp3+ T 

(Tr1) cells (2) and ChAT+ T cells attenuate macrophage cytokine production in spleen. 

Regulatory T cells are believed to have developed to provide for tolerance of symbiotic 

microorganisms in the intestine. Later, or simultaneously, IL-17-producing T cells emerged 

as a protection against invading extracellular pathogens especially at mucosal surfaces as 

those in the intestine (2, 73). Hence, the phenotype of ChAT+ T cells, which reside at a 

relatively high frequency in Peyer′s patches in comparison with other immune organs, can 

be of interest in this context. It is tempting to consider the hypothesis that nerve-controlled T 

cells have evolved to function in both permissive/regulatory and defensive / cytotoxic roles 

at mucosal surfaces like the intestine.

It has not been reported whether ChAT+ T cells express Foxp3 or exhibit other hallmarks of 

a T-regulatory phenotype. ChAT+ T cells do express markers of CD4+ memory cells, so 

Olofsson et al. Page 7

Immunol Rev. Author manuscript; available in PMC 2015 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



they are likely primed. It remains unknown if their pattern of cytokine secretion reflects the 

presence of yet unknown subclasses of ChAT+ T cells, or if ChAT+ T cells encompass a 

multitude of T-helper cell variants.

Acetylcholine biosynthesis, release and metabolism in T cells

Most aspects of acetylcholine biosynthesis and release are known from studies performed in 

neurons. The reaction is catalyzed by ChAT which uses choline and acetyl-coenzyme A 

(acetyl-CoA) as substrates. Acetylcholine release depends on the cellular location of 

acetylcholine storage, and the nature of stimuli. In lymphocytes, the process of acetylcholine 

synthesis and release has not been fully characterized. Some aspects of acetylcholine 

biology that may be relevant in ChAT+ T cells are discussed here.

The cholinergic genomic locus is comprised of the ChAT and vesicular acetylcholine 

transporter (VAChT) genes. The ChAT gene contains 15 exons. The first three are named N, 

R, and M, and are not translated. VChAT is localized within the first intron of ChAT, and 

because of the requirement of both genes for acetylcholine synthesis and release in neurons, 

it was proposed that their expression is coregulated (74). Several different ChAT mRNA 

species have been found in the nervous system of rodents and humans. These mRNA species 

arise from activation of different promoter regions and alternative splicing. They contain the 

same coding region but differ in the non-coding 5′ region, and thus are named N, R, and M 

types (75, 76). In vitro translation of the human ChAT mRNA types N1, N2, and R obtained 

from brain and spinal cord results in a 69 kDa protein product, whereas translation of the M 

type yields 69 kDa, and 82 kDa products (77). The protein product of another splice variant 

of ChAT lacking exons 6–9 with an approximate molecular weight of 50 kDa is found 

preferentially in the peripheral nervous system, but not in brain of mice and rats. Whether 

this peripheral ChAT has catalytic activity is unknown (78). Soluble and membrane-bound 

types of ChAT have been isolated from mouse and rat brain, and show different activity in 

vitro (79, 80). Human leukemic T cell lines express the N1, N2, and M mRNA types, but not 

the R type (81). It is not known whether they express soluble or membrane-bound ChAT or 

both.

Synthesis and release

In neurons, acetylcholine is stored in synaptic vesicles, a process dependent on the vesicular 

acetylcholine transporter (VAChT). Acetylcholine in synaptic vesicles is released in quanta 

upon membrane depolarization and subsequent increase in intracellular calcium levels. 

Current data suggest that this release mode is associated with acetylcholine synthesis by 

membrane-bound ChAT whose activity is coupled to acetylcholine transport into synaptic 

vesicles (80). Acetylcholine can also be released in a non-quantal manner independent of 

membrane depolarization.

Experiments with ChAT-expressing fibroblasts that lack the components for acetylcholine 

storage and release indicate that acetylcholine can accumulate in the cytosol and be released 

continuously, independent of changes in intracellular calcium levels (82). Recently, it was 

shown that acetylcholine release in human leukemic T cells stimulated with a 

phytohemaglutinin (PHA) is dependent on mediatophore, a membrane protein which can act 
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as a pore protein and translocate acetyl-choline to the outside of the cell (83). Since T cells 

upregulate ChAT and release acetylcholine upon stimulation with PHA (71, 72), it has been 

proposed that increased intracellular calcium as a result of T-cell activation could be 

responsible for acetylcholine release from cytosol through mediatophore (83). However, it is 

still not clear whether T cells express VAChT, and the possibility of acetylcholine storage 

and release from vesicles remains (81, 84).

