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ABSTRACT	
	

The	 gut	 immune	 system	 shares	 many	 signalling	 molecules	 and	 receptors	 with	 the	

autonomic	nervous	system.	A	good	example	is	the	vagal	neurotransmitter	acetylcholine	

(ACh),	 for	which	many	immune	cell	 types	express	cholinergic	receptors	(AChR).	 In	the	

last	 decade	 the	 vagal	 nerve	 has	 emerged	 as	 an	 integral	 part	 of	 an	 immune	 regulation	

network	 via	 its	 release	 of	 ACh;	 a	 system	 coined	 “the	 cholinergic	 anti-inflammatory	

reflex”.	The	perspective	of	 cholinergic	 immune	 regulation	 in	 the	 gut	mucosa	has	been	

widened	by	 the	recent	discovery	of	populations	of	ACh	producing	 immune	cells	 in	 the	

spleen	and	other	organs.	As	such,	ACh,	classically	referred	to	as	neurotransmitter,	may	

serve	 a	much	 broader	 function	 as	 bi-directional	 signalling	molecule	 between	 neurons	

and	non-neuronal	cell	types	of	the	immune	system.	
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INTRODUCTION	
	

The	concept	of	vagal	immune	modulation	

In	many	 physiological	 parameters	 the	 autonomic	 nervous	 system	 is	 known	 to	 initiate	

quick	 and	 precise	 responses	 to	 restore	 homeostasis.	 Recent	 advances	 have	 further	

broadened	this	spectrum	to	the	immune	system,	and	the	autonomic	nervous	system	is	

now	 an	 established	 component	 of	 the	 immune	 response.	 Where	 earlier	 reports	 have	

indicated	 the	 sympathetic	 nervous	 system	 as	 a	 ‘hard-wired’	 system	 that	 can	 locally	

regulate	 immune	responses	 (o.a.	 reviewed	 in	 (1)),	more	recently	 the	vagus	nerve	 (the	

parasympathetic	 branch	 of	 the	 ANS)	 was	 demonstrated	 to	 play	 a	 regulatory	 role	 in	

immune	responses.	Building	on	initial	observations	of	ACh	production	in	the	spleen,	the	

regulation	of	innate	immune	responses	by	vagal	nerve	derived	ACh	was	initially	shown	

in	 a	 rat	 model	 of	 experimental	 sepsis	 (2).	 In	 these	 experiments	 it	 was	 shown	 that	

surgical	 dissection	 of	 the	 vagus	 nerve	 enhanced	 splenic	 pro-inflammatory	 cytokine	

production	 and	 accelerated	 the	 development	 of	 septic	 shock,	 whereas	 electrical	

stimulation	of	the	efferent	vagus	nerve	prevented	systemic	inflammation,	 loss	of	blood	

pressure,	 and	 reduced	 lethality	 (2).	 Subsequently,	 several	 studies	 demonstrated	 the	

anti-inflammatory	 property	 of	 the	 vagus	 nerve	 in	 diverse	 mouse	 models	 such	 as	

ischemia–reperfusion	 injury	 (3),	 	 hemorrhagic	 shock	 (4),	 experimental	 arthritis	 (5),	

pancreatitis	 (6),	 peritonitis	 (7),	DSS-induced	 colitis	 (8)	 and	postoperative	 ileus	 (9,10).	

Vagal	modulation	of	immune	responses	may	have	particular	implications	in	the	densely	

innervated	gastrointestinal	tract.	It	is	known	that	the	intestinal	(colonic)	lumen	contains	

massive	numbers	of	commensal	gut	microbes	(estimated	to	amounts	of	1011	to	1014	per	

gram	 stool	 in	 the	 colon)	 and	 the	 immune	 system	 must	 display	 a	 well-regulated	 and	

effective	response	 to	 the	presence	of	both	beneficial	and	pathogenic	microbes	 (11).	 In	

particular,	 macrophages	 were	 identified	 as	 the	 vagal	 targeted	 immune	 cells	 that	

orchestrate	 an	 anti-inflammatory	 effect	 through	 the	 alpha7	homopentameric	 nicotinic	

acetylcholine	receptor	(nAChR)	in	a	murine	model	of	septic	shock	(12).	In	addition,	we	

and	 others	 have	 recently	 provided	 evidences	 indicating	 that	 ACh	 can	 affect	 various	

functionalities	 of	 macrophages	 such	 as	 phagocytosis,	 and	 killing	 through	 a	 different	

nAChR	 heteropentamer	 alpha4beta2	 (13,14).	 This	 suggests	 that	 neuronal	 ACh	

production	can	potentially	modulate	macrophage	activity	at	different	cellular	levels	and	

through	 distinct	 nicotinic	 receptors.	 However,	 it	 has	 become	 clear	 that	 in	 addition	 to	
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macrophages	 a	 variety	 of	 non-neuronal	 cells	 express	 AChRs	 allowing	 these	 cells	 to	

respond	 to	 cholinergic	 activation.	 In	 this	 sense	 it	 should	 be	 noted	 that	 in	 the	 gut	

cholinergic	release	from	pre-ganglionic	neurons	of	the	vagus	has	been	shown	to	amplify	

vagal	 signalling	 through	 cholinergic	 enteric	 neuron	 excitability	 (15).	 The	 enteric	

neurons	 are	 not	 only	 an	 abundant	 source	 of	 ACh,	 but	 also	 of	 neuropeptides	 (co-

transmitters	of	enteric	cholinergic	neurons	such	as	vasoactive	intestinal	peptide	(VIP)),	

which	display	immunomodulatory	potential	(extensively	reviewed	by	o.a.	(16)).	Hence,	

cholinergic	 modulation	 of	 intestinal	 cells	 can	 be	 regarded	 as	 quite	 common	 in	 a	 gut	

context.	 Therefore	 it	 should	 be	 kept	 in	 mind	 that	 the	 neurotransmitter	 ACh	 has	 the	

potential	 to	 affect	 a	 multitude	 of	 cellular	 targets	 through	 differential	 receptor	

propagation	that	could	be	of	cholinergic	or	non-cholinergic	origin.	

