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Abstract
Background: Acetylcholine	 is	 the	 main	 excitatory	 neurotransmitter	 in	 the	 enteric	
nervous	 system	 (ENS)	 in	all	 animal	models	examined	 so	 far.	However,	data	 for	 the	
human	ENS	is	scarce.
Methods: We	used	neuroimaging	using	voltage	and	calcium	dyes,	Ussing	chamber,	
and immunohistochemistry to study fast synaptic neurotransmission in submucosal 
plexus	neurons	of	the	human	gut.
Key Results: Electrical	stimulation	of	intraganglionic	fiber	tracts	led	to	fast	excitatory	
postsynaptic	potentials	(fEPSPs)	in	29	submucosal	neurons	which	were	all	blocked	by	
the	nicotinic	antagonist	hexamethonium.	The	nicotinic	agonist	DMPP	mimicked	the	
effects	of	electrical	stimulation	and	had	excitatory	effects	on	56	of	73	neurons.	The	
unselective	NMDA	antagonist	MK-	801	blocked	 fEPSPs	 in	14	out	of	22	neurons	as	
well	as	nicotine	evoked	spike	discharge.	In	contrast,	the	application	of	NMDA	showed	
only	weak	 effects	 on	 excitability	 or	 calcium	 transients.	 This	 agreed	with	 the	 find-
ing	 that	 the	specific	NMDA	antagonist	D-	APV	reduced	fEPSPs	 in	only	1	out	of	40	
neurons.	Application	of	AMPA	or	kainite	had	no	effect	in	41	neurons	or	evoked	spike	
discharge	in	only	one	out	of	41	neurons,	respectively.	Immunohistochemistry	showed	
that	98.7	±	2.4%	of	all	submucosal	neurons	(n	=	6	preparations,	1003	neurons)	stained	
positive	for	the	nicotinic	receptor	 (α1,	α2 or α3–	subunit).	Hexamethonium	(200	µM)	
reduced	nerve-	evoked	chloride	secretion	by	34.3	±	18.6%	(n	=	14	patients),	whereas	
D-	APV	had	no	effect.
Conclusion & Inference: Acetylcholine	is	the	most	important	mediator	of	fast	excita-
tory	postsynaptic	transmission	in	human	submucous	plexus	neurons	whereas	gluta-
matergic	fEPSPs	were	rarely	encountered.

K E Y W O R D S
cholinergic	nicotinic	receptors,	fast	excitatory	postsynaptic	potentials,	glutamatergic	NMDA/
AMPA/Kainate	receptors,	human	enteric	nervous	system

www.wileyonlinelibrary.com/journal/nmo
https://orcid.org/0000-0003-2359-6428
https://orcid.org/0000-0001-8241-1871
mailto:
https://orcid.org/0000-0003-1007-9843
http://creativecommons.org/licenses/by-nc/4.0/
mailto:schemann@wzw.tum.de
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnmo.14164&domain=pdf&date_stamp=2021-05-07


2 of 10  |     MICHEL Et aL.

1  |  INTRODUC TION

The	transmission	of	information	in	the	enteric	nervous	system	(ENS)	is	
mediated	by	fast	and	slow	synaptic	signaling.	Slow	excitatory	or	inhibi-
tory	postsynaptic	potentials	depend	on	G-	protein	coupled	receptors	
and have time courses that can last several minutes. They involve the 
activation of intracellular second messengers and are able to alter the 
functional state of neurons. Fast synaptic events on the other hand are 
mediated	through	ligand-	gated	ion	channels.	As	no	second	messengers	
are	involved	in	this	process	the	onset	and	duration	of	fast	excitatrory	
synaptic	potentials	 (fEPSPs)	are	short	 (~1	and	50	ms,	 respectively).1 
So	far,	the	vast	majority	of	studies	concerning	the	electrophysiologi-
cal properties of enteric neurons have been done in the guinea pig. 
Among	the	neurotransmitters	which	mediated	fast	excitatory	synap-
tic	 transmission	 in	 guinea-	pig	myenteric	 and	 submucous	 plexus	 are	
acetylcholine,	serotonin	(5-	HT),	ATP,	Glutamate,	γ-	aminobutyric	acid	
and glycine.1–	5	The	translational	relevance	of	these	findings	is	unclear,	
which	 is	 supported	 by	 studies	 that	 demonstrate	 species-	dependent	
neuroanatomical,	 electrophysiological,	 and	 neuropharmacological	
differences.6–	15	 In	 particular,	 there	 are	very	 few	 studies	 on	 electro-
physiological properties of human enteric neurons.14,16,17 It is there-
fore important to investigate the electrophysiological properties of 
neurons	of	the	human	ENS	and	thus	gain	insights	into	its	neurophysi-
ology.	This	knowledge	 is	 instrumental	 to	understand	the	role	of	 the	
ENS	in	the	physiology	and	pathophysiology	of	the	human	gut.	During	
the	last	25	years,	we	recorded	from	several	thousand	neurons	in	which	
we	evoked	thousands	of	fEPSPs	and	fEPSP	driven	action	potentials.	In	
the	present	study,	we	focused	on	the	pharmacology	of	fEPSPs	in	the	
human	submucous	plexus.	We	used	a	combination	of	 imaging	tech-
niques	(ultrafast	neuroimaging	of	membrane	potential	and	calcium	im-
aging)	and	functional	experiments	(Ussing	chamber)	to	investigate	fast	
synaptic	neurotransmission	in	the	human	submucosal	plexus.