We found acetylcholine in the supernatants of resting ChAT-expressing T cells, which 

suggests basal, non-quantal acetylcholine release. When ChAT-expressing T cells were 

incubated in the presence of norepinephrine, acetylcholine levels increased in supernatants 

(85). The mechanism of adrenergic receptor-induced acetylcholine release is not known. 

Neuronal ChAT activity is regulated by phosphorylation via PKC, Ca2+/calmodulin kinase 

II, and PKA (80, 86). It is possible that adrenergic signaling via PKA increases acetyl-

choline synthesis in T cells through enhanced ChAT activity, which together with a non-

quantal leakage of acetylcholine could result in increased acetylcholine extracellular levels.

Source of choline and acetyl-CoA

Another aspect of acetylcholine synthesis with potential significance, given the anti-

inflammatory role of acetylcholine from T cells, is the metabolic source of acetylcholine’s 

precursors: choline and acetyl coenzyme A (acetyl-CoA). The rate-limiting step for 

acetylcholine biosynthesis in neurons is the uptake of extracellular choline by the high 

affinity choline transporter 1 (CHT1) (87). Non-selective low affinity organic cation 

transporters can also take up extracellular choline (88). CHT1 mRNA has been detected in a 

leukemic human T cell line (89), but it is not known if primary T cells express it. Choline 

can also be synthesized de novo via phospholipid metabolism (90). Experiments in which 

CHT1 was transfected into a murine fibroblast cell line engineered to express ChAT and 

capable of synthesizing acetylcholine suggest that both extracellular choline and choline 

derived from membrane phospholipids can be used as substrate for synthesis of 

acetylcholine in non-neuronal cells (91). The extent to which choline is taken up or 

synthesized de novo for acetycholine production by T cells is unknown.

Acetyl-CoA can originate from the oxidative metabolism of glucose and fatty acids through 

glycolysis and beta-oxidation, respectively. Acetyl-CoA in mitochondria enters the 

tricarboxylic acid (TCA) cycle, generating NADH and FADH2 that are transferred to the 

electron transport chain to yield ATP through oxidative phosphorylation. Resting T cells 

generate ATP through oxidative metabolism in mitochondria (92). Upon activation, 

metabolic pathway utilization shifts so that glucose does not enter the TCA cycle, and 

lactate is produced. This metabolic pattern, which occurs in the presence of oxygen, is 

analogous to the metabolic strategy of cancer cells and favors proliferation as it frees 

metabolites to satisfy demand for nucleotide, lipid, and protein synthesis (93). Once the 

effector phase is overcome, T cells return to mitochondrial oxidative metabolism, and, in 

CD8+ T cells, fatty acid oxidation promotes cell proliferation and survival (94, 95).

T cells stimulated with polyclonal activators upregulate ChAT expression, and synthesize 

and release acetylcholine (68, 71, 72), suggesting that the metabolic pattern of activated T 

cells provides acetyl-CoA for acetylcholine synthesis. On the other hand, ChAT-expressing 

Olofsson et al. Page 9

Immunol Rev. Author manuscript; available in PMC 2015 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



T cells have markers of a memory phenotype, which might indicate that acetyl-CoA is 

obtained through oxidative metabolism in mitochondria (Fig. 3). The coordination between 

T-cell activation status and metabolic pathway utilization culminating in acetylcholine 

synthesis and release remains to be determined.

The meandering anatomy of the vagus nerve makes possible a multitude of 

anti-inflammatory reflex circuits

Since the vagus nerve meanders and extends branches to a multitude of tissues and organs, it 

is likely that some of these neural connections take part in other neuro-immune reflex 

circuits than the prototypical inflammatory reflex.

Berthoud and Neuhuber have reviewed the anatomy of the vagus nerve with particular focus 

on the afferent vagal neurons (96). The supradiaphragmatic vagus nerve innervates the skin 

of the external acoustic meatus (auricular branch) and the dura of the posterior cranial fossa 

(meningeal branch), larynx, pharynx, and upper esophagus (pharyngeal branches), aortic 

arch (cervical cardiac branches), trachea and esophagus (recurrent laryngeal), lungs, and 

heart. The subdiaphragmatic vagus nerve innervates the liver, pylorus, antrum, pancreas, 

intestine, and stomach (96). Efferent vagus branches also reach the uterus (97), adrenal 

gland (98), and gallbladder (99). A recent study reports efferent vagus innervation of 

abdominal adipose tissue (100). Vagus nerve fibers have also been shown to innervate the 

thymus (32) and to influence thymic lymphocyte release (101).

