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Abstract
Background: Vagus	nerve	(VN)	stimulation	is	currently	evaluated	as	a	novel	approach	
to	treat	immune-mediated	disorders.	The	optimal	stimulation	parameters,	however,	
largely	depend	on	the	VN	composition	potentially	 impacting	on	 its	clinical	transla-
tion.	Hence,	we	evaluated	whether	morphological	differences	exist	between	the	cer-
vical	and	abdominal	VNs	across	different	species.
Materials and methods: The	cervical	and	abdominal	VNs	of	mouse,	pig,	and	humans	
were stained for major basic protein and neurofilament F to identify the percentage 
and	size	of	myelinated	and	non-myelinated	fibers.
Results: The	percentage	of	myelinated	fibers	was	comparable	between	species,	but	
was	higher	 in	 the	cervical	VN	compared	with	 the	abdominal	VN.	The	cervical	VN	
contained	54	±	4%,	47	±	7%,	and	54	±	7%	myelinated	fibers	in	mouse,	pig,	and	hu-
mans,	respectively.	The	myelinated	fibers	consisted	of	small-diameter	(mouse:	71%,	
pig:	80%,	and	humans:	63%),	medium-diameter	(mouse:	21%,	pig:	18%,	and	humans:	
33%),	and	large-diameter	fibers	(mouse:	7%,	pig:	2%,	and	humans:	4%).	The	abdomi-
nal	VN	predominantly	contained	unmyelinated	fibers	(mouse:	93%,	pig:	90%,	and	hu-
mans:	94%).	The	myelinated	fibers	mainly	consisted	of	small-diameter	fibers	(mouse:	
99%,	pig:	85%,	and	humans:	74%)	and	fewer	medium-diameter	(mouse:	1%,	pig:	13%,	
and	humans:	23%)	and	large-diameter	fibers	(mouse:	0%,	pig:	2%,	and	humans:	3%).
Conclusion: The	VN	composition	was	largely	similar	with	respect	to	myelinated	and	
unmyelinated	fibers	in	the	species	studied.	Human	and	porcine	VNs	had	a	compara-
ble	diameter	and	similar	amounts	of	fibrous	tissue	and	contained	multiple	fascicles,	
implying	that	the	porcine	VN	may	be	suitable	to	optimize	stimulation	parameters	for	
clinical trials.
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1  | INTRODUC TION

More	 than	 two	 decades	 ago,	 the	 therapeutic	 potential	 of	 cervi-
cal	 vagus	 nerve	 stimulation	 (VNS)	 was	 reported	 for	 epilepsy,	 mi-
graine,	and	depression.1	Recently,	 the	discovery	of	 the	cholinergic	
anti-inflammatory	 pathway	has	 broadened	 the	 application	 of	VNS	
to	 chronic	 immune-mediated	 disorders	 such	 as	 rheumatoid	 ar-
thritis2 and Crohn's disease3.	 VNS	was	 indeed	 shown	 to	 exert	 an	
anti-inflammatory	effect	in	a	model	of	sepsis	by	modulation	of	mac-
rophages via the α7	nicotinic	 acetylcholine	 receptor	 (α7nAChR).4,5 
Also	in	the	gastrointestinal	(GI)	tract,	we	and	others	demonstrated	
that	cervical	VNS	dampens	macrophage	activation	in	experimental	
colitis,6,7	food	allergy,8 and postoperative ileus.9,10	Interestingly,	our	
group recently showed that electrical stimulation of both the subdia-
phragmatic posterior and anterior vagal branches possesses similar 
anti-inflammatory	properties	as	cervical	VNS	in	mice	11,12 and thus 
could	be	used	as	an	alternative	approach	for	cervical	VNS.

To	date,	it,	however,	remains	to	be	elucidated	whether	the	ther-
apeutic	effect	of	VNS	is	explained	by	afferent	or	efferent	signaling	
of	the	VN.	In	early	studies,	cervical	VNS	was	always	considered	to	
control peripheral inflammation via the efferent vagal pathway.13,14 
Recent	studies	have,	however,	indicated	that,	in	addition	to	this	ef-
ferent	pathway,	VNS	can	also	trigger	afferent	signaling	to	the	brain	
modulating	the	immune	system	via	vagovagal,	vagosympathetic,	or	
vagoadrenal	 reflexes.15-19	 Especially	 as	 the	 stimulation	 threshold	
varies	 significantly	 according	 to	 the	 type	 of	 nerve	 fiber	 targeted,	
knowledge	of	the	composition	of	the	VN	and	the	type	of	nerve	fi-
bers involved may be of great interest in view of the optimal stimula-
tion	parameters	to	be	used.	Moreover,	if	the	VN	composition	would	
significantly	differ	from	that	of	humans,	one	may	question	to	what	
extent	data	on	optimal	stimulation	parameters	in	preclinical	models	
can be translated to the human situation.