	

Cholinergic	receptors	and	inflammation	in	the	gut	mucosa	

At	a	molecular	level,	most	of	the	studies	on	the	anti-inflammatory	potential	of	the	vagus	

nerve	 have	 been	 based	 on	 the	 effects	 of	 ACh.	 AChRs	 are	 prominently	 expressed	 in	

immune	 cells	 (lymphoid	 and	myeloid	 cells).	 The	 functional	 implications	 have	 become	

clear	 after	 the	 finding	 that	ACh	 controls	 the	production	of	 proinflammatory	 cytokines	

from	macrophages	(12).	Since	ACh	signals	through	either	muscarinic	(G-protein	coupled	

receptors)	or	nicotinic	(ligand-gated	ion	channels)	receptors,	selective	receptor	agonists	

and	 antagonists	 were	 used	 to	 identify	 the	 receptors	 involved	 in	 the	 control	 of	

macrophage	 activation	 (17).	 Muscarine	 slightly	 inhibited	 macrophage	 activation	 at	

supraphysiological	levels,	but	equimolar	concentrations	of	nicotine	were	more	efficient	

than	ACh	at	inhibiting	the	production	of	Tumour-necrosis	factor	(TNF)	in	macrophages	

(12).	 These	 effects	 were	 specific	 for	 proinflammatory	 cytokines	 and	 neither	 ACh	 nor	

nicotine	inhibited	the	production	of	anti-inflammatory	mediators	such	as	Transforming	

growth	 factor-beta	 (TGF-beta)	or	 Interleukin-10	 (IL-10).	Hence,	 the	anti-inflammatory	

effect	of	ACh	on	macrophages	seems	to	be	mediated	mainly	through	nicotinic	receptors.	

Most	 studies	 identified	 the	 alpha7	homopentamer	nAChR	as	 the	mediator	 of	 the	 anti-

inflammatory	 effect	 of	 the	 vagal	 signalling	 (by	 suppression	 of	 macrophage	 cytokine	

response).	 Furthermore,	 transcripts	 for	 nicotinic	 acetylcholine	 receptors	 (nAChR)	

subunit	 alpha7,	 beta2,	 as	well	 as	 alpha4	have	been	detected	 in	multiple	 inflammatory	

cell	 types,	 including	 macrophages	 derived	 from	 various	 tissues	 (2,13,14)	 (10).	 The	

finding	 of	 distinct	 nAChR	 subtypes	 expressed	 on	 immune	 cells	 suggests	 that	 nicotine	



Chapter 2  Cholinergic signalling in gut immunity 

 17 

may	differentially	affect	distinct	inflammatory	cells	with	its	specificity	based	on	receptor	

affinity	for	ACh,	as	is	the	case	in	neurons	(18-20).	

However,	 the	 concept	 of	 vagal	 immune	 modulation	 of	 intestinal	 inflammation	 rather	

needs	to	be	considered	in	the	context	of	vagal	 innervation	of	the	gut.	In	appreciating	a	

role	for	vagal	immune	modulation	it	remains	to	be	elucidated	if	ACh	released	from	vagus	

nerve	termini	actually	reaches	the	immune	cells,	and	if	so,	in	what	quantities.	Given	the	

turnover	 rate	 of	 ACh,	 cholinergic	 modulation	 of	 immune	 cell	 activation	 most	 likely	

requires	 close	 contact,	 i.e.	 via	 enteric	 neurons	 of	 cholinergic	 nature.	 Although	

macrophages	are	found	in	close	anatomical	apposition	to	cholinergic	fibres	in	rat	small	

intestinal	wall	(21),	there	is	currently	no	evidence	that	parasympathetic	neurons	indeed	

innervate	macrophages.	Since	pre-ganglionic	neurons	(from	the	dorsal	motor	nucleus	of	

the	vagus	(DMV))	mainly	 innervate	the	myenteric	plexus	and	sparsely	 the	submucosal	

plexus	(22),	its	plausible	that	the	enteric	nervous	system	(ENS),	of	which	approx	26%	of	

neurons	 of	 the	 ENS	 are	 cholinergic	 in	 nature,	 is	 the	 major	 neuronal	 network	 that	

conveys	vagal	signalling	(23).	

	

The	epithelium	as	a	target	of	intestinal	ACh	

In	regarding	the	cellular	targets	of	ACh	produced	in	the	intestine,	epithelial	cells	express	

a	 variety	 of	 muscarinic	 receptors,	 may	 represent	 a	 class	 of	 players	 that	 are	 as	 yet	

underappreciated.	 The	 colonic	 epithelium	 forms	 a	 selective	 barrier,	 regulating	 the	

passage	 of	 nutrients,	 ions	 and	 antigens.	 Under	 normal	 conditions,	 enterocyte	 tight	

junction	(TJ)	proteins	allow	the	gut	epithelium	to	 function	as	a	barrier	thus	regulating	

access	 for	 luminal	 bacteria	 to	 mucosal	 phagocytes	 (24).	 Colonic	 epithelial	 cells	

extensively	 express	 muscarinic	 receptors	 (mAChR	 1-3)	 (25,26).	 The	 group	 of	 McKay	

reported	 that	mice	 deficient	 for	M3	muscarinic	 receptor	 are	more	 susceptible	 to	 DSS	

induced	colitis.	Colitis	in	these	mice	was	restricted	to	the	ileum,	whereas	colitis	normally	

is	restricted	to	the	colon	and	ceacum	(27)	(Hirota	and	McKay,	2006).	In	line	with	these	

results,	 our	 preliminary	 in-vitro	 data	 imply	 that	muscarinic	 receptor	 agonists	 restore	

cytokine	 induced	 paracellular	 permeability	 in	 differentiated	 epithelial	 cells	 (human	

colonic	adenocarcinoma	cell	line	Caco-2)	(unpublished	data).		

In	 inflammatory	 bowel	 disease	 (IBD),	 the	 disturbed	 intestinal	 barrier	 function	 is	

recognized	as	a	key	event	that	perpetuates	the	disease	course.	Therefore,	 therapeutics	

aimed	at	protection	or	re-establishing	epithelial	barrier	functions	could	be	of	interest.	In	
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vitro	 and	 in	 vivo	 animal	 studies	 have	 demonstrated	 that	 intestinal	 permeability	 is	

regulated	by	multiple	factors,	including	exogenous	factors,	cytokines,	and	immune	cells.	