The vagus interfaces with the enteric nervous system and provides central coordination of 

the gut. Efferent vagal neurons terminate on enteric neurons throughout the esophagus and 

gastrointestinal tract (102) and make direct synaptic contacts on neurons of the myenteric 

ganglia (103, 104). The intestine from the duodenum to the proximal colon is innervated by 

the vagus nerve either directly or through enteric neural ganglia. Within the small intestine, 

the Peyer’s patches are well situated to connect immune sensory information from the gut to 

a vago-vagal inflammatory reflex: Filled with immune cells capable of microbial detection 

and cytokine production (105), these patches are surrounded by enteric ganglia and directly 

innervated by enteric and parasympathetic neurons, whose fibers traverse in close proximity 

to immune cells (106–112).

In contrast, cholinergic neurons have not been found in the spleen. However, the efferent 

vagus nerve terminates in the major prevertebral ganglia (44), which communicates with the 

spleen and kidneys through interfacing with postganglionic neurons in the suprarenal, celiac, 

and superior mesenteric ganglia. Intriguingly, a portion of the vagus motor nucleus has been 

reported to contain catecholaminergic neurons (44, 113).

Immune-regulatory signaling through the vagus nerve can circumvent the celiac ganglion 
and spleen

Data accumulated by our laboratory and others have shown a requirement of an intact spleen 

for the integrity of the efferent arc of the inflammatory reflex in systemic endotoxemia, as 

well as in other experimental disease models. However, the spleen may not be required for 

the vagus nerve to regulate inflammation in tissues that it directly innervates.
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The intestines are richly innervated by cholinergic fibers of the enteric nervous system. The 

latter are well known to communicate bidirectionally with the vagus nerve to coordinate 

digestion and sensing of nutrients (114) and microflora (115). Boeckxstaens and colleagues 

recently described a vagovagal inflammatory reflex in the gut. They first demonstrated that 

VNS reduces inflammation in intestinal macrophages and reduces hypomobility in 

postoperative ileus (116). This effect is likely mediated by nicotinic receptors on cells in the 

gut, as the effect of VNS was blocked by incubation of the intestine in the nicotinic receptor 

antagonist hexamethonium. To find the specific vagus motor fibers that are activated during 

postoperative ileus, they identified intestine- and spleen-specific vagal neurons by injecting 

cholera toxin-B conjugated with Alexa Fluor 555 into the ilium and spleen of mice and 

subsequently detected the retrograde tracer in the dorsal motor nucleus of the vagus nerve. 

Intestine- and spleen-specific vagal neurons activated during postoperative ileus were 

identified by staining for c-fos in tracer-tagged neurons. This approach revealed that 

following surgically induced postoperative ileus, there was a widespread activation (42%) of 

intestine-specific motor neurons and a relatively limited activation (7%) of spleen-specific 

motor neurons in the dorsal motor nucleus of the vagus nerve, indicating that most of the 

tonic vagal suppression of inflammation is mediated by the efferent vagus directed not to the 

spleen, but to the inflamed intestinal tissue. Selective denervation of the intestinal vagus 

input abolished c-fos staining in both the nucleus of the solitary tract and the dorsal motor 

nucleus of the vagus, further supporting that afferent vagal input originating in inflamed 

tissue is required for the activation of the efferent vagal arm of the inflammatory reflex (22). 

Additional support for a direct effect by the vagus nerve on innervated intestines was 

recently provided from a study in our own laboratory: VNS, but not splenic nerve 

stimulation, reduced lesion area in a standard rat model of indomethacin-induced small 

intestinal ulceration. In contrast to the abundant findings on endotoxemia, splenectomy prior 

to VNS does not abrogate the anti-inflammatory effects of VNS in the intestine. These 

results indicate that this particular anti-inflammatory signal is communicated by vagal 

efferents directly to the intestine, and is independent of signaling to the spleen (Y. A. 

Levine, unpublished observations).

