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Abstract

Much research now indicates that vagal nerve stimulation results in a systemic reduction in 

inflammatory cytokine production and an increase in anti-inflammatory cell populations that 

originates from the spleen. Termed the ‘cholinergic anti-inflammatory pathway’, therapeutic 

activation of this innate physiological response holds enormous promise for the treatment of 

inflammatory disease. Much controversy remains however, regarding the underlying physiological 

pathways mediating this response. This controversy is anchored in the fact that the vagal nerve 

itself does not innervate the spleen. Recent research from our own laboratory indicating that oral 

intake of sodium bicarbonate stimulates splenic anti-inflammatory pathways, and that this effect 

may require transmission of signals to the spleen through the mesothelium, provide new insight 

into the physiological pathways mediating the cholinergic anti-inflammatory pathway. In this 

review, we examine proposed models of the cholinergic anti-inflammatory pathway and attempt to 

frame our recent results in relation to these hypotheses. Following this discussion, we then provide 

an alternative model of the cholinergic anti-inflammatory pathway which is consistent both with 

our recent findings and the published literature. We then discuss experimental approaches that may 

be useful to delineate these hypotheses. We believe the outcome of these experiments will be 

critical in identifying the most appropriate methods to harness the therapeutic potential of the 

cholinergic anti-inflammatory pathway for the treatment of disease and may also shed light on the 

etiology of other pathologies, such as idiopathic fibrosis.
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Review Outline:

The cholinergic anti-inflammatory pathway (CAIP) is thought to be a part of a neural 

immune circuit (termed the ‘inflammatory reflex’) that regulates systemic inflammation 

primarily via efferent neural signals to the spleen1. First identified approximately 20 years 

ago, activation of this innate physiological pathway via electrical stimulation of the vagal 

nerve (VN) has been shown to promote an anti-inflammatory state, and therefore holds 

enormous promise for the treatment of a host of inflammatory diseases. Importantly, a 

wealth of animal studies have demonstrated that activation of this pathway protects from a 

wide range of disease states. The success of these pre-clinical studies has led to the initiation 

of a number of ongoing clinical trials utilizing electrical stimulation of the VN to treat 

patients with various forms of inflammatory disease2,3. While holding enormous potential 

for the treatment of disease, much controversy remains regarding the underlying 

physiological pathways mediating this response. This controversy is anchored in the fact that 

the VN itself does not innervate the spleen, so some intermediary pathway must transmit the 

stimulatory signal to the spleen. Recent studies by our own group provide evidence that oral 

intake of sodium bicarbonate (NaHCO3) may stimulate splenic anti-inflammatory pathways 

in both rats and humans4. Further, data from our group indicates that cell to cell connections 

between the splenic capsular mesothelium and mesothelial cells in the peritoneal cavity may 

be required for the anti-inflammatory response to oral NaHCO3 to be observed4. These 

findings not only provide a potentially practical method to activate the CAIP that does not 

require surgical intervention, but may also challenge the currently accepted model of the 

anti-inflammatory pathway as a neural immune interface. The purpose of this review then, is 

to: i) frame our recent findings in relation to the published literature investigating the 

structure of the CAIP; ii) to provide new experimental paradigms that fit with the outcome 

of this discussion, and finally; iii) to provide an experimental framework to delineate these 

hypotheses in future. It is hoped that by outlining these arguments, this review will provide a 
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road map to future studies which could be utilized to better understand the underlying 

physiology of this important pathway.

The inflammatory reflex and the cholinergic anti-inflammatory response in 

disease

The inflammatory reflex, first proposed by Tracey et al is a parasympathetic neural circuit 

that is activated in response to inflammation, containing both afferent and efferent arms1,5. 

Acting as the afferent arm of the inflammatory reflex, afferent VN fibers are able to detect 

inflammation in the periphery and are activated in response to cytokines, endotoxins, and 

pathogen associated molecular patterns (PAMPs)6,7. Importantly, increased afferent arm 

signaling in response to increased levels of peripheral TNF-α has been suggested to result in 

increases in the motor activity of the efferent vagus via the dorsal vagal complex8-10, which 

then acts to suppress inflammation, preventing damage mediated by excess cytokine 

production5. The efferent arm of the inflammatory reflex has been termed ‘the cholinergic 

anti-inflammatory pathway’. Activation of this arm is thought to reduce pro-inflammatory 

cytokine production by splenic macrophages and suppress inflammation. While these 

combined arms are often referred to as a reflex, it has been questioned whether sufficient 

experimental data support the concept that activation of afferent arm of the inflammatory 

reflex results in increased efferent vagal activity, and therefore whether the afferent and 

efferent arms of the inflammatory reflex form a true reflex mechanism or act as independent 

pathways11. Despite this controversy, there is now little doubt that stimulation of vagal 

efferent nerves acts to limit systemic inflammatory responses.

Given the ability of the CAIP to modulate systemic inflammation, the therapeutic potential 

of this pathway has long been apparent. In pioneering studies, Kevin Tracey’s group 

demonstrated significantly decreased synthesis of the inflammatory cytokine TNF-α in the 

heart, spleen, and liver and increased survival following efferent vagal nerve stimulation 

(VNS) in in a murine model of sepsis12,13. The concept that activation of the cholinergic 

anti-inflammatory pathway is protective in sepsis is supported by the results of Wang et al13 

who found that treatment with specific-cholinergic agonists such as nicotine, decreased 

serum levels of HMGB1 (a molecule that is believed to regulate cytokine expression and 

production) and also improved survival in experimental models of sepsis. Several 

approaches for CAIP stimulation have been examined in a variety of animal models, ranging 

from invasive VNS12 to non-invasive ultrasound techniques14. Importantly, a wealth of 

animal studies have demonstrated that activation of this pathway protects from a wide range 

of inflammatory diseases including sepsis, arthritis, lupus and type II diabetes15,16. In 

human subjects, VNS has been explored for pain management in diseases such as chronic 

migraine headaches and fibromyalgia17 and VNS is currently FDA approved for seizure 

disorders and depression in patients aged >12 years old, that are refractory to 

medication5,17,18. The success of pre-clinical studies toward treating inflammatory disease 

by activation of the CAIP via VNS has led to the initiation of a number of ongoing clinical 

trials utilizing electrical stimulation of the VN to treat patients with inflammatory diseases 

including Crohn’s disease and rheumatoid arthritis2,15. Excitingly, initial reports from 

clinical trials in which medical devices were surgically implanted around the VN to 
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chronically stimulate this pathway in patients with inflammatory disease have been 

promising2,15.

To date, activation of the CAIP has been achieved almost exclusively by stimulation of the 

efferent VN or with administration of cholinergic agonists15. In vitro experiments have 

demonstrated the ability of acetylcholine (ACh)19 to inhibit TNF-α release in human 

macrophage cultures after the addition of lipopolysaccharide (LPS)12. Tracey et al 
established that acetylcholine binding to a specific nicotinic acetylcholine receptor (nAChR) 

resulted in post-transcriptional inhibition of cytokine synthesis, and inhibition of 

inflammation through decreased expression of TNF-α protein in macrophages without 

significantly altering levels of TNF-α messenger RNA1. It has been suggested that 

acetylcholine inhibits TNF-α production by macrophages via its effect on HMGB117. Other 

studies have utilized chemical compounds that stimulate the vagal activity in the CNS such 

as CNI-1493 (a tetravalent guanylhydrazone molecule) to stimulate an anti-inflammatory 

response18. Muscarinic agonists applied via intracerebroventricular dosing have also been 

demonstrated to decrease systemic inflammation, however, the vagus nerve (VN) must be 

intact to observe this effect20. The use of generalized cholinergic receptor agonists like 

nicotine to stimulate the CAIP are limited due to off-target effects related to global nicotinic 

ACh receptor activation15. Similarly, the VN innervates a host of organ systems, and 

generalized electrical stimulation of the cervical VN is also likely to promote unwanted off-

target effects, although current clinical trials of VNS therapy in chronic heart failure have 

demonstrated an ability to minimize non-serious adverse events21. As such, in order to 

harness the therapeutic potential of the CAIP, much recent research has focused on the use 

of more specific pharmacologic agonists or ‘learning the (neural) language’3,5,15 of the 

CAIP, in the hope of stimulating more targeted activation of this pathway and limiting 

unwanted off-target effects in patients.