Typically,	the	VN	is	composed	of	3	fiber	types:	large-diameter	my-
elinated fibers with a amplitude duration threshold ranging between 
0.02	and	0.2	mA,	small-	and	medium-diameter	myelinated	fibers	with	
a	higher	 excitation	 threshold	between	0.04	and	0.6	mA,	 and	 finally	
small	 unmyelinated	 fibers	 that	 require	 stimulation	 currents	 higher	
than	 2.0	 mA.1 Comparative morphological studies on the cervical 
and	abdominal	VNs	are,	however,	scarce	in	both	studied	animals	and	
humans.20-23	Data	are	available	from	rabbit,24	rat,25-28	and	cat,29 but 
apart	from	rats,	these	animals	are	not	used	to	evaluate	the	effect	of	
VNS.	Instead,	most	VNS	preclinical	studies	are	performed	in	murine,	
rat,	and	porcine	models.30-33	Hence,	the	main	objective	of	this	study	
was	 to	study	 the	composition	of	 the	cervical	and	abdominal	VNs	 in	
these	species	and	to	compare	it	with	that	of	the	human	VN.

2  | METHODS

2.1 | Species

Nine-week-old	wild-type	mice	 (C57BL/6JOlaHsd)	were	 purchased	
from	 Envigo	 (The	 Netherlands).	 All	 mice	 were	 housed	 at	 the	

University	 of	 Leuven	 animal	 facility	 under	 specific	 pathogen-free	
(SPF)	 conditions	 on	 a	 12:12-h	 light-dark	 cycle	 and	 fed	 with	 com-
mercially	available	chow	(ssniff	R/M-H;	ssniff	Spezialdiäten	GmbH).	
Mice	were	anesthetized	by	 intraperitoneal	 (i.p.)	 injection	of	a	mix-
ture	of	ketamine	(Ketalar	100	mg/kg;	Pfizer)	and	xylazine	(Rompun	
10	mg/kg;	Bayer).	Cervical	right	VN	and	subdiaphragmatic	posterior	
abdominal	VN	were	excised	from	the	mice	at	the	VNS	implant	level	
as previously described.10,12	After	this	procedure,	the	mice	were	sac-
rificed with a CO2 overdose.

Five	 12-	 to	 14-week-old	 Landrace	 pigs	 weighing	 30	 ±	 3	 kg	
were	 kept	 at	 the	KU	Leuven	 animal	 facility	 under	 SPF	 conditions.	
Anesthetized	pigs	 (0.1	ml/kg	Zoletil	 100	and	Xylazine	mixture,	 in-
tramuscular)	were	intubated	and	connected	to	a	respirator	for	ven-
tilation.	Anesthesia	was	maintained	with	2.5%	of	isoflurane.	During	
the	surgical	procedure,	pigs	were	positioned	on	a	heating	pad	(32°C)	
in	 reversed	Trendelenburg	position.	The	cervical	 right	VN	was	ex-
cised	at	the	level	where	the	VNS	electrode	is	normally	placed.12,34 
To	obtain	the	posterior	abdominal	VN,	the	left	liver	lobes	were	re-
tracted.	 After	 identification	 of	 the	 esophagogastric	 junction,	 the	
lesser	 omentum	 was	 opened,	 the	 right	 diaphragmatic	 hiatus	 was	
identified,	and	the	posterior	VN	was	dissected	free	from	the	esoph-
agus	 just	 distally	 from	diaphragmatic	 hiatus.	After	 this	 procedure,	
the	pigs	were	sacrificed	with	an	intravenous	injection	of	T61®	(MSD,	
AH,	embutramide	200	mg/ml,	mebenzonium	iodide	50	mg/ml,	tet-
racaine	hydrochloride	5	mg/ml).	All	experimental	procedures	were	
approved	by	the	Animal	Care	and	Animal	Experiments	Committee	of	
the	Medical	Faculty	of	the	KU	Leuven	(Leuven,	Belgium).