The inflammatory reflex reaches beyond innate immunity

Interestingly, the inflammatory reflex regulates not only innate, but also adaptive immune 

responses. For example, the response to live and heat killed Streptococcus pneumoniae is 

regulated by efferent neural signals: Daily treatment with nicotine or the selective α7nAChR 

agonist GTS-21 reduced antibody-production by approximately 50%. Pharmacological 

activation of the α7nAChR or electrical activation of the vagus nerve arrested the normal 

splenic marignal zone B cell migration along reticular fibers to the red pulp associated with 

this immune response and inhibited antibody production, but not if the splenic nerve was 

severed (117). Extrafollicular CD138+ plasma cells were predominantly found in close 

proximity to splenic nerves. The arrested cells expressed CD11b and their distribution was 

significantly altered if splenic nerve signaling was impaired, supporting earlier studies that 

show that cholinergic downregulation of leukocyte CD11b+ controls leukocyte migration 

(118).
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The inflammatory reflex through the vagus nerve is a prototypical example of a neural 

immune regulatory reflex. Other immunoregulatory neural circuits have also been 

discovered. One example is the neural control of invariant natural killer T (iNKT) cells in 

the context of stroke. It is known that victims of stroke suffer a considerable risk of 

pneumonia after onset of the disease. Wong et al. recently found that, in mice, a profoundly 

altered function of hepatic iNKT cells after stroke is responsible for the increased risk of 

infection and associated mortality and that it can be rescued by treatment with the 

neurotransmitter norepinephrine (119). In vivo, this effect was mediated by adrenergic 

neurons, since depletion of neuronal norepinephrine by treatment with 6-hydroxydopamine 

abolished the effect of stroke on iNKT behavior. Therefore, iNKT function directly respond 

to neuronal efference in a way that had direct implications on rate of pneumonia 

development and mortality.

A recent report by Arima et al. demonstrated that, in experimental multiple sclerosis, access 

to the CNS through the blood brain barrier for autoreactive T cells by local induction of 

CCL20 in lumbar dorsal bloodvessels is regulated by neural signals (120, 121). Hence, it is 

increasingly clear that neural circuits regulate a wide variety of immune system-related 

processes in functionally and anatomically distinct locations. It is likely that a range of 

different afferent and efferent nerves participate in sensing and regulation of immune 

responses.

Intriguingly, not only CD3+ CD4+ CD44hi CD62Llow ChAT+ leukocytes are capable of 

biosynthesizing and releasing acetyl-choline. The extensive work of Kawashima and 

colleagues has demonstrated that B cells make acetylcholine and that dendritic cells express 

ChAT mRNA under certain in vitro conditions (72, 122, 123). The potential role of these 

subsets in the inflammatory reflex and in other neuro-immune interactions remains to be 

elucidated.

In summary, inflammation in the periphery activates afferent peripheral nerves that 

stimulate centers in the CNS and trigger a concerted response that generates adaptive 

behavioral as well as immunological changes. In view of the accumulated data in this field, 

it is likely that nervous sensing and reflex regulation of inflammation occurs in a variety of 

tissues and organs.

Targeting the inflammatory reflex in experimental disease: emerging 

applications

In addition to exerting an anti-inflammatory effect in experimental models of sepsis, 

pancreatitis, ischemia reperfusion, and arthritis (Table 1), current research suggests that 

vagal activation can potentially modulate other diseases with an underlying inflammatory 

component. Similarly, research on the anti-inflammatory effect of cholinergic agonists, in 

particular selective α7nAChR agonists, has expanded into new research areas, suggesting a 

broader therapeutic potential than previously considered. Below, we comment on novel 

research areas where the vagus nerve and α7nAChR have been implicated in pathogenesis 

or disease progression, or where activation of the efferent arc of the inflammatory reflex 

through VNS or selective α7nAChR agonists improves disease outcome.
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The vasculature

Inflammation and endothelial dysfunction play an important role tissue damage induced by 

hypertension (124). A role for α7nAChR in this process has been inferred from increased 

end organ damage, and higher pro-inflammatory cytokine levels in serum of α7nAChR-

deficient mice subjected to hypertension. Chronic administration of PNU-282987, a 

selective α7nAChR agonist, reduced tissue levels of TNF, IL-1β, and IL-6 and decreased 

end organ damage in spontaneously hypertensive rats, highlighting the therapeutic potential 

of α7nAChR agonists for reducing hypertension-associated morbidity (125).

Cholesterol-laden macrophages, so called foam cells, critically participate in atherogenesis. 