2  |  MATERIAL S AND METHODS

2.1  |  Tissue samples

All	experiments	were	performed	with	surgical	specimens	from	pa-
tients undergoing abdominal surgery in the Departments of Surgery 
of	the	Technische	Universität	München.	Samples	were	taken	from	
macroscopically	 normal,	 unaffected	 areas	 as	 determined	by	 visual	

inspection	of	the	pathologist.	All	procedures	and	the	use	of	the	re-
sections	were	 approved	 by	 the	 ethics	 committee	 of	 the	 Klinikum	
Rechts	 der	 Isar	 (744/02,	 1748/07,	 and	 2595/09)	 and	with	 the	 in-
formed	patient's	consent.	Experiments	were	performed	 in	accord-
ance	with	the	Declaration	of	Helsinki	(Ethical	Principles	for	Medical	
Research	Involving	Human	Subjects).

2.2  |  Tissue preparation

After	 removal	 from	 the	 patient,	 the	 tissue	was	 placed	 in	 cold	 ox-
ygenated	 sterile	Krebs	 solution	 containing	 (in	mM):	 117	NaCl,	 4.7	
KCl,	1.2	MgCl2 6H2O,	1.2	NaH2PO4,	25	NaHCO3,	2.5	CaCl2 2H2O,	
and	11	glucose	(all	chemicals	from	Sigma–	Aldrich).	It	was	then	rap-
idly	transported	to	the	laboratory	for	experiments.	The	tissue	was	
cut	along	the	mesenteric	border	and	pinned	flat,	mucosa	down,	 in	
a	 dissection	 dish	 containing	 ice-	cold	 sterile	 oxygenated	Krebs	 so-
lution	that	was	exchanged	every	10	min.	The	tissue	was	dissected	
by carefully removing the mucosa and the muscle layers under a 
dissection microscope to obtain a preparation of the inner submu-
cosal	plexus	 (next	 to	 the	mucosa).	The	 final	 size	of	 the	 tissue	was	
approximately	5	×	10	mm2	and	was	pinned	onto	a	Sylgard	ring	(Dow	
Corning,	 Midland,	 USA)	 that	 was	 placed	 in	 a	 recording	 chamber	
with	a	42	mm	diameter	glass	bottom	(130–	170	µm	thickness;	Sauer,	
Reutlingen,	Germany)	and	continuously	perfused	with	37°C	Krebs	
solution	gassed	with	Carbogen	(5%	CO2,	95%	O2)	equilibrated	at	pH	
7.4.	 Some	 preparations	were	 kept	 overnight	 in	 organ	 culture.	 For	
this	purpose,	the	preparations	were	pinned	onto	the	Sylgard	rings,	
transferred	to	a	sterile	Petri	dish,	and	then	washed	in	sterile	Krebs	
solution	(3	×	10	min)	under	a	laminar	flow	workbench.	After	this,	the	
preparation	was	covered	with	culture	medium	(Dulbecco's	Modified	
Eagle's	 Medium/F12,	 supplemented	 with	 10%	 heat-	inactivated	
fetal	 calf	 serum,	100	 IU	ml−1	penicillin,	 100	µg	ml−1	 streptomycin,	
2.75	 µg	ml−1	 amphotericin	 B,	 20	 µg	ml−1	 gentamicin,	 2.1	mg	ml−1 
NaHCO3,	all	chemicals	from	Sigma–	Aldrich)	and	placed	on	a	rocking	
tray	in	an	atmosphere	of	95%	O2	and	5%	CO2 in a humidified incuba-
tor.	Alternatively,	preparations	were	stored	overnight	in	fresh	Krebs	
solution	at	4°C.