Six	human	abdominal	VNs	(age:	35-74	years)	were	harvested	from	
brain-dead	organ	donors	at	the	level	of	the	abdominal	VNS	implan-
tation site as described previously.12 Since we could not obtain the 
cervical	 VN	 during	 this	 organ	 harvest,	 6	 human	 cervical	 VNs	 (age:	

Key Points

•	 To	date,	vagus	nerve	stimulation	is	evaluated	as	a	novel	
treatment	for	immune-mediated	disorders.	Since	its	ac-
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54-90	years;	5	right	VNs	and	1	left	VN)	were	obtained	from	forma-
lin-fixed	(femoral	infusion	of	~	10-liter	fixative	followed	by	4	weeks	of	
fixation	in	a	formalin	bath)	human	corpses	as	previously	described.35 
No	previous	surgical	 interventions	of	head	and	neck	had	been	per-
formed.	All	procedures	were	approved	by	the	Ethical	Committee	of	
University	Hospital	of	Leuven	(Leuven,	Belgium)	or	Ethical	Committee	
of	University	of	Maastricht	(Maastricht,	The	Netherlands).

2.2 | Tissue processing

After	collection,	the	VN	was	washed	with	cold	phosphate-buffered	
saline	(PBS).	The	porcine	VNs	and	human	abdominal	VNs	were	fixed	
overnight	 in	4%	paraformaldehyde	 (PFA)	 at	4°C,	while	 the	murine	
VNs	were	fixed	for	30	minutes	in	4%	PFA	at	room	temperature.	After	
fixation,	the	specimens	were	washed	with	cold	PBS,	incubated	over-
night	with	a	30%	sucrose	solution	+	0.01%	sodium	azide	(in	PBS),	and	
embedded	 in	 Tissue-Tek	OCT	Compound	 (Sakura	 Finetek	 Europe,	
Alphen	aan	de	Rijn,	The	Netherlands).	Thin	sections	(5	µm)	were	cut	
and	stored	at	−	80°C	for	further	processing.

2.3 | Immunofluorescence

The	 sections	were	hydrated	with	PBS	and	blocked	with	1%	bovine	
serum	albumin	(BSA)	for	2	hours	at	room	temperature.	The	sections	
were	 incubated	 with	 a	 chicken	 antineurofilament	 200	 kD	 (NeuF;	
1:5000;	Abcam,	Cambridge,	UK)	and	mouse	antimyelin	basic	protein	
(MBP;	Santa	Cruz,	Dallas,	USA)	antibody	diluted	 in	1%	BSA	+	0.5%	
Triton	X-100	overnight	at	4°C.	Subsequently,	sections	were	incubated	
for	2	hours	at	 room	temperature	with	a	secondary	Cy5-conjugated	
donkey	 anti-chicken	 and	 Cy3-conjugated	 donkey	 anti-mouse	 anti-
body	(1:800,	all	Jackson	ImmunoResearch,	West	Grove,	USA)	in	1%	
BSA	+	0.5%	Triton	X-100.	Thereafter,	the	sections	were	washed	three	
times	with	PBS	for	5	min.	A	negative	control	(ie,	no	primary	antibody)	
was included to ascertain the specificity of the secondary antibodies.

Similar	to	previous	studies	in	humans,23 fiber populations at cervical 
and abdominal levels were divided into different categories based on 
size,	namely	small-diameter	(0-3	µm),	medium-diameter	(3-10	µm),	and	
large-diameter	(>10	µm)	myelinated	fibers	for	the	higher-order	species	
(ie,	pig	and	humans).	In	mice,	the	VNs	were	divided	into	small-diameter	
(0-1.5	µm),	medium-diameter	(1.5-5	µm),	and	large-diameter	(>5	µm)	

myelinated	fibers.	Immunohistochemical	preparations	were	visualized	
using	the	Olympus	BX4	microscope	(Olympus	America,	Center	Valley,	
USA)	 with	 specific	 filter	 cubes	 (EX/DM/EM	 in	 nm).	 In	 the	 case	 of	
murine	VN,	each	preparation	was	entirely	screened,	while	20%-30%	
of	the	total	cross-sectional	area	of	the	porcine	and	human	VNs	was	
counted in one slide per individual nerve as previously described.29

2.4 | Statistical analysis

To	compare	two	independent	groups	and	a	single	variable,	the	un-
paired	t	test	was	performed.	Probability	level	of	P	<	.05	was	consid-
ered	statistically	significant.	Results	are	shown	as	mean	±	standard	
deviation	 (SD).	Graph	Pad	Prism	V.5.01	software	was	used	to	per-
form statistical analysis.