Cytokine-induced	 intestinal	 barrier	 dysfunction	 is	 thought	 to	 be	 critical	 in	 the	

predisposition	 to	 and	 exacerbation	 of	 numerous	 autoimmune	 and	 inflammatory	

conditions,	 including	 ulcerative	 colitis,	 food	 allergy,	 celiac	 disease,	 and	 diabetes.	 For	

example,	IL-1,	IFN-γ	and	TNF-α,	which	are	central	mediators	of	intestinal	inflammatory	

diseases,	have	been	clearly	shown	to	reduce	intestinal	epithelial	barrier	function	in	cell	

systems	 (28).	 The	 mechanism	 of	 action	 of	 these	 cytokines	 appears	 to	 be	 primarily	

mediated	 through	myosin	 light	 chain	 kinase–mediated	phosphorylation	 of	 the	myosin	

light	chain,	which	promotes	disruption	of	the	TJ	(29).	Hence,	cytokine	release	in	the	gut	

during	active	inflammation	contributes	to	pathology	by	inducing	changes	in	TJ	integrity	

resulting	 in	 loss	 of	 intestinal	 barrier	 function.	 Not	 only	 inflammatory	 conditions	 but	

chronic	stress	or	surgical	trauma	can	alter	expression	of	TJ	and	adherence	junction	(or	

zonula	adherens)	proteins	and	antimicrobial	peptides	allowing	gut	pathogens	to	adhere	

and	 cross	 the	 gut	 epithelium	 (24,30).	 Such	 proteins	 are	 composed	 of	 transmembrane	

proteins	occludin,	claudins	and	other	junctional	adherent	molecules	that	are	connected	

to	 the	 cytoskeleton	 via	 a	 complex	 of	 multiple	 proteins.	 Changes	 in	 epithelial	 barrier	

function	 and	 TJ	 expression	 also	 form	 the	 basis	 of	 defects	 in	 wound	 healing	 and/or	

increased	electrolyte	secretion	that	are	often	seen	in	IBD,	thereby	perpetuating	disease	

progression	(31).	In	this	context,	the	role	of	the	ENS	in	the	regulation	of	barrier	function	

and	the	gut	immune	response	is	emerging.	Recent	advances	have	highlighted	the	ENS	as	

a	key	player	in	the	control	of	barrier	function	and	have	indicated	that	alterations	of	the	

ENS	 could	 be	 directly	 associated	 with	 the	 development	 of	 IBD	 and	 its	 associated	

symptoms	 (32).	 Interestingly,	 ACh	has	 been	put	 forward	 as	 one	 of	 the	neural-derived	

mediators	that	could	be	involved	in	this	neuro-regulation	of	intestinal	barrier	function.	

One	 example	 thereof	 is	 that	 cholinergic	 activity	 has	 been	 shown	 to	 be	 involved	 in	

regulation	of	 the	mucosal	barrier	 function,	 enterocyte	endocytosis	 (33),	 and	 intestinal	

epithelial	permeability	(34).	In	addition,	cholinergic	signalling	is	implicated	in	intestinal	

permeability	 changes	 observed	 after	 chronic	 stress	 (24).	 The	 ENS	 may	 also	 exert	

regulation	of	 intestinal	barrier	 function	via	a	network	of	enteric	glia	 (35)	 that	 interact	

with	 epithelial	 TJs,	 possibly	 via	 release	 of	 TGF-beta	 or	 other	mediators	 such	 as	 glial-

derived	neurotrophic	factor	(35).	
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It	 is	 now	well	 understood	 that	 the	 epithelium	 not	 only	 serves	 as	 a	 selective	 physical	

barrier	 but	 secrete	 mediators	 of	 host	 defence	 that	 protect	 against	 enteric	 bacterial	

pathogens.	 In	 the	 intestine	 this	effect	 is	mediated	by	secretory	Paneth	cells,	 located	 in	

the	 crypts	 of	 the	 small	 intestine.	 At	 the	mucosal	 surface,	 Paneth	 cells	 secrete	 various	

anti-microbial	 peptides	 e.g.	 α-defensins,	 β-defensins,	 lysozyme,	 C-type	 lectins	 and	

phospholipases.	Earlier	studies	suggest	that	aberrations	in	anti-microbial	peptide	(AMP)	

production	by	Paneth	cells	(36,37)	and	the	resulting	shift	in	the	composition	of	luminal	

microbiota	 predispose	 individuals	 to	 infections	 and	 inflammatory	 diseases.	 Increasing	

evidences	suggest	that	Paneth	cells	express	mAChR3	on	the	mucosal	surface	and	mAChR	

agonists	 may	 potentiate	 anti-microbial	 peptide	 secretion	 from	 Paneth	 cells	 (38,39).	

These	results	further	suggest	towards	a	role	of	homeostatic	role	of	cholinergic	signalling	

in	the	colon,	under	inflammatory	conditions.	

	

Non-neuronal	sources	of	ACh	in	the	gut	

As	already	indicated	by	the	widespread	expression	of	AChR	subtypes	among	intestinal	

non-neuronal	 cell	 types,	 cholinergic	 signalling	 is	 not	 restricted	 to	 neurons.	 In	 other	

organs	such	as	the	spleen,	 immune	cells	display	a	tightly	regulated	cholinergic	activity	

that	seems	to	be	dictated	by	inflammatory	activation	(25).	In	another	study,	splenocytes	

were	 reported	 to	 down-regulate	 acetylcholine	 esterase	 (AChE)	 mRNA	 levels	 in	 vitro	

upon	activation	by	Lipopolysaccharide	(LPS),	via	a	mechanism	that	involved	miRNA	132	

expression.	This	mechanism	was	also	shown	to	regulate	AChE	expression	in	splenocytes	

in	vivo,	in	a	murine	model	of	endotoxemia	induced	by	intraperitoneal	administration	of	

LPS	(40).	

In	an	intestinal	context,	previous	studies	have	implicated	that	a	variety	of	non-neuronal	

cell	 types	 have	 the	 capability	 to	 produce	 bio	 available	 levels	 of	 ACh,	 albeit	 in	 low	

amounts,	 depending	 on	 cellular	 acetyl	 cholinesterase	 activity	 (23,41).	 ACh	 can	 be	

produced	 by	 a	 mechanism	 involving	 choline	 acetyltransferase	 (ChAT),	 which	 is	

expressed	 in	both	neuronal	and	non-neuronal	 tissues.	Other	 than	 the	epithelium	(42),	

lymphocytes	 (43)	 have	 been	 extensively	 reported	 to	 express	 ChAT	 and	 produce	

measureable	quantities	of	ACh.	Kawashima	et	al.,	have	previously	reported	that	60%	of	

ACh	in	the	blood	is	produced	by	mononuclear	lymphocytes	.	Thus,	ACh	can	no	longer	be	

considered	 simply	 as	 a	 neurotransmitter	 but	 rather	 as	 a	 ubiquitous	 intercellular	

messenger	 that	 is	 likely	 to	 be	 important	 in	 integrating	 many	 different	 aspects	 of	
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intestinal	physiology	in	health	and	disease.	For	example,	in	the	intestinal	epithelia,	non-

neuronal	 ACh	 release	 was	 identified	 more	 than	 a	 decade	 ago	 (42),	 nonetheless	 its	

physiological	 relevance	 is	 still	 poorly	 defined.	 Further	 studies	 are	 awaited	 that	 may	

elucidate	 whether	 ChAT	 expressing	 non-neuronal	 cells	 play	 a	 regulating	 role	 in	

regulating	actions	of	cells	 that	express	AChR’s	such	as	epithelial	cells	and	 immune	cell	

types.	Importantly,	it	is	shown	that	ChAT	and	high	affinity	transporters	for	the	uptake	of	

choline,	are	present	in	colonic	epithelial	cells.	Only	a	fraction	of	epithelial	cells	express	

ChAT	 under	 healthy	 conditions,	 as	 demonstrated	 in	 transgenic	 ChAT-gGFP	 reporter	

mice	(44),	but	irrespective,	ACh	release	from	the	colonic	epithelium	fulfils	many	of	the	

criteria	to	be	considered	as	part	of	a	non-neuronal	cholinergic	system	(45)	(See	scheme	

in	Fig.	1).	