Macrophages obtained from α7nAChR knockout mice have higher cholesterol content, 

increased uptake of oxidized LDL and higher production of reactive oxygen species, hinting 

to a possible role of cholinergic signaling in macrophages in atherosclerosis (126).

The gut

A functional connection between the vagus nerve and immune responses in the gut has been 

established. VNS restores gut motility after postoperative ileus, an effect dependent on 

attenuation of cytokine production by macrophages residing in the intestinal muscularis 

(116). Similarly, central activation of the vagus nerve with semapimod reduces intestinal 

inflammation, and improves gut motility after surgery (127). Functional vagus-to-gut 

connections have also been proposed to explain the protective effect of postinjury VNS on 

gut endothelial permeability in burn and brain trauma models (55, 128). As discussed above, 

a gut-to-brain-to-gut anti-inflammatory reflex mediated by the vagus nerve has been 

suggested (22). In a similar fashion, indirect detection of intestinal lipid through activation 

of cholecystochinine-receptors on vagal afferents culminates in vagus nerve-mediated 

reduction of serum TNF and IL-6, and attenuation of gut permeability in a model of 

hemorrhagic shock (129, 130). An elegant in vivo visualization of increased NFκB 

activation in mice subjected to subdiaphragmatic vagotomy has provided further evidence of 

vagus-mediated regulation of inflammation in the gut. In these experiments, vagotomy 

increased NFκB activity in the colon and exacerbated NFκB activation and pro-

inflammatory cytokine production in a mouse model of colitis (131). Interestingly, transfer 

of spleen T cells from vagotomized mice to mice subjected to colitis also exacerbated 

inflammation, suggesting tonic vagal control of T-cell function (68, 131, 132).

The discovery of a functional connection between the brain and the immune system raises 

the question of whether different states of mind can cause or modify disease progression. An 

intriguing example of central neural modulation of gut inflammation was recently shown in 

a mouse model of colitis. Depression-like behavior elicited by central administration of 

reserpine exacerbated colitis, an effect that was attenuated by antidepressants but not by 

antidepressants plus vagotomy. Interestingly, the pro-inflammatory effect of depression-like 

behavior was transferable by macrophages, suggesting a crucial link between mental states 

and the peripheral immune system mediated through the vagus nerve (133). Chronic 

administration of the lactic acid bacteria Lacto-bacillus rhamnosus, induced alterations in 

GABA receptor mRNA expression, decreased stress-induced corticosterone serum levels, 

and reduced depression-like behavior, effects that were dependent on an intact vagus nerve 
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(115). Together, these findings open the exciting possibility of a bidirectional brain-to-gut 

communication mediated by the vagus nerve that can be investigated in the context of gut 

mucosal immunity, and the recently established link between metabolic disorders and gut 

microbiota.

Use of selective α7nAChR agonists

Identification of the efferent arc of the inflammatory reflex established the possibility of 

regulating disease progression by targeting cholinergic receptors, both muscarinic and 

nicotinic, in the brain and periphery. To date, several cholinergic agonists have been shown 

to reduce pro-inflammatory cytokine levels and ameliorate disease in several different 

experimental models including endotoxemia, cecal ligation and puncture, ischemia-

reperfusion, pancreatitis, and rheumatoid arthritis (Table 1). More recently, selective 

α7nAChR agonists have been shown to reduce lung TNF and IL-6 levels, and improve lung 

function in experimental models of lung injury induced by mechanical ventilation (134, 

135); to attenuate serum TNF and HMGB1 levels, and reduce infarct size in a rat model of 

myocardial ischemia-reperfusion (136).

Selective α7nAChR nicotinic agonists are desirable over the non-selective nicotinic agonists 

because of their fewer side-effects. One such agonist, GTS-21, was well tolerated in clinical 

trials for treatment of cognitive disorders (137, 138). GTS-21 was recently tested 

experimentally in humans with endotoxemia. Despite an inverse correlation between 

GTS-21 plasma concentration and TNF, IL-6, and IL-1RA, there was no significant effect 

between groups receiving GTS-21 or placebo. The lack of effect was attributed to highly 

variable concentrations among individuals, and low plasma GTS-21 concentrations despite 

administration of the highest dose previously reported to be safe in humans (139).