Unexpected findings from the kidney

In the following section we will introduce why our group was studying the physiological 

effects of NaHCO3 and describe the results of studies that we believe may be pertinent to 

understanding the CAIP. In some instances, we will discuss the methodology of our previous 

studies in detail, as these details are of importance to the interpretation of these data.

The kidneys contribute to systemic acid/base balance through the regulated excretion of 

bicarbonate (HCO3
−), titratable acids and ammonium. Dysregulation of acid-base status and 

the development of metabolic acidosis is common in chronic kidney disease (CKD) patients, 

where severe reductions in renal mass lead to an inability to excrete appropriate amounts of 

acid in the urine22-24. Metabolic acidosis can result in a number of deleterious sequela 

including fatigue, bone loss and muscle wasting22. In order to prevent these sequela, it is 

now common for CKD patients with metabolic acidosis to receive supplementation with oral 

NaHCO3
22,25. Interestingly, a number of small clinical trials have indicated that not only 

does NaHCO3 supplementation limit these sequela, but that it may also slow decline in 

kidney function in CKD patients26-29. While protective effects of oral NaHCO3 

administration on kidney function have previously been reported in rodent models of 

CKD28, the physiological pathways mediating these beneficial effects remain unclear. The 
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Dahl salt-sensitive rat model is an experimental model of salt-sensitive hypertension and 

progressive renal injury30. We have recently reported that supplementation of Dahl salt-

sensitive rats with 0.1M NaHCO3 in the drinking water markedly reduced tubular cast 

formation (an index of renal injury) in these animals when fed a high salt diet for two 

weeks31. While our findings indicate that these reductions in tubular cast formation are 

likely due to reduced precipitation of acidic proteins in the tubular lumen and unrelated to 

the inflammatory state of the kidney31, during the course of these studies we investigated the 

immune profile of kidneys from animals treated with oral NaHCO3 or vehicle (NaCl)4. We 

believe that our findings in regard to the immune profile of the kidneys following NaHCO3 

supplementation (discussed below) may provide important insight into the underlying 

physiology of the CAIP.

Immune cells participate in both the induction and resolution of inflammation. In addition to 

serious side-effects, many of the common, currently available therapies for inflammatory 

disease suppress or inhibit key components of the immune response, thereby limiting pro-

inflammatory responses. Unfortunately, this strategy leaves patients at greater risk of 

infection or malignancy5. In order to improve treatment for inflammatory diseases, much 

recent research has been directed toward identifying approaches to modulate the activation 

state of our immune systems towards an anti-inflammatory or ‘regulatory’ environment, 

without inhibiting the ability of the ‘pro-inflammatory side’ of the immune system to 

respond to threats5. Macrophages represent a key target in strategies aimed at altering the 

polarization state of the immune system. Macrophages form an important part of the innate 

immune response, being critically involved in both the initiation and resolution of 

inflammatory responses. Either via antigen presentation or via products released by other 

activated macrophages, macrophages can also recruit and activate cells involved in the 

adaptive immune response, such as T and B lymphocytes32. Therefore, macrophages form 

an important link between the innate and adaptive immune systems. Significant plasticity is 

a hallmark of monocyte-derived cells and it is widely understood that several pathways, 

including the circulation of factors such as chemokines or microbial-derived molecular 

products, result in changes in the structural and functional appearance of macrophages33,34. 

Macrophage polarization can be generally divided between the transformation into either 

M1 or M2 cells. IFN-γ either alone or in combination with TNF-α or bacterial LPS, 

contribute to ‘classical’ M1 polarization, while IL-4 and IL-13 contribute to ‘alternative’ M2 

polarization through simple inhibition of macrophage activation to the M1 phenotype35. 

While M1 macrophages commonly participate in inflammatory reactions to noxious stimuli, 

M2 macrophages have effector functions similar to those of Th2 lymphocytes. Several 

studies of M2 macrophages have revealed that these cells have important immunoregulatory 

functions36, as well as roles in tissue remodeling and repair37. Importantly, macrophage 

polarization is likely to be critical in mediating the end effects of activation of the CAIP to 

suppress systemic inflammation.

In our studies, following high salt feeding in Dahl salt-sensitive rats in which the drinking 

water was replaced with 0.1M NaHCO3 solution, T-regulatory cells and M2 macrophages in 

the kidney were increased while M1 macrophages were decreased, when compared to rats 

drinking equimolar NaCl solution4. We initially hypothesized that these differences in the 

renal inflammatory profile were secondary to differences in renal injury. To test this 
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hypothesis, we investigated the effect of just 3 days of NaHCO3 or NaCl drinking on Dahl 

salt-sensitive rats fed a low salt diet. In these studies, salt load and blood pressure elevations 

are minimized and differences in renal injury have less time to develop. Surprisingly, despite 

no differences in renal injury or cast formation being observed at 3 days post-treatment, the 

immune profile in low salt fed NaHCO3 treated rats remained polarized toward a regulatory 

profile4. The results of these studies prompted us to perform similar studies in Sprague 

Dawley rats that do not display significant elevations in blood pressure or develop renal 

injury when salt-intake is increased. In these animals, NaHCO3 treatment dose dependently 

shifted the renal immune cell profile away from an inflammatory, and toward an anti-

inflammatory phenotype4. In fact, a shift toward a regulatory polarization could be observed 

with as low as 0.01M NaHCO3 (10% of the concentration of solutions given in initial studies 

and made equimolar to the vehicle treatment group with 0.09M NaCl) in the drinking water. 

Given the robust effect of relatively low concentrations of oral NaHCO3 to promote an anti-

inflammatory immune cell profile in the kidney, as well as latter studies indicating that 

ingestion of a single dose of NaHCO3 promoted a similar anti-inflammatory shift in the 

profile of circulating leukocytes in the venous blood of healthy human subjects4, we decided 

to further investigate this phenomenon.

The effect of NaHCO3 to promote an anti-inflammatory response in the kidney was found to 

be dependent on the spleen. Flow cytometry analysis of spleens excised from rats drinking 

NaHCO3 indicated that changes in the immune cell profile in splenic tissue mirrored those 

occurring in the kidney4. As the spleen may act as a source of immune cells that infiltrate the 

kidney parenchyma, we investigated whether removal of the spleen abolished the anti-

inflammatory effect of oral NaHCO3 on the renal immune cell profile. In studies in 

anesthetized Dahl salt-sensitive rats, we first performed an abdominal incision along the 

Linea Alba before using an index finger to locate the spleen on the left flank and draw it to 

midline. The spleen was then raised slightly by gently cupping it between two fingers such 

that the splenic hilum could be visualized and ligated with a 3.0 silk tie. Once ligated, the 

splenic vessels were cut and the spleen removed. The wound was then closed and the 

animals allowed to recover for 7 days before beginning the experimental protocol. As the 

experimental protocol, in which rats were fed high salt along with either NaCl or NaHCO3 

in the drinking water, was 3 weeks in length, these surgeries were performed 4 weeks before 

the kidney was harvested for flow cytometry. As we found that surgical removal of the 

spleen completely abolished the anti-inflammatory effect of NaHCO3 drinking on the renal 

immune cell profile4, these studies identified the spleen as critical in the anti-inflammatory 

response to NaHCO3, and the likely source of infiltrating, polarized immune cells in the 

kidney.

While on the surface, the results of the above-mentioned studies, in which a prior 

splenectomy was found to abolish the anti-inflammatory effect of NaHCO3 drinking on the 

kidney, would appear relatively straightforward in their interpretation, we found that the 

renal anti-inflammatory response to NaHCO3 was also abolished in our surgical control 

group4. Our surgical control group consisted of sham splenectomy animals that were treated 

identically to the splenectomy group except upon raising the spleen out of the wound, the 

splenic hilum was not ligated and the spleen was carefully returned to its original position on 

the left flank. The loss of the renal anti-inflammatory response was unlikely to be due to a 
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generalized response to surgery, as we had not previously observed loss of these responses in 

rats that had telemetry devices implanted using an identical incision and a more involved 

surgical procedure (albeit, one that did not involve manipulating the spleen). Furthermore, 

the spleen itself appeared well perfused and was grossly intact at tissue harvest in animals 

that underwent sham surgery. Therefore, to determine whether moving the spleen to midline 

during the surgical procedure was responsible for abolishing the anti-inflammatory response 

to oral NaHCO3, we designed a follow up study in which a laparotomy alone was performed 

as a surgical control group and the spleen left untouched. This study also contained an 

intervention group in which we moved the spleen to midline as per the surgical sham group 

for the original study, but we did not excise the spleen. The results of this study confirmed 

that simple surgical manipulation of the spleen to midline during the sham splenectomy 

procedure was sufficient to abolish the anti-inflammatory response to NaHCO3
4.