	

	
Figure	1.	The	multifaceted	role	of	vagally-derived	ACh	in	gut	immunity	and	barrier	function.	Earlier	data	have	indicated	the	

vagal	nerve	as	a	potent	immunomodulator	via	its	release	of	ACh.	More	recent	data	point	towards	additional	roles	for	non	neuronally	

produced	ACh	in	the	maintenance	of	epithelial	barrier	function	and	as	a	potential	mechanism	to	restrain	cytokine	production.	
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In	 contrast	 to	 release	 of	 neuronal	 ACh	 at	 synaptic	 clefts,	 non	 neuronal	 ACh	 signalling	

may	not	necessarily	require	expression	of	ChAT	or	vesicular	 transporters	(46).	ACh	 in	

non	 neuronal	 cells	 can	 be	 produced	 by	 a	 mechanism	 involving	 carnitine	 O-

acetyltransferase	 	 (CrAT),	 which	 is	 expressed	 in	 mammalian	 heart,	 retina,	 and	

urothelium	 (46).	 While	 ChAT	 exclusively	 relies	 on	 acetyl-CoA	 as	 a	 substrate	 for	 the	

synthesis	of	ACh,	CrAT	prefers	short	chain	fatty	acids	for	synthesis	of	ACh	(47).	This	is	

interesting	in	the	context	of	gut	as	short	chain	fatty	acids	such	as	butyrate	or	propionate	

are	abundantly	present	in	the	lumen	of	the	gut	as	bacterial	fermentation	products,	and	

have	been	associated	in	the	colitis	disease	course	(48).			

Although	a	direct	evidence	for	the	role	of	non	neuronal	cells	producing	ACh	in	the	gut	is	

lacking,	 recent	 studies	 on	ACh	 producing	 immune	 cells	 in	 the	 spleen	 provide	 exciting	

insights	into	their	potential	role	in	inflammatory	disease.	Recently,	the	group	of	Tracey	

have	 isolated	 and	 characterised	 the	 role	 of	 ChAT-positive	 lymphocytes	 in	 a	model	 of	

systemic	inflammation	(49).	The	authors	identified	a	subpopulation	CD4+	CD62L+	T	cells	

as	 ChAT	 positive	 T	 cells	 that	 secrete	 ACh,	 express	 β-adrenergic	 receptors,	 and	 are	

located	adjacent	to	adrenergic	nerve	endings	in	the	spleen.	These	T	cells	were	reported	

to	 be	 responsible	 for	 down	 regulating	 TNFα	 production	 following	 vagal	 nerve	

stimulation	during	endotoxic	shock.	Whether	lymphocyte	populations	arriving	in	the	gut	

during	chronic	inflammatory	state	are	derived	from	the	spleen	remains	debatable	(50),	

but	 we	 can	 anticipate	 the	 circulating	 immune	 cell	 populations	 in	 gut-associated	

lymphoid	 tissue	 (GALT)	 to	 have	 a	 similar	 ChAT-positive	 subsets	 of	 immune	 cells	 as	

described	 in	 the	 spleen.	 As	 discussed	 in	 the	 previous	 section,	 GALT	 and	 in	 particular	

Peyer’s	 patches	 (PP’s)	 are	 extensively	 innervated	 by	 (peptidergic	 and	 sympathetic)	

nerve	fibres	(51),	which	under	inflammatory	conditions	may	be	an	important	modulator	

of	immune	cell	reactivity.	

	

Dietary	modulation	of	cholinergic	immunomodulation	

As	indicated	above,	the	parasympathetic	nervous	system	may	also	be	involved	in	control	

of	 immune	 responses	 to	 commensal	 flora	 and	 dietary	 components.	 Recently,	 it	 was	

described	that	lipid-rich	nutrition	regulates	the	inflammatory	response	via	activation	of	

the	autonomic	nervous	system	(52).	Subsequently	nicotinic	receptors	on	inflammatory	

cells	 are	 activated	 via	 the	 vagus	 nerve,	 leading	 to	 a	 reduction	 of	 cytokine	 release	 and	

organ	damage.	Activation	of	this	anti-inflammatory	pathway	via	administration	of	lipid-
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rich	 nutrition	 is	 an	 appealing	 and	 physiologic	 intervention	 to	 counteract	 excessive	

inflammation	and	organ	damage	in	several	diseases.	Furthermore,	this	nutritional	anti-

inflammatory	pathway	might	contribute	to	the	largely	unexplained	unresponsiveness	of	

the	intestinal	immune	system	to	dietary	and	bacterial	antigens.	Ingestion	of	dietary	fat	

stimulates	 the	 production	 of	 cholecystokinin	 (CCK),	 which	 is	 a	 characteristic	

neuropeptide	released	during	 ingestion	to	trigger	several	digestive	 functions	 including	

exocrine	 pancreas	 secretion,	and	 activation	 of	 afferent	 vagus	 nerve	 signals	 to	 induce	

satiety.	 Interestingly,	a	recent	study	indicated	that	CCK,	released	as	a	result	of	high-fat	

enteral	nutrition,	inhibited	haemorrhagic	shock-induced	TNF-α	and	IL-6	release	(53,54).	

This	 anti-inflammatory	 effect	 of	 CCK	 release	 is	mediated	 by	 the	 vagus	 nerve	 because	

surgical	 or	 chemical	 vagotomy	 abrogates	 the	 anti-inflammatory	 effect	 of	 high	fat	 diet	

and	CKK	(54).	However,	with	respect	 to	cholinergic	anti-inflammatory	effects	of	vagus	

nerve	signalling	in	the	GI-tract	it	should	be	kept	in	mind	that	vagal	afferents	are	thought	

to	be	involved	in	maintenance	of	intestinal	mucosal	barrier	function	(55),	plausibly	via	

modulation	of	mast	cell	activity	(56,57).	Hence,	the	pro-inflammatory	effect	of	vagotomy	

on	intestinal	and	peritoneal	inflammation	could	be	indirect	and	involve	other	than	direct	

cholinergic	mechanisms.		