The	tissue	chamber	was	mounted	in	a	self-	made	recording	cham-
ber	and	placed	onto	an	inverted	epifluorescence	Olympus	IX	50	mi-
croscope	 (Olympus).	 Fluorescence	 illumination	 was	 achieved	with	
an	 illumination	 system	 from	Cairn	Research	 (Optosource	 75)	with	

Key Points

•	 We	studied	fast	excitatory	transmission	in	human	enteric	neurons.
•	 All	fast	excitatory	postsynaptic	potentials	(fEPSPs)	in	the	human	submucous	plexus	was	me-

diated by cholinergic nicotinic mechanisms with a very small contribution of glutamatergic 
transmission.

•	 This	agreed	with	the	finding	that	nerve	evokes	epithelial	secretion	was	inhibited	by	nicotinic	
receptor	blockers	but	not	by	blockers	of	ionotropic	glutamate	receptors.

•	 Acetylcholine	is	the	most	important	mediator	of	fEPSPs	in	the	human	submucous	plexus.
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a	75	W	xenon	arc	lamp	(Ushio	UXL	75	XE,	msscientific).	Controlled	
illumination	of	the	preparation	was	achieved	by	a	software-	operated	
shutter	(Uniblitz	D122,	Vincent	Associates).

2.3  |  Voltage- sensitive dye imaging

The	multisite	optical	recording	technique	(MSORT)	was	previously	
described in detail.14,18	 In	 the	majority	 of	 experiments,	 illumina-
tion periods of 1.3– 4 s were used. Individual ganglia were stained 
with	the	fluorescent	voltage-	sensitive	dye	Di-	8-	ANEPPS	(1-	(3-	su
lfonatopropyl)-	4-	[beta[2-	(di-	n-	octylamino)-	6-	naphthyl]vinyl]pyri-
dinium	betaine,	Molecular	Probes	Mobitec,	Göttingen,	Germany)	
by local pressure application through a microejection pipette 
loaded	with	20	µM	Di-	8-	ANEPPS.	Di-	8-	ANEPPS	was	 solubilized	
in	 Krebs	 solution	 containing	 pluronic	 F-	127	 (final	 concentration	
in	 the	 application	 pipette	 0.014%;	 Molecular	 Probes)	 dissolved	
in	DMSO	 (final	 concentration	0.125%	 in	 the	 application	pipette,	
Sigma-	Aldrich).	With	 the	aid	of	a	micromanipulator,	 the	glass	pi-
pette was brought in close contact with the ganglia and pressure 
ejection	(2	psi)	pulses	of	400	ms–	1.2	s	were	used	to	apply	the	dye.	
During	the	staining	period,	it	was	possible	to	follow	and	to	assess	
the progress of the labeling by briefly illuminating the ganglion. 
In	a	previous	study	combining	intracellular	and	optical	recordings,	
we found that dye staining the nerve cells did not change their 
electrical or synaptic properties.18	Di-	8-	ANEPPS	stained	neurons	
were	visualized	with	×40	or	×100	oil	 immersion	objectives	 (×40:	
UAPO/340,	 ×100:	 SPlanApo100,	 both	 from	Olympus,	Hamburg,	
Germany)	by	using	a	filter	cube	equipped	with	a	545	±	15	nm	ex-
citation	interference	filter,	a	565	nm	dichroic	mirror	and	a	580	nm	
barrier	filter	(Olympus).