Our data indicating that gentle surgical manipulation of the spleen was sufficient to abolish 

the anti-inflammatory response to NaHCO3 was consistent with reports in mice that surgical 

clearing of the splenic poles had enhanced systemic inflammation, purportedly by selective 

parasympathetic denervation of vagal efferents that enter at the splenic poles38. In our 

experience in rats, only light connective tissue appears to connect the superior margins of the 

spleen to the inferior aspects of the stomach, while very little if any connective tissue is 

visible to the naked eye at the inferior border of the spleen or anterior pole. Despite a general 

consensus that the spleen receives little if any direct vagal innervation, given our 

observations, we decided to investigate the hypothesis that ‘by surgically manipulating the 

spleen we had broken vagal efferent fibers that entered not via the splenic hilum, but rather 

at the splenic poles’.

Surprisingly, data from our studies aimed at investigating the possibility of vagal innervation 

of the splenic poles, indicated that rather than by nerves, physiologic signals originating at 

distal anatomical sites may be transmitted to the spleen via signaling between mesothelial 

cells. We reasoned that if vagal efferent fibers innervated the poles of the rat spleen, we 

should be able to observe histological evidence of such innervation. On examining trichrome 

stained sections of the poles of the spleen, we found thin tissue connections attached to the 

spleen, mostly along the inferior border of the spleen (Figure 1)4. These connections 

appeared to be made up of collagen filaments surrounded by a single layer of cells, were 

small enough to be invisible to the naked eye, and appeared sufficiently fragile such that 

they could easily be broken through surgical manipulation of the spleen without notice. The 

source of these connections remains undetermined and, due to the length of these 

connections, cannot easily be identified in thin histological sections. To determine whether 

these connections contained neurons, we examined these connections with transmission 

electron microscopy as well as with immunohistochemical staining for the pan neuronal 

marker PGP9.5, the sympathetic marker tyrosine hydroxylase, and parasympathetic marker 

acetylcholine esterase. While these connections stained strongly positive for the panneuronal 

marker PGP9.5, electron microscopy as well as immunostaining against mesothelin, 

revealed that these connections did not contain neural tissue but instead consisted of 

mesothelial cells that formed a continuous layer with those on the splenic surface (Figure 2). 

While the majority of mesothelial cells are negative for PGP9.5, mesothelial cells adjacent to 

where these connections joined the spleen also stained strongly positive for PGP9.5 (the 
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only other location we have identified PGP9.5 positive mesothelial cells is on the cardiac 

atria (Figure 2), although such studies have been far from exhaustive). These mesothelial 

cell-lined connections were found to be negative for the sympathetic marker tyrosine 

hydroxylase, but stained positive for the parasympathetic marker acetylcholine esterase4. We 

recognized in our study that staining does not necessarily imply functionality, but the 

expression of neuronal markers on non-neuronal tissue (e.g. mesothelial cells) provided the 

impetus for further characterization and study of these cells. Importantly, manipulation of 

the spleen to midline during surgery promoted proliferation and hypertrophy of the capsular 

mesothelial cells and prolonged thickening of the underlying fibrous collagen layer. Further, 

either prior manipulation of the spleen or transection of the VN below the diaphragm (being 

careful not to manipulate the spleen), promoted loss of acetylcholine esterase staining in 

these PGP9.5 positive mesothelial cells and prevented the increase in splenic mass we 

previously observed in response to oral NaHCO3
4. These data, along with our finding that 

disruption of these connections by manipulation of the spleen was sufficient to abolish the 

antiinflammatory response to NaHCO3, are consistent with a model in which signaling 

through mesothelial cells may transmit anti-inflammatory signals to the spleen4.

In another serendipitous finding, we observed that splenic capsular mesothelial cells overlie 

a dense network of nerves. In an attempt to investigate potential cell-cell signaling between 

mesothelial cells on the splenic capsule, we loaded cells on the surface of the spleen with the 

Ca2+-sensitive dye Fluo-4 by immersion of the freshly excised spleen in a solution 

containing this fluorescent indicator. When imaging the diaphragmatic surface of the splenic 

capsule (Figure 1) using this dye, we observed a dense network of what appeared to be 

neural tissue, directly below the splenic capsule4. The cells in this network were confirmed 

as neurons, both by their ultrastructural features using transmission electron microscopy4, 

and by their activation following electrical field stimulation4. Importantly, to the best of our 

knowledge, the network of nerves we observed is far denser that that previously reported to 

be present in the splenic capsule. Previous reports indicate that nerves observed in the 

splenic capsule consist of primarily PGP9.5 positive, tyrosine hydroxylase positive neurons 

that closely associate with the vasculature39,40. We confirmed the presence of these tyrosine 

hydroxylase positive nerves in the splenic capsule in paraffin embedded sections, the density 

of which was consistent with previous reports4. This network of tyrosine hydroxylase 

positive neurons however, was far less dense than that observed using Fluo-4 loaded spleens 

in which the surface of the splenic capsule was directly imaged (a technique not utilized by 

previous studies). While the most positive areas of PGP9.5 staining followed a pattern that 

mirrored the expression of tyrosine hydroxylase, PGP9.5 signal was not limited to tyrosine 

hydroxylase positive areas. Furthermore, almost the entirety of the splenic capsule stained 

lightly positive for acetylcholine esterase4. Importantly, our surgical manipulation procedure 

did not appear to disrupt sympathetic innervation of the spleen, as evidenced by a similar 

density of tyrosine hydroxylase positive nerve staining in sham and surgically manipulated 

spleens (supplemental data, Ray et al4). Based on these observations, we concluded that the 

splenic capsule contains a dense network of nerves or a neural plexus that lies directly 

beneath collagen surface of the splenic capsule, only a fraction of which are positive for 

tyrosine hydroxylase, and which stain negative or only lightly for neuronal cell markers.
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Alternative models and experimental paradigms to investigate the 

architecture of the cholinergic anti-inflammatory pathway.

How do our new observations fit with current models of the CAIP? While it is possible that 

VNS and NaHCO3 activate separate anti-inflammatory pathways, evidence that both 

responses require the spleen and that the cholinergic receptor antagonist methyllycaconitine 

was able to block the anti-inflammatory response to NaHCO3 suggest both responses share a 

common mechanism4. Therefore, in the remainder of the text we will examine our recent 

findings in relation to previously proposed models of the CAIP. A summary of all models 

included in this review with supporting and refuting evidence can be found in Table 1.

The di-synaptic model:

The most widely reported current model of the CAIP is that which has been proposed by 

Kevin Tracey’s research group at the Feinberg Institute for Medical Research in Manhasset, 

New York. Tracey et al were the first to discover that stimulation of the vagus nerve resulted 

in protection against LPS induced endotoxemia12,18 and treatment with a TNF-α 
monoclonal antibody was protective against the circulatory collapse caused by injection of a 

lethal dose of Escherichia coli41. From ensuing studies they proposed the CAIP as a ‘reflex 

arc’ wherein noxious stimuli in the periphery stimulate the afferent arm of the vagus nerve to 

transmit a signal to the nucleus tractus solitarius where it synapses, to activate efferent vagal 

activity which mediate the CAIP1,5.