Another	aspect	to	consider	is	the	dietary	modulation	of	ACh	synthesis	by	epithelial	cells.	

As	 discussed	 above,	 the	 ACh	 productive	 capacity	 of	 intestinal	 epithelia	 is	 well	

documented.	 The	 challenge	 will	 be	 to	 develop	 new	 therapies	 to	 sustain	 the	 barrier	

function,	 via	 nutritional	 support	 of	 ACh	 production	 by	 non-neuronal	 cells,	 i.e.	

enterocytes.	One	candidate	component	to	consider	here	is	for	instance	choline,	required	

for	 ACh	 synthesis.	 Choline	 is	 not	 only	 endogenously	 synthesized	 from	 the	 amino	 acid	

methionine,	but	also	an	essential	nutrient	 required	 for	ACh	synthesis,	 found	 in	a	wide	

variety	 of	 foods.	 However,	 the	 dietary	 sources,	 specifically	 under	 pathological	

conditions,	may	become	restricting	(58).	Of	note	is	that	there	is	a	significant	variation	in	

the	 dietary	 requirement	 for	 choline	 that	 can	 be	 explained	 by	 common	 genetic	

polymorphisms.	 Current	 recommended	 intakes	 do	 not	 take	 into	 consideration	 these	

genetic	variations	as	a	modulator	of	dietary	requirement.	It	is	now	clear	that	as	much	as	

50%	of	the	population	may	have	genetic	polymorphisms	that	leave	them	susceptible	to	

choline	deficiency.	With	respect	to	supplementation	of	choline	in	UC,	a	70%	reduction	in	

phosphatidylcholine	 (PC)	 has	 been	 reported	 in	 UC,	 independent	 of	 the	 state	 of	

inflammation.	 PC	 is	 a	 substrate	 of	 ACh	 production	 and	 reduced	 levels	 may	 well	 be	



Chapter 2  Cholinergic signalling in gut immunity 

 23 

limiting	 ACh	 metabolism	 and	 ACh	 production.	 Recently	 a	 number	 of	 delayed	 release	

formulation	of	oral	PC	was	reported	to	be	successful	in	UC	(59).	In	a	group	of	60	patients	

with	 active	 disease	 and	 that	 were	 not	 on	 steroids,	 remission	 was	 achieved	 for	 53%	

versus	 10%	 in	 the	 placebo	 group.	 Such	 considerations	 may	 validate	 choline	

supplementation	 to	 clinical	 nutrition	 to	 enhance	 barrier	 function,	 a	 very	 attractive	

opportunity	that	deserves	further	examination	in	the	near	future.	

Availability	of	substrates	for	ChAT,	choline	and	acetylCoA,	is	of	particular	importance	for	

regulating	ACh	synthesis.	 However,	 the	 mechanisms	 regulating	 ChAT	 and	 VAChT	

expression	are	partially	understood.	However,	the	organization	of	the	ChAT	and	VAChT	

genes	strongly	suggests	that	they	may	share	some	transcriptional	signals	and	that	their	

expression	may	be	regulated	in	a	coordinated	fashion	by	extracellular	factors.		

	

	

DISCUSSION	
	

To	 summarise,	 homeostasis	 of	 the	 intestine	 relies	 on	 innate	 and	 adaptive	 immune	

responses	 initiated	 in	 the	 gut.	 Classically,	 the	 vagus	 nerve	 was	 proposed	 as	 the	 key	

player	in	executing	 ‘cholinergic	anti-inflammatory	reflex’	 in	a	number	of	target	organs.	

While	 the	 vagus	 nerve	 remains	 an	 important	 link	 between	 the	 CNS	 and	 the	 gut,	

mediating	 systemic	 and	 local	 immune	 responses,	 lack	of	 neuroimmunological	 synapse	

either	with	 immune	 cells	 or	 the	 epithelia	 in	 the	 intestine	 suggests	 that	 vagus	 derived	

ACh	is	unlikely	to	be	the	only	mediator	of	this	inflammatory	reflex.	Given	the	short	half-

life	of	ACh	 in-vivo,	 the	juxtaposition	of	the	nerve	terminals	and	target	cells	 is	essential,	

and	therefore	it	is	well	feasible	that	the	biosynthesis	of	ACh	by	non-neuronal	cell	types	is	

an	 important	 contributor	 of	 cholinergic	 immune	modulation.	 In	 chronic	 inflammatory	

processes	 (e.g.	 IBD)	 all	 of	 these	 protective	 mechanisms	 are	 activated	 but	 may	 be	

inadequate.	 Many	 dietary	 factors	 can	 be	 absorbed,	 metabolised	 and	 subsequently	 be	

used	as	a	substrate	for	ACh	synthesis	by	neuronal	and	non-neuronal	cells.	In	the	light	of	

recent	advances	on	the	immunomodulatory	role	of	cholinergic	signalling,	it	is	important	

to	consider	the	role	of	other	factors,	such	as	diet	and	intestinal	flora,	as	other	important	

factors	that	influence	intestinal	homeostasis	and	perhaps	influence	the	outcome	of	such	

inflammatory	processes.		



Chapter 2  Cholinergic signalling in gut immunity 

 24 

REFERENCES		
	

1.	 Bellinger	 DL,	 Millar	 BA,	 Perez	 S,	 Carter	 J,	 Wood	 C,	 ThyagaRajan	 S,	 et	 al.	
Sympathetic	modulation	 of	 immunity:	 relevance	 to	 disease.	 Cell	 Immunol.	 2008	
Mar;252(1-2):27–56.		

2.	 Borovikova	LV,	Ivanova	S,	Zhang	M,	Yang	H,	Botchkina	GI,	Watkins	LR,	et	al.	Vagus	
nerve	 stimulation	 attenuates	 the	 systemic	 inflammatory	 response	 to	 endotoxin.	
Nature.	2000	May	25;405(6785):458–62.		

3.	 Bernik	 TR,	 Friedman	 SG,	 Ochani	 M,	 DiRaimo	 R,	 Susarla	 S,	 Czura	 CJ,	 et	 al.	
Cholinergic	antiinflammatory	pathway	inhibition	of	tumor	necrosis	factor	during	
ischemia	reperfusion.	J	Vasc	Surg.	2002	Dec;36(6):1231–6.		