3  | RESULTS

3.1 | Gross composition of the vagus nerve

The	diameter	of	the	cervical	and	abdominal	VNs	was	183	±	16	µm	
and	112	±	9	µm	in	mice	(n	=	4)	and	2927	±	777	µm	and	2085	±	274	µm	
in	 pigs	 (n	 =	 5),	 respectively.	 The	 human	 cervical	 and	 abdominal	
VNs	(n	=	6)	had	a	diameter	of	2017	±	347	µm	and	1916	±	472	µm,	
respectively.

Transverse vagal sections typically consisted of connective tis-
sue,	fat,	vessels,	and	multiple	fascicles	except	 in	mice.	In	more	de-
tail,	 the	murine	VNs	were	composed	of	a	single	fascicle,	while	the	
porcine	VN	contained	46	±	10	and	43	±	8	bundles	at	cervical	and	
abdominal	levels,	respectively	(Figures	1-3).	The	human	cervical	and	
abdominal	VNs	consisted	of	7	±	3	and	16	±	6	fascicles,	respectively	
(Figures	1	and	4).

The	number	of	fibers	in	the	cervical	VN	was	1426	±	31	in	mouse,	
62	235	±	11	688	in	pig,	and	51	288	±	10	224	in	humans	(Figures	2-4	
and	Table	1),	while	the	abdominal	VN	consisted	of	1189	±	390	fibers	
in	mouse,	41	153	±	12	267	fibers	in	pig,	and	28	714	±	15	996	fibers	
in	humans,	respectively	 (Figures	2-4	and	Table	2).	The	myelination	
level	of	the	cervical	VN	was	higher	(54	±	4%	in	mouse,	47	±	7%	in	pig,	
and	54	±	7	in	humans)	compared	with	the	abdominal	VN	(7	±	2%	in	
mouse,	10	±	2%	in	pig,	and	6	±	2%	in	humans)	(Tables	1	and	2),	but	it	
was comparable between species.

F I G U R E  1   Representative image of 
porcine	(left	panel)	and	human	(right	
panel)	abdominal	VNs	to	illustrate	the	
diameter	and	the	surface	area	in-between	
nerves.	Scale	bars	are	250	µm
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3.2 | Fiber-type composition

3.2.1 | Cervical VN

As	 small-	 to	 medium-diameter	 myelinated	 fibers	 have	 been	 impli-
cated	in	relaying	the	“inflammatory	reflex,”18 the myelinated fibers of 

the	 cervical	 and	 abdominal	 VNs	were	 further	 studied	 to	 determine	
whether	their	composition	(ie,	small-diameter,	medium-diameter,	and	
large-diameter	fibers)	differed	across	species.18,36 The myelinated frac-
tion	of	the	porcine	and	murine	cervical	VNs	was	composed	of	the	three	
different	populations.	In	more	detail,	the	murine	cervical	VN	contained	
7.7%	large-diameter,	20.9%	medium-diameter,	and	71.4%	small-diam-
eter	myelinated	fibers.	 In	the	pig,	 the	cervical	VN	consisted	of	1.7%	

F I G U R E  2   Representative image of a 
murine	cervical	(left	panel)	and	abdominal	
(right	panel)	VNs.	The	nerve	fibers	(NeuF)	
are	depicted	in	red,	and	the	myelin	(MBP)	
is illustrated in green. Scale bars are 
50	µm.	NeuF:	neurofilament	F,	MBP:	
major basic protein

F I G U R E  3   Representative image of 
a	porcine	nerve	fascicle(s)	in	the	cervical	
(left	panel)	and	abdominal	(right	panel)	
VNs.	The	nerve	fibers	(NeuF)	are	depicted	
in	red,	and	the	myelin	(MBP)	is	illustrated	
in	green.	Scale	bars	are	50	µm.	NeuF:	
neurofilament	F,	MBP:	major	basic	protein