One aspect to consider for clinical development of α7nAChR-selective agonists is a partial 

duplication of CHRNA7, the gene that encodes α7nAChR. This partial duplication consists 

of a hybrid gene named CHRFAM7A that contains exons 5–10 of CHRNA7 and 4 exons of 

the evolutionary novel FAM7A gene (140). Translation of the CHRFAM7A transcript, 

named dupa7, yields a truncated protein that lacks the binding site of acetylcholine. 

CHRFAM7A polymorphisms have been associated with Alzheimer’s disease and 

schizophrenia, and other neurologic conditions (141, 142), and its transcript has been 

identified in the human CNS and immune cells (143, 144). The CHRFAM7A protein 

product has been recently identified as a dominant negative regulator of α7nAChR activity 

in neurons (145), but its role in immune cells has not been fully elucidated. The 

CHRFAM7A transcript is downregulated in macrophages upon stimulation with LPS, IL-1β 

or nicotine (146, 147), suggesting involvement in regulation of inflammation via modulation 

of cholinergic signaling through α7nAChR. It is tempting to speculate that CHRFAM7A 

polymorphisms might be associated with individual differences in responsiveness to 

cholinergic modulation by the vagus nerve and selective α7nAChR agonists.

Use of acetylcholinesterase inhibitors

Acetylcholine is enzymatically hydrolyzed into acetate and choline in synaptic clefts in the 

CNS and periphery. This step of acetylcholine metabolism catalyzed by acetylcholinesterase 
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is critical for tight temporal and spatial control of nerve impulses. In keeping with the anti-

inflammatory effect of acetylcholine, administration of acetylcholinesterase inhibitors, 

which enhance cholinergic signaling by increasing acetylcholine levels, has been shown to 

attenuate disease severity and decrease pro-inflammatory cytokine levels in various 

experimental models of inflammation. Galantamine, a centrally acting acetylcholinesterase 

inhibitor in clinical use for treatment of Alzheimer′s disease, significantly attenuated serum 

TNF levels, and reduced mortality in endotoxemia (42). These effects were mediated 

through brain muscarinic receptors and require intact vagus nerve signaling (42). 

Physostigmine reduced capillary leakage and interaction time between leukocytes and 

endothelium in endotoxemia (148), a finding consistent with inhibition of endothelial 

activation caused by α7nAChR agonists (149, 150). Moreover, physostigmine or 

neostigmine increased survival, reduced TNF, IL-1β, and IL-6, and reduced neutrophil lung 

infiltration in the cecal ligation and puncture sepsis model (151). The anti-inflammatory 

efficacy of peripherally-acting acetylcholinesterase inhibitors is somewhat unclear, because 

administration of neostigmine failed to exert protective effects against endotoxemia-induced 

organ injury (152) and to suppress the inflammatory response in experimental ventilator-

induced lung injury (135).

Targeting the inflammatory reflex for clinical therapy

Clinical trials

The discovery of efferent vagus nerve effects on inflammation and the key role of α7nAChR 

have spawned several clinical trials utilizing nerve stimulators or selective cholinergic 

agonists. For instance, there is an ongoing phase II trial to demonstrate safety and efficacy of 

an implantable electric vagus nerve stimulator in subjects with rheumatoid arthritis. Other 

clinical trials investigate selective α7nAChR agonists in asthma and type II diabetes 

mellitus. In light of the multitude of experimental inflammatory and inflammation-

associated diseases that are alleviated by interventions in the inflammatory reflex (Table 1), 

it is plausible that treatment of a variety of inflammatory diseases can be improved by 

therapeutic neural regulation of immune system activity.

Future therapeutic targets and unresolved questions

The realization that T cells are essential for the vagus nerve mediated regulation of cytokine 

production (68) not only provides a novel conceptual understanding of neuro-immune 

communication, i.e. lymphocytes assuming the function of interneurons, but raises a 

multitude of novel therapeutic possibilities involving modulation of acetylcholine 

production and release from lymphocytes. However, the current understanding of ChAT+ T 

cells and other ChAT+ lymphocytes is limited and several questions need to be addressed. 

ChAT+ T cells share markers with memory cells, which suggests that they are previously 

activated. It is not known how antigen and neural efference interact to regulate acetylcholine 

release by lymphocytes. Is acetylcholine production by ChAT+ T cells antigen-specific or 

antigen independent and can ChAT+ T cells support specific tolerance under neural control? 

The work on neural immuneregulation in C. elegans (8) suggests that neural control of 

immunity developed before the advent of circulating immune cells, and it is tempting to 
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speculate that animals benefitted functionally from the overarching neural control of 

emerging adaptive immune cells along the intestine (2).