4.	 Guarini	S,	Altavilla	D,	Cainazzo	M-M,	Giuliani	D,	Bigiani	A,	Marini	H,	et	al.	Efferent	
vagal	 fibre	 stimulation	 blunts	 nuclear	 factor-kappaB	 activation	 and	 protects	
against	 hypovolemic	 hemorrhagic	 shock.	 Circulation.	 2003	Mar	 4;107(8):1189–
94.		

5.	 Saeed	 SA,	 Simjee	 RU,	 Mahmood	 F,	 Rahman	 NN.	 Dual	 inhibition	 of	 platelet-
activating	 factor	 and	 arachidonic	 acid	 metabolism	 by	 ajmaline	 and	 effect	 on	
carrageenan-induced	rat	paw	oedema.	J	Pharm	Pharmacol.	1993	Aug;45(8):715–
9.		

6.	 van	Westerloo	DJ,	Giebelen	IA,	Florquin	S,	Bruno	MJ,	LaRosa	GJ,	Ulloa	L,	et	al.	The	
vagus	nerve	and	nicotinic	receptors	modulate	experimental	pancreatitis	severity	
in	mice.	YGAST.	2006	May;130(6):1822–30.		

7.	 van	Westerloo	DJ,	Giebelen	IAJ,	Florquin	S,	Daalhuisen	J,	Bruno	MJ,	de	Vos	AF,	et	al.	
The	 cholinergic	 anti-inflammatory	 pathway	 regulates	 the	 host	 response	 during	
septic	peritonitis.	J	Infect	Dis.	2005	Jun	15;191(12):2138–48.		

8.	 Ghia	J-E,	Blennerhassett	P,	Kumar-Ondiveeran	H,	Verdu	EF,	Collins	SM.	The	vagus	
nerve:	a	tonic	inhibitory	influence	associated	with	inflammatory	bowel	disease	in	
a	murine	model.	YGAST.	2006	Oct;131(4):1122–30.		

9.	 The	FO,	Boeckxstaens	GE,	Snoek	SA,	Cash	JL,	Bennink	R,	LaRosa	GJ,	et	al.	Activation	
of	the	Cholinergic	Anti-Inflammatory	Pathway	Ameliorates	Postoperative	Ileus	in	
Mice.	Gastroenterology.	2007	Oct;133(4):1219–28.		

10.	 Tsuchida	Y,	Hatao	F,	Fujisawa	M,	Murata	T,	Kaminishi	M,	Seto	Y,	 et	al.	Neuronal	
stimulation	 with	 5-hydroxytryptamine	 4	 receptor	 induces	 anti-inflammatory	
actions	 via	 α7nACh	 receptors	 on	 muscularis	 macrophages	 associated	 with	
postoperative	ileus.	Gut.	2011	May;60(5):638–47.		

11.	 Bäckhed	 F,	 Ley	 RE,	 Sonnenburg	 JL,	 Peterson	 DA,	 Gordon	 JI.	 Host-bacterial	
mutualism	in	the	human	intestine.	Science.	2005	Mar	25;307(5717):1915–20.		

	



Chapter 2  Cholinergic signalling in gut immunity 

 25 

12.	 Wang	 H,	 Yu	 M,	 Ochani	 M,	 Amella	 CA,	 Tanovic	 M,	 Susarla	 S,	 et	 al.	 Nicotinic	
acetylcholine	 receptor	 alpha7	 subunit	 is	 an	 essential	 regulator	 of	 inflammation.	
Nature.	2003	Jan	23;421(6921):384–8.		

13.	 Matsunaga	 K,	 Klein	 TW,	 Friedman	 H,	 Yamamoto	 Y.	 Involvement	 of	 nicotinic	
acetylcholine	 receptors	 in	 suppression	 of	 antimicrobial	 activity	 and	 cytokine	
responses	 of	 alveolar	 macrophages	 to	 Legionella	 pneumophila	 infection	 by	
nicotine.	J	Immunol.	2001	Dec	1;167(11):6518–24.		

14.	 van	 der	 Zanden	 EP,	 Snoek	 SA,	 Heinsbroek	 SE,	 Stanisor	 OI,	 Verseijden	 C,	
Boeckxstaens	 GE,	 et	 al.	 Vagus	 nerve	 activity	 augments	 intestinal	 macrophage	
phagocytosis	 via	nicotinic	 acetylcholine	 receptor	 alpha4beta2.	Gastroenterology.	
2009	Sep;137(3):1029–39–1039.e1–4.		

15.	 Schemann	M,	Grundy	D.	Electrophysiological	 identification	of	vagally	 innervated	
enteric	neurons	in	guinea	pig	stomach.	Am	J	Physiol.	1992	Nov;263(5	Pt	1):G709–
18.		

16.	 Delgado	M,	Pozo	D,	Ganea	D.	The	significance	of	vasoactive	 intestinal	peptide	 in	
immunomodulation.	Pharmacol	Rev.	2004	Jun;56(2):249–90.		

17.	 de	 Jonge	 WJ,	 Ulloa	 L.	 The	 alpha7	 nicotinic	 acetylcholine	 receptor	 as	 a	
pharmacological	 target	 for	 inflammation.	Br	 J	Pharmacol.	2007	Aug;151(7):915–
29.		

18.	 Fujii	 T,	 Tajima	 S,	 Yamada	 S,	Watanabe	 Y,	 Sato	 KZ,	Matsui	M,	 et	 al.	 Constitutive	
expression	of	mRNA	for	the	same	choline	acetyltransferase	as	that	in	the	nervous	
system,	 an	 acetylcholine-synthesizing	 enzyme,	 in	 human	 leukemic	 T-cell	 lines.	
Neurosci	Lett.	1999	Jan	8;259(2):71–4.		

19.	 Gahring	LC,	Days	EL,	Kaasch	T,	González	de	Mendoza	M,	Owen	L,	Persiyanov	K,	et	
al.	 Pro-inflammatory	 cytokines	modify	 neuronal	 nicotinic	 acetylcholine	 receptor	
assembly.	Journal	of	Neuroimmunology.	2005	Sep;166(1-2):88–101.		

20.	 Sato	KZ,	Fujii	T,	Watanabe	Y,	Yamada	S,	Ando	T,	Kazuko	F,	et	al.	Diversity	of	mRNA	
expression	for	muscarinic	acetylcholine	receptor	subtypes	and	neuronal	nicotinic	
acetylcholine	receptor	subunits	 in	human	mononuclear	 leukocytes	and	 leukemic	
cell	lines.	Neurosci	Lett.	1999	Apr	30;266(1):17–20.		