Initial models of the CAIP had proposed a direct connection between the nervous and 

immune systems, where acetylcholine from vagal efferent fibers was released in proximity 

to splenic macrophages1,5,12, stimulating the anti-inflammatory response. This model was 

supported by evidence that exposure of cultured macrophages to nicotine or acetylcholine, 

agonists of cholinergic receptors (the latter released by post-synaptic VN terminals), resulted 

in decreased levels of TNF-α, IL-1, and IL-18 through nicotinic, alpha-bungarotoxin 

sensitive acetylcholine receptors (nAChR)12,42. Importantly, the anti-inflammatory effect of 

VNS is lost in mice lacking α7nAChR’s, indicating this receptor subtype is critical in 

mediating the CAIP12. The finding that the spleen was a critical component of the anti-

inflammatory response to VNS necessitated an updated model. In 2006 Huston et al 
demonstrated that VNS failed to inhibit TNF-α production in splenectomized animals 

during lethal endotoxemia43. These studies indicated that the systemic anti-inflammatory 

response to VNS requires the spleen. These studies were problematic to initial models of the 

CAIP as most experimental evidence indicated the spleen receives little, if any vagal 

innervation44. Instead, efferent innervation of the spleen consists of noradrenergic 

sympathetic fibers that approach the splenic parenchyma along the splenic nerve via the 

splenic hilum45. Subsequent studies demonstrating that sympathetic denervation of the 

spleen, or depletion of noradrenaline within sympathetic nerve terminals, blocked the anti-

inflammatory response, along with evidence that some vagal preganglionic neurons 

terminate in the celiac ganglion (where much of the postganglionic sympathetic nerve 

supply to the spleen derives)7,46, appeared to solve the problem of how vagal efferent signals 

are transmitted to the spleen and have led to the current di-synaptic model of the CAIP5. In 

this di-synaptic model, preganglionic efferent VNs synapse with post-ganglionic 
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sympathetic nerves that then transmit the vagal derived signal to the spleen. Importantly, 

macrophages express both nicotinic and β-adrenergic receptors45,47, both of which have 

been demonstrated to suppress TNF-α following activation12. Therefore, it is possible that 

either noradrenaline or acetylcholine acts as the final chemical signal initiating the anti-

inflammatory response in splenic macrophages.

Identification of choline acetyltransferase (ChAT)+ T lymphocytes as another critical 

component of the anti-inflammatory response led to further refinement of this model of the 

CAIP. Choline acetyltransferase is the enzyme that catalyzes the synthesis of acetylcholine 

(ACh)48 and is present in both B and T lymphocytes49. ACh content is greater in CD4+ T 

lymphocytes compared to either CD8+ T lymphocytes or B lymphocytes50, and reflects 

increased ChAT function in these cells51. In 2011 Rosas-Ballina et al reported that in nude 

mice that lack functional T cells, stimulation of the vagus nerve had no anti-inflammatory 

effect, but found that the anti-inflammatory effect could be partially restored through 

adoptive transfer of a subset of splenic ChAT+ CD4+ T cells52. Given adrenergic fibers 

present in the spleen have been identified in close proximity to areas high in ChAT+ CD4+ T 

cells52,53 (although recently published data refute this finding54), it has been proposed that 

this subset of T cells serve as a critical link between neuronal input to the spleen and 

stimulation of the anti-inflammatory response in macrophages.

In summary, in the current di-synaptic model of the CAIP, signals traverse down the efferent 

arm of the VN, which synapses with sympathetic neuronal cells in the celiac ganglion. The 

sympathetic signals from the celiac ganglion are transmitted through sympathetic axonal 

projections to the spleen via the splenic nerve and activate β-adrenergic receptor expressing, 

ChAT+ CD4+ T-lymphocytes in the spleen. Once active, these CD4+ T-lymphocytes 

produce acetylcholine, the chemical stimulus that activates α7nAChR expressing 

macrophages. These activated macrophages serve as the effector cell of the CAIP, resulting 

in decreased production of TNF-α and an anti-inflammatory state1,55 (Figure 3).

Critique of this model: Most lymphoid tissues receive input from the autonomic nervous 

system exclusively in the form of sympathetic innervation and efferent sympathetic activity 

has been shown to modulate the function of immune cells, which express adrenoreceptors54. 

Thus, the concept that efferent signals transmitted to the spleen via sympathetic nerves 

mediates the CAIP, is in agreement with the known action of the sympathetic nervous 

system at other sites. In contrast, the actions of the parasympathetic and sympathetic nervous 

systems generally have opposing actions on target tissues. Therefore, the concept that 

preganglionic efferent vagal neurons synapse with postganglionic sympathetic neurons to 

stimulate an anti-inflammatory response in the spleen in the di-synaptic model of the CAIP, 

represents a biologically unique interaction where these two systems work together rather 

than in opposition. Perhaps unsurprisingly then, the validity of this di-synaptic model has 

previously been questioned. Data that conflicts with this model include studies by Robin 

McAllen’s group, which directly examined the proposed synaptic communication of 

parasympathetic and sympathetic signaling pathways within in the celiac ganglion56. These 

authors concluded that there was little evidence of vagal-sympathetic connections in the 

celiac ganglion and that electrical stimulation of the efferent vagus nerve had no direct effect 

on splenic nerve activity56. Instead, it has been suggested that increases in splenic nerve 
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activity observed following vagal activation are due to stimulation of vagal afferent 

activation and reflex activation of the sympathetic nerves, a pathway which has also been 

suggested to suppress inflammation (termed the sympathetic splanchnic anti-inflammatory 

pathway)11. A di-synaptic model, where signaling to the spleen occurs via the splenic nerve, 

is also unable to explain data from our group and from Kooijman et al indicating that 

movement of the spleen (which did not appear to disrupt sympathetic innervation of the 

spleen via the splenic nerve)4 or clearing of the splenic poles38 promotes an inflammatory 

profile within the spleen.

How do our data fit with the di-synaptic model?—Both VNS and ingestion of 

NaHCO3 appear to promote an anti-inflammatory response that requires the spleen. In our 

study we did not directly examine whether vagal signaling was required to mediate the anti-

inflammatory response to NaHCO3. Therefore, we cannot exclude the possibility the 

ingestion of NaHCO3 stimulated afferent vagal activity which may promote a splenic anti-

inflammatory response via reflex activation of either efferent sympathetic or VNs. As vagal 

dennervation affects the function of the GI-tract including acid secretion57,58, the results of 

such studies may be difficult to interpret (discussed later). None of these possibilities 

however would explain loss of the anti-inflammatory response following disruption of 

mesothelial connections to the spleen. In relation to controversy regarding how vagal 

efferent signals reach the spleen, our data indicating that mesothelial cells may transmit anti-

inflammatory signals to the spleen provides a potential alternative pathway for vagal efferent 

signals to reach the spleen that does not require a di-synaptic connection. Rather, 

parasympathetic, vagal efferent signals may directly or indirectly stimulate signaling through 

the mesothelium, initiating the anti-inflammatory response independent of a requirement for 

activation of sympathetic efferent nerve impulses via the splenic nerve.

Key studies needed to delineate this hypothesis: A relatively straightforward 

experiment to test the alternate hypothesis indicated by our findings that ‘mesothelial cells 

act as the intermediate pathway between efferent VNS and splenic anti-inflammatory 

responses’ would be to determine whether mesothelial connections to the spleen are required 

to observe the anti-inflammatory response to efferent VNS in animals in which the cervical 

vagus has been transected. The studies published by Bratton et al already provide strong 

evidence against a di-synaptic model in mediating the anti-inflammatory action of efferent 

VNS56.

Direct parasympathetic innervation of the spleen:

Kooijman et al have previously reported that either selective sympathetic denervation of the 

spleen (by transecting the splenic nerve) or selective parasympathetic denervation of the 

spleen (by surgical clearing of the splenic poles) increased systemic inflammation when 

compared to sham surgical controls in mice38. The parasympathetic denervation procedure 

assumes that parasympathetic nerve fibers innervate the spleen at the poles, a feature that 

would support a model of the CAIP in which vagal efferent fibers directly innervate the 

splenic parenchyma (Figure 4). Key data supporting this model include evidence that 

selective surgical clearing of the splenic poles had a marked inflammatory effect on the 

splenic immune profile38, and that neuronal tracers injected into the spleen label the dorsal 
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motor nuclei of the vagus. This labelling is lost by lesioning putative parasympathetic nerves 

at both tips of the spleen38.

Critique of this model: Most published reports directly examining the issue of 

parasympathetic innervation to the rodent spleen have found little evidence of significant 

vagal innervation and it remains generally accepted that the VNs do not directly innervate 

the spleen11,38,40,44,53,55,56,59,60. Furthermore, Anderson et al suggest that the results of 

studies using retrograde tracers must be interpreted cautiously, due to the possibility of 

artefactual labeling from inadvertent spread of the tracer to non-splenic sites where vagal 

innervation is present38.