Little is known about acetylcholine turnover in the immune system and in ChAT+ T cells. 

Understanding of leukocyte acetylcholine metabolism, substrates, synthesis, release and 

catabolism, would facilitate pharmacological interventions and possibly reveal new 

therapeutic targets to promote efferent signaling in the inflammatory reflex for suppression 

of excessive inflammation and cytokine production in inflammatory disease. A detailed 

understanding of the neuro-immune interface would be useful for development of targeted 

therapy. There are partly conflicting reports on the anatomy of the efferent arc of the 

inflammatory reflex to the spleen (44, 113) and the central mechanisms responsible for 

reflex propagation from afferent inflammatory signals to the efferent arc of the 

inflammatory reflex remain to be unraveled. Investigation of circuits suggested by 

traditional medicine such as acupuncture can potentially provide rational scientific evidence 

for select alternative medicine approaches and further expand our understanding of neuro-

immune interactions.

Another yet unexplored field is the interaction between circulating acetylcholine-producing 

lymphocytes and the vasculature. Measurable levels of circulating acetylcholine are present 

in many animals (153). Acetylcholine is a potent vasodilator that activates receptors on 

vascular endothelial cells and promotes production and release of nitric oxide (NO) (154). 

Regional relaxation of vessels increases blood flow and can contribute to tissue swelling and 

redness in inflammation. The source of circulating acetylcholine is to our knowledge not 

conclusively determined. In light of the efficient acetylcholine-catabolizing 

butyrylcholinesterase present in plasma, it is unlikely that synaptic release from relatively 

remote cholinergic nerve endings contributes substantially to the total amount of circulating 

acetylcholine. Since lymphocytes have the capacity to produce acetylcholine, they are a 

likely source of acetyl-choline in circulating blood (68, 122). Ongoing studies in our 

laboratory are addressing the effects of this lymphocyte-derived acetylcholine on the 

vascular bed and blood pressure.

Conclusions

The discoveries of neural control of inflammation and the key functional role of the 

lymphocyte cholinergic system in the inflammatory reflex provide novel and unique insights 

into regulation of immunological homeostasis and inflammation. Although much remains to 

be learned and explored in the field, this knowledge provides a foundation for development 

and implementation of novel nerve-stimulatory devices and new drugs for treatment of a 

range of inflammatory diseases in the near future.
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Fig. 1. The inflammatory reflex
Immune responses are regulated by neural reflex circuits that sense peripheral inflammation 

and provide regulatory feedback through specific nervous signals and humoral factors. 

Sensory vagus fibers innervate a multitude of organs, for example the intestine and glomus 

caroticum. They are activated by cytokines induced by tissue damage or PAMPs in the 

periphery and transmit signals to the nucleus tractus solitarius (NTS) in the brainstem. 

Polysynaptic relays connect to the vagal motor neurons in the dorsal vagal motor nucleus 

and nucleus ambiguus and sympathoexcitatory neurons in the rostral ventrolateral medulla. 
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Efferent vagus nerve signals travel to the celiac plexus and also directly to target organs and 

suppress innate immune responses. Activation of afferent vagus signals also triggers a 

‘sickness response’ and activates the hypothalamic-pituitary-adrenal (HPA) axis, which 

promotes glucocorticoid release from the adrenal glands.
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Fig. 2. Current model of the efferent arc of the inflammatory reflex
Efferent signals from the brain stem travel through the efferent vagus nerve to the celiac 

plexus, which also receives input from the sympathetic trunk. The catecholaminergic splenic 

nerve arises in the celiac plexus and projects to the spleen. Choline acetyltransferase+ 

(ChAT) T cells and B cells are found in close proximity of splenic nerve fibers. Efferent, 

outgoing signals in the vagus nerve activate the splenic nerve, which releases its 

neurotransmitters, including norepinephrine, in the spleen. Activation of choline 

acetyltransferase-expressing T cells, possibly through adrenergic receptors (AR), promotes 

production and release of T cell-derived acetylcholine (ACh). This acetylcholine then acts 

on the α7 nicotinic acetylcholine receptors (α7) on macrophages and other immune cells and 

suppresses endotoxin-induced release of TNF. Activation of the splenic nerve also arrests B-

cell migration and inhibits antibody production.
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Fig. 3. Putative mechanism of acetylcholine synthesis and release in lymphocytes
Acetylcholine (ACh) synthesis is catalyzed by choline acetyltransferase (ChAT) that utilizes 

acetyl-coenzyme A (Acetyl-CoA) and choline as substrates. Acetyl-CoA can derive from 

glucose and fatty acid oxidation through glycolysis and beta-oxidation, respectively. Choline 

can be synthesized de novo, obtained from membrane phospholipid, or taken up through 

choline transporter 1 (ChT1) after hydrolysis of acetylcholine by acetylcholinesterase 