21.	 de	Jonge	WJ,	van	der	Zanden	EP,	The	FO,	Bijlsma	MF,	van	Westerloo	DJ,	Bennink	
RJ,	 et	 al.	 Stimulation	 of	 the	 vagus	 nerve	 attenuates	 macrophage	 activation	 by	
activating	the	Jak2-STAT3	signaling	pathway.	Nat	Immunol.	2005	Jul	17;6(8):844–
51.		

22.	 Berthoud	 HR,	 Patterson	 LM,	 Zheng	 H.	 Vagal-enteric	 interface:	 vagal	 activation-
induced	expression	of	c-Fos	and	p-CREB	in	neurons	of	the	upper	gastrointestinal	
tract	and	pancreas.	Anat	Rec.	2001	Jan	1;262(1):29–40.		

23.	 Porter	 AJ,	 Wattchow	 DA,	 Brookes	 SJ,	 Schemann	 M,	 Costa	 M.	 Choline	
acetyltransferase	 immunoreactivity	 in	 the	 human	 small	 and	 large	 intestine.	
YGAST.	1996	Aug;111(2):401–8.		



Chapter 2  Cholinergic signalling in gut immunity 

 26 

24.	 Groot	J,	Bijlsma	P,	Van	Kalkeren	A,	Kiliaan	A,	Saunders	P,	Perdue	M.	Stress-induced	
decrease	 of	 the	 intestinal	 barrier	 function.	 The	 role	 of	 muscarinic	 receptor	
activation.	Annals	of	the	New	York	Academy	of	Sciences.	2000;915:237–46.		

25.	 Huston	 JM.	 Splenectomy	 inactivates	 the	 cholinergic	 antiinflammatory	 pathway	
during	 lethal	 endotoxemia	 and	 polymicrobial	 sepsis.	 Journal	 of	 Experimental	
Medicine.	2006	Jul	3;203(7):1623–8.		

26.	 Yang	 WL,	 Frucht	 H.	 Cholinergic	 receptor	 up-regulates	 COX-2	 expression	 and	
prostaglandin	 E(2)	 production	 in	 colon	 cancer	 cells.	 Carcinogenesis.	 2000	
Oct;21(10):1789–93.		

27.	 Hirota	CL,	McKay	DM.	M3	muscarinic	receptor-deficient	mice	retain	bethanechol-
mediated	 intestinal	 ion	 transport	and	are	more	sensitive	 to	colitis.	Can	 J	Physiol	
Pharmacol.	2006	Nov;84(11):1153–61.		

28.	 Groschwitz	 KR,	 Hogan	 SP.	 Intestinal	 barrier	 function:	 molecular	 regulation	 and	
disease	pathogenesis.	J	Allergy	Clin	Immunol.	2009	Jul;124(1):3–20–quiz21–2.		

29.	 Al-Sadi	 R,	 Ye	D,	 Said	HM,	Ma	TY.	 IL-1β-Induced	 Increase	 in	 Intestinal	 Epithelial	
Tight	Junction	Permeability	Is	Mediated	by	MEKK-1	Activation	of	Canonical	NF-κB	
Pathway.	The	American	Journal	of	Pathology.	2010	Nov;177(5):2310–22.		

30.	 Santos	 J,	 Yang	 PC,	 Söderholm	 JD,	 Benjamin	M,	 perdue	MH.	Role	 of	mast	 cells	 in	
chronic	stress	induced	colonic	epithelial	barrier	dysfunction	in	the	rat.	Gut.	2001	
May;48(5):630–6.		

31.	 Xavier	 RJ,	 Podolsky	 DK.	 Unravelling	 the	 pathogenesis	 of	 inflammatory	 bowel	
disease.	Nature.	2007	Jul	26;448(7152):427–34.		

32.	 Geboes	 K,	 Collins	 S.	 Structural	 abnormalities	 of	 the	 nervous	 system	 in	 Crohn's	
disease	and	ulcerative	colitis.	Neurogastroenterol	Motil.	1998	Jun;10(3):189–202.		

33.	 Cameron	HL,	perdue	MH.	Muscarinic	 acetylcholine	 receptor	 activation	 increases	
transcellular	 transport	 of	 macromolecules	 across	 mouse	 and	 human	 intestinal	
epithelium	in	vitro.	Neurogastroenterol	Motil.	2007	Jan;19(1):47–56.		

34.	 Greenwood	B,	Mantle	M.	Mucin	and	protein	release	in	the	rabbit	jejunum:	effects	
of	bethanechol	and	vagal	nerve	stimulation.	1992	Jan	1.		

35.	 Savidge	 TC,	 Newman	 P,	 Pothoulakis	 C,	 Ruhl	 A,	 Neunlist	 M,	 Bourreille	 A,	 et	 al.	
Enteric	glia	regulate	intestinal	barrier	function	and	inflammation	via	release	of	S-
nitrosoglutathione.	YGAST.	2007	Apr;132(4):1344–58.		

36.	 Berthoud	HR,	Carlson	NR,	Powley	TL.	Topography	of	efferent	vagal	innervation	of	
the	rat	gastrointestinal	tract.	Am	J	Physiol.	1991	Jan;260(1	Pt	2):R200–7.		

37.	 Wehkamp	 J,	 Fellermann	K,	 Herrlinger	 KR,	 Bevins	 CL,	 Stange	 EF.	Mechanisms	 of	
disease:	 defensins	 in	 gastrointestinal	 diseases.	 Nat	 Clin	 Pract	 Gastroenterol	
Hepatol.	2005	Sep;2(9):406–15.		



Chapter 2  Cholinergic signalling in gut immunity 

 27 

38.	 Qu	XD,	Lloyd	KC,	Walsh	JH,	Lehrer	RI.	Secretion	of	type	II	phospholipase	A2	and	
cryptdin	 by	 rat	 small	 intestinal	 Paneth	 cells.	 Infect	 Immun.	 1996	
Dec;64(12):5161–5.		

39.	 Satoh	 Y,	 Ishikawa	 K,	 Oomori	 Y,	 Takeda	 S,	 Ono	 K.	 Bethanechol	 and	 a	 G-protein	
activator,	NaF/AlCl3,	induce	secretory	response	in	Paneth	cells	of	mouse	intestine.	
Cell	Tissue	Res.	1992	Aug;269(2):213–20.		

40.	 Shaked	 I,	 Meerson	 A,	 Wolf	 Y,	 Avni	 R,	 Greenberg	 D,	 Gilboa-Geffen	 A,	 et	 al.	
MicroRNA-132	Potentiates	Cholinergic	Anti-Inflammatory	Signaling	by	Targeting	
Acetylcholinesterase.	Immunity.	Elsevier	Ltd;	2009	Dec	18;31(6):965–73.		