How do our data fit with a direct vagal innervation of the spleen model?—As 

discussed, our data indicating that fragile collagen connections lined by mesothelial cells 

may transmit antiinflammatory signals to the spleen, provides a potential alternative 

pathway for efferent anti-inflammatory signals to reach the spleen. Our data are highly 

consistent with the results of Kooijman et al in that we both report significant effects of 

surgical interventions that may disrupt these connections on the inflammatory profile of the 

spleen4,38. It should be noted that we were unaware of the results of Kooijman, or any 

controversy regarding the physiological pathways through which the CIAP is mediated at 

the time we observed that surgical manipulation of the spleen negated the anti-inflammatory 

response to NaHCO3 ingestion. Given the similarities between our results and that of 

Kooijman however, our data could be viewed as independent verification, in a second 

species (rats rather than mice), that surgical interventions that do not disrupt the splenic 

hilum, but damage connective tissue to the body of the spleen, alter splenic immune 

responses. Opposing their conclusion of direct parasympathetic innervation at the splenic 

poles however, in rats we found no histological evidence of neuronal innervation of the 

splenic poles using the pan-neuronal marker PGP9.5. Rather, in all histological sections 

studied, PGP9.5 labeling outside the sub-capsular splenic parenchyma was limited to 

mesothelial cells4. We have since found evidence of similar mesothelial connections along 

the inferior axis of the spleen in mice (Figure 5). Furthermore, these mesothelial cells were 

found to contain neuronal like cellular organelles and disrupting these mesothelial cell-lined 

connections promoted hypertrophy and hyperplasia of capsular mesothelial cells, as well as 

progressive capsular fibrosis in both rats and mice (Figure 5)4. These data indicating that the 

splenic capsular mesothelium responds to disruption of these connections, provides further 

evidence that biological signaling is occurring between these cells. Coupled with the dearth 

of evidence of significant neuronal innervation from previous investigations, these findings 

lead us to favor a model of the CAIP in which anti-inflammatory signals are transmitted to 

the spleen via the mesothelium.

Key studies needed to delineate this hypothesis: A caveat that should be 

considered in relation to our own data and that of Kooijman et al, is that surgical 

interventions in which the spleen is manipulated or connective tissue adjacent to the spleen 

is cleared, may have caused damage to the spleen. Such injury to the spleen may limit 

normal splenic functions, preventing the spleen from responding to anti-inflammatory 

signals from other sources. This could then lead us to mistakenly conclude that the immune 
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response was modulated by severing inputs that are normally received via the body, rather 

than the hilum, of the spleen. We do not favor this hypothesis for two reasons. Firstly, we 

were careful to minimize the physical impact on the splenic parenchyma during our surgical 

procedure and feel it is unlikely we caused significant trauma. Certainly, we do not feel that 

we would have caused sufficient trauma to continually and completely inhibit splenic 

function for over 4 weeks post-surgery, when our immunological measurements were made. 

Further, we confirmed by immunohistochemical staining for tyrosine hydroxylase that we 

had not inadvertently sympathetically denervated the spleen4. Secondly, Kooijman et al 
found that proliferation of immune cells within the spleen was increased, rather than 

inhibited following surgical clearing of the splenic poles. This finding at least argues against 

generalized paralysis of splenic immune responses. Nevertheless, the use of alternative 

approaches to disrupt cell to cell signaling in mesothelial cells that do not require surgical 

intervention may help address this issue, as well as delineate whether vagal or mesothelial 

signaling may mediate these effects. Such approaches could include Cre recombinase 

mediated deletion of key proteins involved in mesothelial signaling. With regard to this 

approach, mice with promotor-driven Cre recombinase positioned specifically in proximity 

to mesothelial promotors such as Wilm’s Tumor 1 (WT-1) are available61. Importantly, 

WT-1 is not known to be expressed in peripheral nerves or the immune system62. Therefore, 

use of this promotor would allow us to exclude the major alternative hypothesis. A limitation 

of this approach is our current lack of knowledge of signaling between mesothelial cells, and 

therefore our ability of identify appropriate genetic targets involved in mesothelial cell-cell 

signaling. One potential target is the α7nAChR, which has been reported to mediate anti-

inflammatory responses in cultured mesothelium60.

Stimulation of splenic sympathetic nerve terminals by circulating ChAT-positive T cells:

In challenging the di-synaptic model of the CAIP in their excellent review “The cholinergic 

anti-inflammatory pathway: A critical review”, Martelli, McKinley and McAllen suggest 

that rather than a di-synaptic connection between vagal efferents and sympathetic neurons, a 

non-neuronal mechanism must transmit vagal signals to the spleen11. The authors 

acknowledge a critical role of sympathetic nerves in the CAIP, but suggest that this role does 

not involve transmission of action potentials to the spleen via the splenic nerve11. Instead, 

two possibilities are proposed. In the first, acetylcholine release from infiltrating ChAT+ 

CD4+ T cells promotes noradrenaline release from adrenergic nerve terminals expressing 

α7nAChR’s within the spleen in the absence of an action potential. This then promotes the 

anti-inflammatory response by stimulating β-adrenergic receptors on splenic macrophages. 

The second proposed mechanism hypothesizes that acetylcholine released from infiltrating 

ChAT+ CD4+ T cells directly stimulates action potentials in adrenergic nerve terminals. 

Both pathways propose β-adrenergic receptors on splenic macrophages rather than 

α7nAChR’s as the final cell-cell signaling component initiating anti-inflammatory response. 

Critically, both pathways also propose that non-neuronal signaling, rather than a di-synaptic 

model, is responsible for transmitting signals resulting from vagal efferent stimulation to the 

spleen11 (Figure 6).
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Critique of this model: While these authors speculate that ChAT+ CD4+ T cells act as 

the intermediate signal carrier in this pathway, the authors acknowledge that the localization 

of the required neuronal/T cell interface remains unknown11.

How do our data fit with a stimulation of splenic sympathetic nerve terminals 
by circulating ChAT-positive T cells model?—Through their own experimental 

results Bratton et al had excluded the possibility that sympathetic nerves transmitted vagal 

efferent signals to the spleen56. In their work, speculation that ChAT+ CD4+ T cells may act 

as the intermediate signal carrier was based on the absence of a known alternative signal 

carrier56. Our finding that mesothelial connections may transmit signals to the spleen is 

consistent with the hypothesis of Martelli et al, except that rather than ChAT+ CD4+ T cells 

acting as the signal carrier to the spleen, signals are transmitted to the spleen via cell-cell 

signaling between mesothelial cells. Mesothelial cells line the body's serous cavities and 

internal organs63. Interestingly, most mesothelial cells form monolayers of predominantly 

flattened, squamous-like cells devoid of significant mitochondria or Golgi apparatus. 

Mesothelial cells on some surfaces however, including that of the spleen, appear cuboidal 

and have abundant mitochondria and rough endoplasmic reticulum (RER), suggesting a 

more metabolically active state63. Traditionally, the mesothelium was thought only to 

provide a non-adhesive, protective surface that allows the body’s internal surfaces to rub 

against each other without injury. More recently however, it has become clear that the 

mesothelium is involved in a number of other important functions, including the transport 

and movement of fluid across the serosal cavities, synthesis of pro-inflammatory cytokines 

and growth factors, release of factors to promote both the deposition and clearance of fibrin, 

and antigen presentation63. Much evidence indicates that that cells outside the 

parasympathetic, primarily cholinergic neuronal network also synthesize, contain, and 

release ACh64. Importantly, mesothelial cells have previously been reported to express both 

ChAT and nicotinic receptors as well as other components required for ACh signaling63. 

Therefore, mesothelial cells appear to contain the necessary cellular machinery to act as an 

initiating source of acetylcholine that could activate splenic anti-inflammatory pathways. 

Taken together, our data suggest a previously unrecognized function of the mesothelium to 

potentially mediate the splenic cholinergic anti-inflammatory response via transmission of 

signals (potentially via ACh) to the splenic capsule.

In addition to identifying the mesothelium as a potential signal carrier required to initiate the 

CAIP, our data may also provide a location of interface between mesothelial cells and the 

splenic nerves. Given the close anatomical association between mesothelial cells and the 

dense network of nerves we observed underlying the splenic capsule, we speculate that 

mesothelial cells on the capsular surface may act via paracrine signaling to alter the release 

of neurotransmitters from this underlying neural network. These neurotransmitters may then 

act on immune cells to modulate the inflammatory response. Assuming these capsular 

nerves arise from the splenic nerve, such a pathway would be consistent with the 

requirement to have both a patent splenic nerve as well as intact mesothelial connections to 

the splenic capsule in order to stimulate the CAIP20. Localization of the splenic capsule as 

an integral site in the CAIP is consistent with this region being an important 

immunomodulatory area65. Interestingly, most of the nerves we observed in the splenic 
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capsule were negative for tyrosine hydroxylase, suggesting that most of the observed 

capsular nerves may not release noradrenaline. The significance of this observation in regard 

to the CAIP remains unclear. Further studies are required to confirm nerves underlying the 

splenic capsule arise from the splenic nerve. Browning et al has suggested that the anti-

inflammatory actions of VNS on the GI tract may be mediated indirectly via its effect on the 

enteric nervous system7. Given the paucity of data regarding the origin of this dense network 

of nerves below the capsule, until the source of these capsular nerves is confirmed, it 

remains possible that similar intrinsic neural networks may be present in the spleen.