(AChE). In T cells, cytosolic acetylcholine is released through mediatophore; however, 

release of vesicular acetylcholine has not been ruled out. Acetylcholine is released by T cells 
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through unknown mechanisms upon polyclonal stimulation or incubation with 

norepinephrine. An intriguing question is whether acetylcholine is released in a quantal or 

non-quantal fashion. Blue arrows indicate unknown processes.
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Table 1

Experimental models of inflammation in which activation of the efferent arc of the inflammatory reflex has 

beneficial effects

Disease model
Mode of efferent arc inflammatory
reflex activation Outcome

Endotoxemia Galantamine† Improved survival. Reduced serum TNF (42)

Physostigmine† Attenuated capillary leakage. Decrease interaction time 
between leukocytes and endothelium (148)

VNS Attenuated shock. Reduced TNF in liver and serum (56)

Decreased serum and myocardial TNF (43)

Reduced liver and spleen TNF (47)

GTS-21* Improved survival. Reduced serum TNF (155)

Cecal ligation and puncture Neostigmine† and physostigmine† Improved survival. Reduced serum TNF, IL-1β, and IL-6. 
Reduced neutrophil lung infiltration (151)

GTS-21* Improved survival. Reduced serum HMGB1(155)

VNS Improved survival. Reduced serum HMGB1(156)

Prevented hypotension. Reduced hepatic damage. Reduced 
serum TNF (157)

Increased survival (158)

Colitis VNS Decreased body weight loss. Improved histological score 
(159)

Pancreatitis GTS-21* Improved histological score. Decreased serum IL-6 (160)

Hemorrhagic shock VNS Reverted hypotension and prolonged survival. Attenuated 
serum TNF (53)

Intracerebral hemorrhage Muscarine Increased HRV. Reduced brain edema. Reduced TNF and 
IL-1β in brain and spleen (161)

Ischemia-reperfusion

  Suprarrenal aortic VNS Prevented hypotension. Reduced TNF in heart, liver and 
serum (40)

  Myocardial PNU-282987* Reduced infarct size. Decreased serum TNF, HMGB1, and 
troponin I (136)

VNS Reduced lethality. Decreased histopathological changes in 
heart (162)

  Renal GTS-21* Improved renal function. Attenuated TNF in kidney. 
Reduced tubular necrosis (163)

Artery occlusion shock VNS Reverted hypotension. Increased survival. Reduced leukocyte 
infiltration to lung and ileum. Decreased serum TNF (164)

Carrageenan-induced inflammation VNS and GTS-21* Inhibited expression of endothelial cell adhesion molecules 
(149)

Arthritis AR-R17779* Improved clinical arthritis score. Reduced synovial 
inflammation. Reduced plasma and synovial TNF (165)

Burn-induced injury VNS Decreased gut permeability (54)

Improved pulmonary histopathology (51, 55).

Hypertension-induced end organ 
damage

PNU-282987* Decreased end organ damage. Decreased TNF, IL-1β, and 
IL-6, and inhibited NFκB activation in heart, aorta and 
kidney (125)

Hemorrhage VNS Reduced bleeding time independent of changes in heart rate 
or blood pressure. Increased thrombin / antithrombin III 
complex generation (166)
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Disease model
Mode of efferent arc inflammatory
reflex activation Outcome

Postoperative ileus VNS Improved gastric emptying. Reduced TNF and IL-6 in 
peritoneal cavity (116)

AR-R17779* Improved gastric emptying. Reduced inflammatory cell 
recruitment (167)

Ventilator-induced lung injury VNS and PNU-282987* Attenuated lung injury. Decreased lung IL-6 and substance P. 
Decreased plasma IL-6 (134)

GTS-21* Improved lung function. Decreased TNF lung and plasma 
levels (135)

VNS, vagus nerve stimulation.

*
Selective for a7nAChR.

†
Acetylcholinesterase inhibitor.
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