F I G U R E  4   Representative image of a 
human	nerve	fascicle	in	the	cervical	(left	
panel)	and	abdominal	(right	panel)	VNs.	
The	nerve	fibers	(NeuF)	are	depicted	in	
red,	and	the	myelin	(MBP)	is	illustrated	
in	green.	Scale	bars	are	50	µm.	NeuF:	
neurofilament	F,	MBP:	myelin	basic	
protein
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large-diameter,	 17.8%	 medium-diameter,	 and	 80.5%	 small-diameter	
myelinated	fibers	compared	with	3.7%	large-diameter,	33.6%	medium-
diameter,	and	62.6%	small-diameter	myelinated	fibers	in	humans.

3.2.2 | Abdominal VN

The	myelinated	 fraction	 of	 the	 abdominal	 murine	 VN	was	mainly	
composed	 of	 small-diameter	 myelinated	 fibers.	 More	 specifically,	
the	murine	 abdominal	VN	consisted	of	99%	small-diameter	myeli-
nated	 fibers	 and	1%	medium-diameter	myelinated	 fibers.	Of	note,	
large-diameter	myelinated	fibers	were	absent	in	the	abdominal	VN	
of this species. The myelinated fraction of the porcine and human 
abdominal	VNs	mostly	contained	small-diameter	myelinated	fibers	
(ie,	 85.4%	 in	 pig	 and	 73.8%	 in	 humans).	 Medium-diameter	 myeli-
nated	fibers	represented	13%	and	23.3%	in	pig	and	humans,	respec-
tively.	 Interestingly,	1.7%	and	2.9%	of	 the	myelinated	fibers	 in	 the	
porcine	and	human	abdominal	VNs	had	a	large	diameter	(>	10	µm),	
respectively.

4  | DISCUSSION

Cervical	 and	 abdominal	 VNS	 has	 been	 successfully	 studied	 as	 a	
treatment	of	immune-mediated	diseases	such	as	postoperative	ileus,	
colitis,	and	arthritis	in	preclinical	models.6,10,37	Yet,	the	exact	mecha-
nism	of	how	VNS	dampens	immune	cell	activation	should	be	further	
studied.	In	addition,	the	optimum	stimulation	parameters	of	VNS	still	
require	further	 investigation	as	 it	 remains	to	be	further	elucidated	
which	type(s)	of	vagal	fibers	are	actually	responsible	for	the	cholin-
ergic	anti-inflammatory	pathway.

The	VN	is	typically	composed	of	3	fiber	types	including	A,	B,	and	
C	fibers.	Their	excitation	threshold	following	VNS	depends	on	several	
factors:	 (a)	fibrous	tissue	surrounding	the	nerve	fascicles	increases	
resistance,	altering	the	electric	field	and	resulting	in	increased	volt-
age	requirements	for	fiber	excitation;	(b)	fiber	myelination;	(c)	fiber	
diameter	and	(d)	the	electrode	design	(eg,	cuff	vs	hook	and	possible	

inclusion	of	recording	electrodes);	and	(e)	implantation	position.38,39 
In	general,	C	fibers	are	small,	unmyelinated,	and	thus	have	a	higher	
excitation	threshold	than	A	and	B	fibers	which	are	larger	and	myelin-
ated.	As	the	excitation	threshold	significantly	differs	depending	on	
the	type	of	vagal	fibers	targeted,	knowledge	about	the	VN	composi-
tion would be of great interest as it might determine the stimulation 
parameters	to	be	used	in	preclinical	and	clinical	studies.	Notably,	in	
a	previous	study	the	B	fibers	were	implicated	in	transmitting	the	an-
ti-inflammatory	effect	of	VNS.18	In	the	present	study,	we	therefore	
investigated	the	composition	of	the	cervical	and	abdominal	VNs	in	3	
different	mammalian	species,	that	is,	mice,	pig,	and	humans.