Key studies needed to delineate this hypothesis: A series of studies are required to 

test whether cholinergic signaling between mesothelial cells or infiltration of ChAT+ CD4+ 

T cells initiates the cholinergic anti-inflammatory response, and whether these signals may 

interact with nerves underlying the splenic capsule. Given the proposed role of ChAT+ 

CD4+ T cells in mediating downstream signaling involved in activation of the CAIP52, it 

may be easier to exclude a role of mesothelium in transmitting anti-inflammatory signals to 

the spleen than that of this T cell subset, as depletion of ChAT+ CD4+ T cells may inhibit 

the CAIP at multiple points. However, specific depletion of ChAT in mesothelial cells 

utilizing targeted Cre recombinase could delineate the requirement of cholinergic signaling 

through mesothelial cells. As per the discussion of direct vagal innervation, chief among 

experiments that may help delineate these hypotheses would involve determining whether 

genetic deletion of ChAT or other key signaling components in mesothelial cells inhibits 

splenic cholinergic anti-inflammatory responses to efferent vagal stimulation. As this 

hypothesis suggests that mesothelial cells transmit anti-inflammatory signals to the spleen in 

response to efferent VNS, and that activation of sympathetic nerve terminals underlying the 

splenic capsule are required to activate the anti-inflammatory response, physical or genetic 

disruption of signaling along these mesothelial connections would be predicted to abolish 

the anti-inflammatory response to efferent VNS. Splenic anti-inflammatory responses to 

either direct electrical stimulation of the splenic nerve or reflex activation of the splenic 

nerve secondary to vagal afferent signaling however, would be predicted to remain. As the 

network of nerves underlying the capsule can easily be loaded with and visualized using 

Ca2+-sensitive fluorescent dies4, it may also be possible to investigate potential mesothelial/

neural interactions on the splenic surface using in situ imaging techniques.

A new model of the cholinergic anti-inflammatory pathway incorporating the mesothelium:

Based on the above discussion, we propose a novel model the of CAIP wherein anti-

inflammatory signals are transmitted to the splenic parenchyma via paracrine signaling 

between PGP9.5 positive mesothelial cells that form continuous layers with those that cover 

the splenic capsule. These signals reach the splenic capsule via thin mesothelial lined 

collagen connections that join with the capsular mesothelium, primarily at the inferior 

border of the spleen (note; these data come from qualitative assessment of histological 

sections and further mapping of these connections is required to confirm the location of 

these connections). We propose that release of ACh or other mediators from capsular 

mesothelial cells, interacts with a dense network of nerves that may derive from the splenic 

nerve, and underlie the splenic capsule. Either via stimulation of action potentials or via 

direct stimulation of neurotransmitter release from nerve terminals in this network, anti-

Mannon et al. Page 15

Pharmacol Res. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inflammatory signals may be propagated along the length of the splenic parenchyma 

underlying the capsule. Release of neurotransmitters from these nerves then initiates 

signaling pathways requiring (at a minimum) both ChAT+ CD4+ T cells and splenic 

macrophages, promoting a systemic anti-inflammatory response (Figure 7).

Critique of this model: A key component of this newly proposed model is that non-

neuronal singling between mesothelial cells transmits anti-inflammatory signals to the 

spleen. While many cells are capable of cholinergic signaling64, the concept that signaling 

between mesothelial cells can conduct biological signals between distal anatomical sites 

would represent a new method of biological signaling, not previously observed, comparable 

(at least in its function to transmit biological signals between distal sites) to hormonal or 

neural signaling. Further, it is unknown whether ACh or other signaling molecules are 

produced in mesothelial cells in quantities high enough to effectively penetrate the splenic 

parenchyma and activate pathways involved in mediating the CAIP (note; our data, in which 

we were able to rapidly immersion load neuronal cells underlying the splenic capsule with 

Ca2+ sensitive dyes however, indicates that the collagen surface of the capsule may be quite 

permeable to small molecules). In any case, our hypothesis should be viewed critically and 

requires vigorous testing. Other critiques of this model include those already mentioned, 

such as the possibility that surgical interventions may damage the spleen rendering it unable 

to respond to stimuli, or that NaHCO3 acts by a distinct pathway different to that of the 

CAIP to promote an anti-inflammatory response. The nature and anatomical origin of 

signals potentially transmitted via the mesothelium also remains unclear.

How do other data fit with this new model?: As discussed above, this newly proposed 

model fits with key data underlying the CAIP including:

• Evidence that stimulation of efferent VNs activates a systemic anti-inflammatory 

response5

• That this response originates primarily in the spleen1,5

• That this response requires an intact splenic nerve20

As well as data that has challenged a direct parasympathetic or di-synaptic model of the 

CAIP including:

• That efferent VNs do not innervate the spleen44

• That efferent vagal signals are unlikely to be transmitted to the spleen via the 

splenic nerve56

• That clearing of the splenic poles promotes a pro-inflammatory response38

A critical component of this newly proposed model which we have not yet addressed is ‘how 
could efferent vagal signals promote signaling within the mesothelium?’ In support of a 

direct connection between efferent vagal pathways and the mesothelium, Mihara et al 
recently reported that within the ileum, nerve terminals are found in close proximity to the 

mesothelium and that these cells are likely capable of responding to ACh via nicotinic 

receptors60. As such, efferent vagal signals may directly stimulate signaling in mesothelial 

cells which could then modulate immune responses in the spleen and GI tract. 
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Teleologically, if vagal efferent nerves evolved in part to promote a systemic anti-

inflammatory response that required the spleen, why not simply have direct vagal 

innervation of the spleen? Why (as our data suggest) rely on indirect transmission through 

mesothelial cells to promote a response? A potential answer to this question is that the CAIP 

did not evolve simply to respond to vagal efferent signals, but rather, evolved as a sensory 

pathway which responds to signals arising from the GI tract that are effected by VNS. We 

speculate that vagal efferent nerves do not drive the CAIP through a direct vagal-mesothelial 

signaling interface, but rather mesothelial cells in the peritoneum sense changes in the 

peritoneal cavity and respond by sending signals to the spleen to modulate the systemic 

inflammatory environment. As such, we propose that the CAIP may not represent a neural-

immune axis but would be more appropriately described as GI-immune axis. Much evidence 

now supports a ‘splanchnic anti-inflammatory pathway’66 in which efferent sympathetic 

nerve impulses to the spleen promote an anti-inflammatory response. In line with the 

proposal of Martelli et al11, rather than developing an entirely new system to support a GI-

immune axis, we suggest that this GI-immune axis evolved to piggyback on the existing 

machinery of the splanchnic anti-inflammatory pathway. Such a relationship would explain 

the requirement for a patent sympathetic nerve in mediating CAIP, absent a requirement of 

signaling through the sympathetic nerves to mediate this response.

Certainly, the idea that the CAIP represents a GI-immune axis rather than a neural-immune 

axis cannot be easily excluded from the available data. While the VN innervates a wide array 

of organs in the human body, in regard to the CAIP its connections to the abdominal viscera 

are of greatest interest. Efferent branches of the VN from the dorsal motor nucleus combine 

to form preganglionic fibers that course to cholinergic ganglia. Within these cholinergic 

ganglia, postganglionic neurons send projections to target, effector organs, supplying 

thoracic and abdominal viscera via several prevertebral and autonomic plexi67,68. 