41.	 Wessler	 I,	 Kilbinger	 H,	 Bittinger	 F,	 Unger	 R,	 Kirkpatrick	 CJ.	 The	 non-neuronal	
cholinergic	system	in	humans:	expression,	function	and	pathophysiology.	Life	Sci.	
2003	Mar	28;72(18-19):2055–61.		

42.	 Klapproth	H,	Reinheimer	T,	Metzen	 J,	Münch	M,	Bittinger	F,	Kirkpatrick	CJ,	et	al.	
Non-neuronal	acetylcholine,	a	signalling	molecule	synthezised	by	surface	cells	of	
rat	and	man.	Naunyn	Schmiedebergs	Arch	Pharmacol.	1997	Apr;355(4):515–23.		

43.	 Kawashima	 K,	 Fujii	 T,	 Watanabe	 Y,	 Misawa	 H.	 Acetylcholine	 synthesis	 and	
muscarinic	 receptor	 subtype	 mRNA	 expression	 in	 T-lymphocytes.	 Life	 Sci.	
1998;62(17-18):1701–5.		

44.	 Tallini	YN,	Shui	B,	Greene	KS,	Deng	KY,	Doran	R,	Fisher	PJ,	et	al.	BAC	transgenic	
mice	 express	 enhanced	 green	 fluorescent	 protein	 in	 central	 and	 peripheral	
cholinergic	neurons.	Physiological	Genomics.	2006	Jul	25;27(3):391–7.		

45.	 Shah	 N,	 Khurana	 S,	 Cheng	 K,	 Raufman	 J-P.	 Muscarinic	 receptors	 and	 ligands	 in	
cancer.	AJP:	Cell	Physiology.	2009	Feb;296(2):C221–32.		

46.	 Lips	 KS,	Wunsch	 J,	 Zarghooni	 S,	 Bschleipfer	 T,	 Schukowski	 K,	Weidner	W,	 et	 al.	
Acetylcholine	and	molecular	components	of	its	synthesis	and	release	machinery	in	
the	urothelium.	Eur	Urol.	2007	Apr;51(4):1042–53.		

47.	 Hsiao	 Y-S,	 Jogl	 G,	 Tong	 L.	 Structural	 and	 biochemical	 studies	 of	 the	 substrate	
selectivity	of	carnitine	acetyltransferase.	J	Biol	Chem.	2004	Jul	23;279(30):31584–
9.		

48.	 Kovarik	JJ,	Tillinger	W,	Hofer	 J,	Hölzl	MA,	Heinzl	H,	Saemann	MD,	et	al.	 Impaired	
anti-inflammatory	 efficacy	 of	 n-butyrate	 in	 patients	with	 IBD.	 Eur	 J	 Clin	 Invest.	
2011	Mar;41(3):291–8.		

49.	 Rosas-Ballina	M,	Olofsson	PS,	Ochani	M,	Valdes-Ferrer	SI,	Levine	YA,	Reardon	C,	et	
al.	 Acetylcholine-Synthesizing	 T	 Cells	 Relay	 Neural	 Signals	 in	 a	 Vagus	 Nerve	
Circuit.	Science	[Internet].	2011	Oct	6;334(6052):98–101.		

50.	 Esplugues	 E,	Huber	 S,	 Gagliani	N,	Hauser	AE,	 Town	T,	Wan	YY,	 et	 al.	 Control	 of	
TH17	cells	occurs	 in	 the	 small	 intestine.	Nature.	Nature	Publishing	Group;	2011	
Jul	18;475(7357):514–8.		



Chapter 2  Cholinergic signalling in gut immunity 

 28 

51.	 Vulchanova	 L,	 Casey	 MA,	 Crabb	 GW,	 Kennedy	 WR,	 Brown	 DR.	 Anatomical	
evidence	 for	 enteric	 neuroimmune	 interactions	 in	 Peyer's	 patches.	 Journal	 of	
Neuroimmunology.	2007	Apr;185(1-2):64–74.		

52.	 Luyer	MDP,	Buurman	WA,	Hadfoune	M,	 Jacobs	JA,	Konstantinov	SR,	Dejong	CHC,	
et	 al.	 Pretreatment	with	high-fat	 enteral	nutrition	 reduces	endotoxin	and	 tumor	
necrosis	 factor-alpha	and	preserves	gut	barrier	 function	early	after	hemorrhagic	
shock.	Shock.	2004	Jan;21(1):65–71.		

53.	 Lubbers	 T,	 de	 Haan	 JJ,	 Luyer	MDP,	 Verbaeys	 I,	 Hadfoune	M,	 Dejong	 CHC,	 et	 al.	
Cholecystokinin/Cholecystokinin-1	 receptor-mediated	 peripheral	 activation	 of	
the	afferent	vagus	by	enteral	nutrients	attenuates	inflammation	in	rats.	Ann	Surg.	
2010	Aug;252(2):376–82.		

54.	 Luyer	 MD,	 Greve	 JWM,	 Hadfoune	 M,	 Jacobs	 JA,	 Dejong	 CH,	 Buurman	 WA.	
Nutritional	stimulation	of	cholecystokinin	receptors	inhibits	inflammation	via	the	
vagus	nerve.	J	Exp	Med.	2005	Oct	17;202(8):1023–9.		

55.	 Downing	 JE,	 Miyan	 JA.	 Neural	 immunoregulation:	 emerging	 roles	 for	 nerves	 in	
immune	homeostasis	and	disease.	Immunol	Today.	2000	Jun;21(6):281–9.		

56.	 Stead	 RH,	 Colley	 EC,	 Wang	 B,	 Partosoedarso	 E,	 Lin	 J,	 Stanisz	 A,	 et	 al.	 Vagal	
influences	over	mast	cells.	Auton	Neurosci.	2006	Apr	30;125(1-2):53–61.		

57.	 Theodorou	 V,	 Fioramonti	 J,	 Bueno	 L.	 Integrative	 neuroimmunology	 of	 the	
digestive	tract.	Vet	Res.	1996;27(4-5):427–42.		

58.	 Buchman	AL.	Choline	deficiency	during	parenteral	nutrition	in	humans.	Nutr	Clin	
Pract.	2003	Oct;18(5):353–8.		

59.	 Ehehalt	R,	Braun	A,	Karner	M,	Füllekrug	J,	Stremmel	W.	Phosphatidylcholine	as	a	
constituent	 in	 the	 colonic	 mucosal	 barrier--physiological	 and	 clinical	 relevance.	
Biochim	Biophys	Acta.	2010	Sep;1801(9):983–93.		

	