We	observed	 that	 the	 increased	 size	of	 the	VN	was	 associated	
with a higher number of nerve fascicles and more fibrous tissue sur-
rounding	the	fascicles	in	the	porcine	and	human	VNs	compared	with	
the	murine	VN.	Previous	studies	have	shown	that	the	number	of	fas-
cicles	and	amount	of	fibrous	tissue	within	the	VN	enhances	the	exci-
tation	threshold	of	large-diameter	and	medium-diameter	myelinated	
fibers	following	VNS,	indicating	that	a	higher-intensity	stimulation	is	
required	to	activate	 the	porcine	and	human	fibers.39	Consequently,	
caution	is	warranted	to	use	rodent	models	to	optimize	stimulation	pa-
rameters	for	the	human	situation.	Notably,	however,	the	composition	
of	both	the	cervical	and	abdominal	VNs	with	respect	to	myelination	
and	 fiber	 diameter	 was	 quite	 similar	 between	 the	 studied	 species,	
arguing	 that	 the	 anti-inflammatory	 effect	of	VNS	 could	 still	 act	 via	
the	 same	vagal	 fiber	 type	across	 species.	Of	 importance,	 similar	 to	
the	human	cervical	VN,	we	found	that	its	porcine	counterpart	is	also	
sparsely	 innervated	 with	 tyrosine	 hydroxylase-positive	 (ie,	 sympa-
thetic)	fibers	implying	that	VNS	may	have	a	possible	sympathetic	com-
ponent	that	could	contribute	to	its	anti-inflammatory	properties.35

Currently,	 only	 few	 clinical	 data	 are	 available	 concerning	 the	
anti-inflammatory	properties	of	VNS	in	patients	with	inflammatory	
disorders.	 Bonaz	 et al	 (2016)	 and	 Koopman	 et al	 (2016)	 recently	
demonstrated	 that	 chronic	 stimulation	 of	 the	 cervical	 VN	 (10	Hz,	
0.25-0.5	ms,	 and	0.25-2	mA)	 reduced	 inflammation	and	alleviated	
disease severity in patients with Crohn's disease and rheumatoid 
arthritis,	respectively.2,3	Electrophysiological	studies	of	the	porcine	
and	human	cervical	VNs	showed	that	these	stimulation	parameters	

Mouse Pig Human

Diameter	(µm) 183	±	16 2927	±	777 2017	±	347

Fascicles 1 46	±	10 7	±	3

Fibers	(number) 1426	±	31 62	235	±	11	688 51	288	±	10	225

Myelination	(%) 54	±	4 47	±	7 54	±	7

TA B L E  1   Characteristics of cervical 
vagus	nerve	of	mice,	pigs,	and	humans

Mouse Pig Human

Diameter	(µm) 112	±	9 2085	±	274 1916	±	472

Fascicles 1 43	±	8 16	±	6

Fibers	(number) 1189	±	390 41	153	±	12	267 28	714	±	15	996

Myelination	(%) 7	±	2% 10	±	2 6	±	2

TA B L E  2   Characteristics of abdominal 
vagus	nerve	of	mice,	pigs,	and	humans
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(current:	 0.25-2	 mA,	 frequency:	 20	 Hz)	 activate	 small-,	 medium-,	
and	large-diameter	myelinated	fibers.40-42	Indeed,	it	is	generally	ac-
cepted	 that	 the	 excitation	 threshold	 of	 large-diameter	myelinated	
ranges	between	0.02	and	0.2	mA,	while	small-	and	medium-diameter	
fibers	have	an	activation	threshold	between	0.04	and	0.6	mA.1 Of 
interest,	the	aforementioned	electrophysiological	studies	in	patients	
showed that the activation of unmyelinated fibers within the cervical 
VN	could	only	be	evoked	with	stimulation	intensities	above	3.5	mA.	
Similarly,	 in	pigs,	 only	 supramaximal	 intensity	 currents	 (ie,	 >9	mA)	
were	able	to	excite	unmyelinated	fibers	of	the	cervical	VN.30,43 This 
is further supported by observations in rodents showing that the 
anti-inflammatory	pathway	of	cervical	VNS	is	mediated	through	my-
elinated fibers18,36 and is independent of unmyelinated fibers.44