Stimulation of VN activity decreases heart rate via vagal innervation of the cardiac atria and 

stimulates gastric, hepatic, and pancreatic glandular secretion via vagal innervation to the 

gastrointestinal tract and pancreas7,67. VN activity also increases gastrointestinal 

peristalsis67. In regard to the GI tract, the stomach and upper GI tract are most densely 

innervated by vagal parasympathetic nerves69. Given the well-known actions of efferent VN 

activity on the gastro-intestinal tract, it is somewhat surprising that little effort appears to 

have been made to exclude the secondary effects of vagal efferent stimulation on gastro-

intestinal (GI)19 physiology toward mediating the CAIP. This is despite a practical inability 

to dissociate vagal efferent signals to the GI tract from those that mediate the CAIP; since 

there is no direct vagal innervation of the spleen, studies utilizing vagal denervation have 

transected the vagal trunk below the diaphragm, thereby disrupting vagal signaling to the 

liver, stomach, pancreases, gall bladder and mesentery by removing normal preganglionic 

cholinergic drive. Mapping of the neuroanatomical pathways and deciphering the ‘language’ 

of the CAIP has also failed to rule out this possibility, as the neuroanatomical pathways and 

stimulation frequencies found to drive the CAIP3,70 are remarkably similar to those that are 

known to stimulate gastric acid secretion57,71. Lining the entirety of the peritoneal cavity, 

the mesothelium is ideally situated to sense and respond to changes in GI function and/or 

secretion or absorption from the GI tract as well as potential threats from invading pathogens 

in this anatomically high-risk location. Our observation that oral ingestion of NaHCO3 

Mannon et al. Page 17

Pharmacol Res. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



promotes splenic anti-inflammatory responses is highly suggestive of a model in which GI 

physiology, rather than neural signals, mediates the CAIP. Evidence that both high fat 

feeding72 and the ‘hunger hormone’ Ghrelin stimulate the CAIP73 is also suggestive of a 

pathway that responds to primarily GI rather than neuronal signals, albeit these two stimuli 

are reported to have largely opposing actions on both vagal activation and acid 

secretion71,74,75.

The issue of whether vagal efferent stimulation directly stimulates splenic anti-inflammatory 

pathways or promotes splenic anti-inflammatory responses indirectly via its effects on GI 

physiology, is critical to identifying the most appropriate therapeutic strategies. Evidence 

from our study indicating that the anti-inflammatory response to NaHCO3 ingestion was 

blocked by treatment with a proton pump inhibitor4 suggest that gastric acid secretion is a 

key component of the anti-inflammatory response we observed. If rather than responding to 

direct cholinergic input from efferent VNs, mesothelial signaling to the spleen was found to 

sense and respond to gastric acid secretion, ingestion of NaHCO3 may not only be preferred 

over implantation of electrodes designed to stimulate vagal efferent activity, but may also 

promote an even greater anti-inflammatory effect. This is because ingestion of NaHCO3 

raises the pH of the gastric fluid, and stimulation of acid secretion using this approach would 

not be limited by feedback inhibition from already low gastric pH76. Further, due to the 

strong buffering capacity of HCO3
− solutions, acid secretion may be stimulated for a 

significant duration after ingestion of a single dose. A gastric acid secretion-mediated 

mechanism would be consistent with the robust changes in inflammatory cell polarization 

we observe after ingestion of NaHCO3
4, even in the absence of a prior pro-inflammatory 

stimuli (often a requisite to detect the anti-inflammatory responses to VNS). If the CAIP is 

mediated by gastric acid secretion, promotion of gastric acid secretion with alkali like 

NaHCO3, would also represent a more direct stimulus, avoiding potential adverse 

consequences of generalized VNS on other physiological functions.

On a separate but related topic, if our hypothesis that communication between specialized 

mesothelial cells transmits the signals that mediate the CAIP is correct, this finding may 

shed light on the etiology of some forms of idiopathic fibrosis. Splenic capsular fibrosis or 

perisplenitis (also known colloquially as ‘icing sugar spleen’), is a common incidental 

finding at autopsy77 (Figure 8). However, the etiology of capsular fibrosis remains 

unknown77. In trichrome stained sections, the layered arrangement of the thickened capsule 

with proliferating mesothelial cells at the surface, looks similar to the tissue within the 

connections themselves (Figure 8). The progressive nature of the fibrosis, with continued 

capsular thickening over weeks to months following surgery, is also unlike the common 

fibrotic response to injury or wound healing, where following the initial fibrotic response the 

scar tissue retracts. We speculate that the fibrotic response we observed following 

manipulation of the spleen may be triggered by loss of cell-cell signaling between capsular 

mesothelial cells and those lining the thin connections to the splenic pole. In support of this, 

it has been reported that splenic capsular fibrosis is most commonly found in patients with a 

history of peritonitis or portal hypertension77, where mesothelial cells in these connections 

may have been damaged or lost. While capsular fibrosis is generally considered a benign 

finding, based on our data, we speculate that this pathology may represent loss of the CAIP 

and a physiological attempt to reconnect the splenic capsule to damaged or broken 
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mesothelial connections that supply signaling input to the capsular surface. As mesothelial 

cells have been implicated in idiopathic fibrosis of other organs61, we speculate that in some 

cases fibrosis may not represent tissue scarring in response to injurious or inflammatory 

stimuli, but rather, may represent continuing failed attempts at re-establishing lost pathways 

of cellular communication.

Key studies needed to delineate this hypothesis:  A critical test of the hypothesis that VNS 

promotes splenic anti-inflammatory responses indirectly via stimulation of gastric acid 

secretion would be to determine whether inhibition of acid secretion using proton pump 

inhibitors or other drug classes that inhibit gastric acid secretion, or following selective 

denervation of the VN innervating the stomach, inhibit the anti-inflammatory response to 

efferent VNS. If VNS acts by an independent signaling pathway, pharmacological inhibition 

of gastric acid secretion should have little effect to inhibit the anti-inflammatory response. If 

these studies further implicate gastric acid secretion in mediating the CIAP, additional 

studies would be required to identify the signals associated with gastric acid secretion that 

are sensed outside the stomach as well as how these may be sensed by the mesothelium. 

Such signals could include changes in pH of the blood draining the stomach or release of 

gastric hormones associated with acid secretion.

Summary and conclusions

In summary, the CAIP is thought to be a part of a neural immune circuit (termed the 

‘inflammatory reflex’) that regulates systemic inflammation primarily via efferent neural 

signals to the spleen5. Much controversy still exists however, regarding the physiological 

pathways that mediate the anti-inflammatory response. Recent data from our laboratory may 

provide novel insight into the mechanisms that mediate the CAIP. Importantly, these data 

indicate that rather than a neural-immune circuit, the CAIP may represent a novel 

gastrointestinal-immune axis, mediated not by neuronal signaling but rather by signaling 

between mesothelial cells.

Ingestion of NaHCO3 is touted as an effective home remedy for the treatment of at least two 

inflammatory conditions, cystitis78 and gout arthritis79. More recent evidence from clinical 

studies indicates that NaHCO3 may also slow the decline in kidney function as well as 

lessen insulin resistance in CKD patients29. While, all of these diseases are thought to 

involve an inflammatory component, the beneficial effects of NaHCO3 ingestion are thought 

to be related to the alkalizing effect of NaHCO3 on the urine or blood (the latter representing 

a best modest change in healthy individuals). Such mechanisms however, remain largely 

untested, and a potential anti-inflammatory action of NaHCO3 in mediating any therapeutic 

benefits cannot be excluded. Given the controversy surrounding the physiological pathways 

underlying the CIAP, as well as the potential role of NaHCO3 in mediating beneficial effects 

in inflammatory states, it is the author’s view that further studies are warranted to determine 

the role of NaHCO3, GI physiology and the mesothelium in mediating the CAIP.

Delineating the hypothetical models proposed to underlie the CAIP will be likely be critical 

in leveraging the therapeutic potential of this innate physiological pathway. A number of key 

experiments capable of delineating these hypotheses are listed, some of which are currently 
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underway in our own laboratory. It is hoped that by outlining the arguments underlining 

current models of the CAIP as well as suggesting an experimental framework to delineate 

these hypotheses in future, this review will provide a road map to future studies which could 

be utilized to better understand the underlying physiology of this important pathway. 

Perhaps a cheap and freely available antacid will rival VNS in treating a wide variety of 

inflammatory disorders?
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Figure 1. Cartoon demonstrating the location of PGP9.5 positive mesothelial lined connections to 
the rat spleen.
Solid ovals, PGP9.5 positive mesothelial cells. Open ovals, PGP9.5 negative mesothelial 

cells as shown in Figure 2.
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Figure 2. Mesothelin and PGP9.5 localization in the spleen and heart.
Panel A) Anti-mesothelin staining of the rat cardiac atria. Mesothelial cells cover the 

entirety of the outer surface of the rat cardiac atria as indicated by positive staining for the 

mesothelial marker mesothelin (dark brown staining). Original magnification 5X, bar = 

400μM. Panel B) Mesothelial cells cover the surface of the spleen and are continuous with 

mesothelial cells that line collagen connections that make contact with the spleen along its 

most anterior axis. Original magnification 5X. Panel C) Some of the mesothelial cells lining 

the cardiac atria stain positive for the pan-neuronal marker PGP9.5 (dark brown staining). 

Original magnification 5X. Panel D) higher power image of PGP9.5 positive mesothelial 

cells on the rat cardiac atria. Original magnification 40X, bar = 50μM. Panel E) Low power 

image of rat spleen stained for PGP9.5. Mesothelial cells of the diaphragmatic surface 

(white arrow) of the spleen are positive for PGP9.5 while those on the visceral surface are 

negative. Original magnification 5X.
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Figure 3. Di-synaptic model of the cholinergic anti-inflammatory pathway.
Efferent parasympathetic vagal nerves (green lines) synapse with post-synaptic sympathetic 

fibers (blue lines) in the celiac ganglion. Nerve impulses in these post-synaptic sympathetic 

nerves, that enter the spleen via the splenic hilum, promote release of noradrenaline (blue 

circles) from nerve terminals in the splenic parenchyma which are in close proximity to 

Choline acetyl transferase (ChAT) positive T-lymphocytes. Stimulation of adrenergic 

receptors of ChAT positive T-lymphocytes by noradrenaline promotes acetylcholine (green 

circles) production by these cells. Increased splenic acetylcholine levels activates nicotinic 

acetylcholine receptors on splenic macrophages limiting the production of tumor necrosis 

factor α, or other pro-inflammatory cytokines, and promotes a systemic anti-inflammatory 

state.
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Figure 4. Direct parasympathetic innervation model of the cholinergic anti-inflammatory 
pathway.
Vagal parasympathetic fibers (green lines) innervate the spleen at the splenic poles. 

Activation of efferent parasympathetic fibers directly promotes acetylcholine release within 

the splenic parenchyma. This pathway presumably also requires Choline acetyl transferase 

(ChAT) positive T-lymphocytes and splenic macrophages however specific signaling 

pathways within the spleen have not been detailed for this model.
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Figure 5. Capsular fibrosis and capsular cell proliferation following surgical manipulation of the 
spleen in the mouse.
We have previously reported capsular fibrosis and mesothelial cell hypertrophy and 

hyperplasia on the surface of the rat spleen following surgical manipulation that disrupted 

thin mesothelial lined connections to the splenic capsule. While, due to the thinner capsule, 

fibrosis is not easily observed 3 weeks post-surgery in the mouse spleen, capsular fibrosis is 

evident in trichrome stained sections of the mouse spleen (A) when compared to spleens that 

were not manipulated during surgery (B) (original magnification of both images 5X). Panel 

C shows capsular thickening and cell proliferation (arrows) on the surface of the surgically 

manipulated mouse spleen, similar to that previously reported in the rat. Original 

magnification 40X.
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Figure 6. A model of the cholinergic anti-inflammatory pathway initiated by stimulation of 
splenic sympathetic nerve terminals by circulating ChAT-positive T cells.
Vagal parasympathetic fibers (green lines) release acetylcholine (green circles) in proximity 

to Choline acetyl transferase (ChAT) positive T-lymphocytes at some as yet unidentified site 

outside the spleen. These activated ChAT positive T-lymphocytes then infiltrate the spleen 

via the circulation and release acetylcholine in proximity to sympathetic nerve terminals 

(blue line). This promotes one of either depolarization of these nerve terminals and release 

of noradrenaline (blue circles) or direct release of noradrenaline in the absence of terminal 

depolarization. This noradrenaline then stimulates β-receptors on splenic macrophages, 

limiting the production of tumor necrosis factor α, or other pro-inflammatory cytokines, and 

promoting a systemic anti-inflammatory state
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Figure 7. A model of the cholinergic anti-inflammatory pathway as a gastro-intestinal - splenic 
axis, mediated by non-neuronal signaling through the mesothelium.
Changes in venous blood draining the GI-tract or within the peritoneal environment such as 

increased levels of gastric hormones or direct input from efferent vagal nerves, stimulates 

signaling between PGP9.5 positive mesothelial cells (red ovals). These signals reach the 

spleen via paracrine signaling along thin mesothelial cell lined collagen connections that 

adjoin the anterior edge and inferior border of the spleen and in turn activate PGP9.5 

positive mesothelial cells on the capsular surface. These mesothelial cells release 

acetylcholine (green circles) or some other substance which stimulates release of 

noradrenaline or other mediators from a web of nerves underlying the capsule, derived from 

the sympathetic splenic nerves. This noradrenaline then stimulates β-receptors on splenic 

macrophages, limiting the production of tumor necrosis factor α, or other pro-inflammatory 

cytokines, and promoting a systemic anti-inflammatory state.
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Figure 8. Progressive fibrosis and thickening of the rat splenic capsule is reminiscent of human 
perisplenitis and may represent a continued and unsuccessful attempt of the capsular 
mesothelium to reconnect signaling input.
Panel A) normal histology of the rat splenic capsule 8 weeks after surgery in which the 

spleen was not manipulated. Original magnification 20X. Panel B) significant thickening of 

the splenic capsule following manipulation of the spleen in the rat 8 weeks post-surgery. 

Original magnification 20X. Panel C) low power image of normal spleen and connections 

shown in panel A. Original magnification 5X. Panel D) low power image of thickened 

splenic capsule and connections in image shown in panel B. Original magnification 5X. 

Panel E) mesothelial cell lined collagen connection attached to the inferior border of the rat 

spleen in trichrome stained paraffin section. Original magnification 10X. Panel F) Example 

of shredding of the capsule often observed in rat with splenic capsular fibrosis, reminiscent 

of mesothelial lined connections present in the normal spleen. Panel G) Gross histological 

section of human spleen demonstrating significant splenic capsular fibrosis (perisplenitis). 

Note the general appearance and location of the fibrosis is similar to that observed in the rat 

spleen 8 weeks post-surgical manipulation (panel D). Image in panel G is modified from 

image shown in Monash University museum of pathology (http://

museum.med.monash.edu.au/spec/index.cfm?spec=D3D1) with permission.
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Table 1.
Review of cholinergic anti-inflammatory pathway (CAIP) models.

This table summarizes both supporting and refuting evidence for each proposed pathway of the cholinergic 

anti-inflammatory pathway discussed throughout the review.

Model For Against

Di-synaptic
 • Splenic nerve denervation or pharmacological depletion of 

noradrenaline within sympathetic nerve terminals blocked the anti-
inflammatory response to VNS

 • Inability to validate vagal-sympathetic 
synapses in the celiac ganglion

 • Electrical stimulation of the efferent vagus 
nerve reported to have no direct effect on 

splenic nerve activity

Direct 
Parasympathetic 

Splenic Innervation

 • Selective surgical clearing of the splenic poles increases 
systemic inflammation & produces inflammatory splenic immune 

profile
 • Neuronal tracers injected into the spleen label the dorsal motor 
nuclei of the vagus & lesioning parasympathetic nerves at both tips 

of the spleen abolishes labeling

 • Dearth of histological evidence of vagal 
innervation in rodent spleen

 • High risk of artefactual labeling using 
retrograde tracers from inadvertent spread of 

the tracer to non-splenic sites

Sympathetic 
Activation & 

Signaling

 • ChAT+CD4+T cells are required for the anti-inflammatory 
response to VNS

 • Absence of a valid neuronal pathway capable of transmitting 
VN mediated signals to the spleen

 • Localization of the required neuronal/T 
cell interface remains unknown

Mesothelial 
transmission of 

signals to the spleen

 • Presence of thin mesothelial lined collagen connections that join 
with the capsular mesothelium

 • Evidence these mesothelial cells express neuronal markers and 
contain ultrastructural elements resembling signaling components of 

nerves
 • Evidence that clearing of connective tissue around the spleen or 

disruption of these connections inhibits the splenic anti-
inflammatory response to NaHCO3

 • Evidence that capsular mesothelial cells respond to disruption of 
mesothelial connections to the spleen (proliferation and collagen 

deposition)
• Evidence of a dense network of nerves below the splenic capsule, 

providing a potential interface between the splenic capsular 
mesothelium and splanchnic anti-inflammatory pathway

• Surgical interventions may damage the 
spleen leaving it unable to respond to stimuli

• NaHCO3 may act by a distinct pathway 
separate from the CAIP to promote an anti-

inflammatory response
• Nature and anatomical origin of signals 

sensed by the spleen and transmitted via the 
mesothelium to the spleen remains unknown
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