As	we	recently	proposed	VNS	of	the	subdiaphragmatic	posterior	
VN	as	an	alternative	approach	to	treat	inflammatory	intestinal	disor-
ders,12	we	also	examined	the	fiber	composition	of	the	subdiaphrag-
matic	 posterior	VN.	We	 chose	 not	 to	 study	 the	 subdiaphragmatic	
anterior	vagal	branch,	as	our	previous	study	showed	that	stimulation	
of	both	the	anterior	and	posterior	VNs	reduced	TNF-α production 
in a model of sepsis to a similar degree.12	Moreover,	 the	posterior	
VN	is	also	more	appealing	for	VNS	applications	in	the	GI	tract,	as	it	
innervates	the	GI	tract	until	the	splenic	flexure	of	the	large	intestine,	
while	the	anterior	vagal	branches	only	reach	as	far	as	the	proximal	
duodenum.28

We	 found	 that	 the	 abdominal	 VN	 mostly	 contained	 unmy-
elinated	 fibers	 and	 small-diameter	 myelinated	 fibers	 in	 all	 studied	
species.22,24,29	 An	 electrophysiological	 study	 of	 isolated	 human	 ab-
dominal	VNs	showed	that	these	small-myelinated	fibers	had	a	rather	
low	 activation	 threshold	 of	 5-10	 V	 (ie,	 comparable	 to	 a	 current	 in-
tensity	of	1-2	mA	based	on	 the	 resistance	of	our	previous	study12),	
while	the	unmyelinated	fibers	were	only	activated	with	supramaximal	
intensities	(ie,>	50	V	comparable	to	a	current	intensity	of	>	10	mA12).	
Thus,	 it	 seems	unlikely	 that	unmyelinated	 fibers	are	 involved	 in	 the	
anti-inflammatory	effect	of	abdominal	VNS.1,45	Indeed,	in	our	recent	
pilot	study,	abdominal	VNS	was	performed	in	patients	undergoing	ab-
dominal	surgery	to	activate	the	vagal	anti-inflammatory	pathway	in	an	
attempt to reduce intestinal inflammation and prevent postoperative 
ileus.	We	used	stimulation	parameters	(20	Hz,	1	ms,	and	2.5	mA	for	
2	min	at	the	beginning	and	end	of	the	surgery)	above	the	excitation	
threshold	(ie,	0.04-0.6	mA)	of	small-	and	medium-diameter	myelinated	
fibers,	but	below	that	of	unmyelinated	fibers	(ie,>	9	mA).	Abdominal	
VNS	during	surgery	decreased	endotoxin-induced	IL-8	and	IL-6	pro-
duction by whole blood.12	Of	note,	abdominal	VNS	did	not	lead	to	sig-
nificant antidromic conductance interfering with cardiac function.12,34 
As	a	result,	these	data	indirectly	suggest	that	small-	or	medium-diam-
eter	myelinated	fibers	are	most	likely	responsible	for	the	transmission	
of	vagal	anti-inflammatory	effect	to	the	gut.	If	further	studies	confirm	
the	 anti-inflammatory	 properties	 of	 abdominal	VNS,	 it	would	 be	 of	
great	 interest	to	further	develop	a	chronic	abdominal	VN	stimulator	
to	treat	macrophage-mediated	disorders	in	the	GI	tract.	This	approach	
may	have	fewer	side	effects	than	cervical	VNS,	in	particular	as	the	site	
of	stimulation	avoids	stimulation	of	the	larynx	and	minimizes	the	risk	
to interfere with cardiopulmonary function.12,34

In	 conclusion,	 there	 is	 a	 large	 similarity	 in	 composition	 of	 the	
VN	with	respect	to	myelinated	and	unmyelinated	fibers	in	the	three	
species	studied.	Human	and	porcine	VNs,	but	not	murine	VN,	have	
a	 comparable	 diameter,	 contain	 similar	 amounts	 of	 fibrous	 tissue,	
and	 are	 composed	 of	multiple	 fascicles,	 implying	 that	 the	 porcine	
VN	rather	than	murine	VN	may	be	used	to	optimize	stimulation	pa-
rameters	to	be	used	in	clinical	trials.	Moreover,	as	the	abdominal	VN	
mostly	consisted	of	unmyelinated	and	small-	and	medium-diameter	
myelinated fibers and given the high stimulation threshold of unmy-
elinated	nerve	fibers,	our	data	suggest	that	most	likely	small-diame-
ter	myelinated	fibers	or	perhaps	medium-diameter	myelinated	fibers	
are	responsible	for	the	vagal	anti-inflammatory	input	to	the	gut.
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