The fluorescent images of the ganglia were acquired and pro-
cessed	 by	 a	 Neuro-	CCD	 system	 or	 a	 Neuro-	PDA	 System	 (both	
from	 RedShirtimaging,	 Fairfield,	 CT,	 USA).	 The	 Neuro-	CCD	 sys-
tem	consists	of	 a	CCD-	camera	with	a	 resolution	of	70	×	70	pix-
els	 and	 the	 software	 for	 acquisition,	 processing,	 and	 storage	 of	
the	 data.	 Frames	were	 acquired	 at	 frequencies	 of	 1	 or	 1.6	 kHz.	
To	 reduce	 noise	 and	minimize	 the	 effects	 of	 bleaching	 the	 data	
of	 individual	 pixels	were	usually	 filtered	offline	with	 a	bandpass	
3–	326	Hz.	With	the	×40	objective,	a	spatial	resolution	of	22	µm2 
was	achieved.	The	Neuro-	PDA	system	uses	the	same	software	and	
is based on an array consisting of 464 photodiodes instead of a 
CCD	 camera.	 Although	 the	 spatial	 resolution	 is	 lower	 than	with	
the	Neuro-	CCD	system	(283	µm2	with	×40	objective),	we	usually	
achieved	 single-	cell	 resolution.	Acquisition	 parameters	were	 the	
same	as	with	the	Neuro-	CCD	system.	This	setup	was	additionally	
equipped	 with	 a	 conventional	 video	 camera	 (Mod.	 4910,	 Cohu	
Inc.,	SL	Microtest)	to	obtain	high-	resolution	fluorescence	 images	
of	the	stained	ganglia	(Scion	Image,	Scion	Corp.).	Both	setups	mea-
sured the fluorescence intensity in arbitrary units and calculated 
the	relative	change	in	fluorescence	(∆F/F)	which	is	linearly	related	
to	 changes	 in	 the	membrane	potential	Vm	 (Neunlist	 et	 al.,	 1999;	
Kao	 et	 al.,	 2001).	 Interganglionic	 fiber	 tracts	 were	 stimulated	

electrically	with	a	Teflon	coated	platinum	electrode	(25	µm	diam-
eter,	Medwire	10Ir1T,	Science	Products)	connected	to	a	stimula-
tor	 (S88,	Grass-	Telefactor)	with	a	constant	voltage	 isolation	unit	
(Grass	SIU-	5).	Electrical	pulses	had	durations	of	300	µs	and	ampli-
tudes	varying	between	1	and	6	V.	Drugs	could	be	applied	to	single	
ganglia	 by	 pressure	 ejection	 (2	 psi)	 from	microejection	 pipettes	
which	were	placed	close	to	the	ganglion	(approximately	200	µm)	
with	the	help	of	a	micromanipulator	(ejection	speed:	55	±	27	nl	s−1 
(mean	±	 standard	deviation,	n	 =	5)).	With	 these	parameters,	 the	
drug	was	diluted	by	a	factor	of	approximately	10	before	it	reached	
the ganglion.6 The following drugs were used for pressure ap-
plication:	 Dimethylphenylpiperazinium	 (DMPP,	 Sigma–	Aldrich),	
(-	)-	Nicotine	 Hydrogen	 Tartrate	 (Sigma–	Aldrich),	 N-	Methyl-	D-	
aspartic	 acid	 (NMDA,	 Sigma–	Aldrich),	 (R,S)-	AMPA	 (AMPA)	 and	
Kainic	 acid	 (RBI).	 DMPP	 was	 used	 at	 a	 concentration	 of	 10	 or	
100	 µM	 (in	 Krebs	 solution)	 in	 the	 ejection	 pipette.	 (-	)-	Nicotine	
Hydrogen	 Tartrate	 (Sigma–	Aldrich)	 was	 prepared	 at	 a	 final	 con-
centration	of	100	µM	in	Krebs	solution.	With	this	concentration,	
the	pH	of	 the	Krebs	solution	remained	stable	at	7.4.	The	NMDA	
solution	was	used	at	a	concentration	of	10	mM	in	a	Krebs	solution	
that	contained	5	µM	glycine	and	no	magnesium	that	was	also	used	
for	 the	 experiments.	 AMPA	was	 dissolved	 at	 a	 concentration	 of	
1	mM	also	in	the	Krebs	solution	that	was	also	used	for	the	experi-
ments	and	contained	25	µM	cyclothiazide	(Biomol)	to	prevent	re-
ceptor	desensitization.19,20	Kainic	acid	was	used	at	a	concentration	
of	1	mM.	All	solutions	were	prepared	daily	fresh	from	a	stock	solu-
tion	(nicotine)	or	directly	from	the	substance.	For	the	solutions	of	
nicotine,	AMPA,	and	kainic	acid	we	tested	routinely	the	pH	of	the	
final	solution	and	always	found	it	close	to	7.4.	The	following	antag-
onists	were	applied	to	the	preparation	with	the	superfusing	Krebs	
solution	 in	 the	 final	 concentrations	 indicated:	 Hexamethonium	
chloride	 (Sigma–	Aldrich),	200	µM,	 (+)-	MK-	801	hydrogen	maleate	
(Dizocilpine,	(5S,10R)-	(+)-	5-	Methyl-	10,11-	dihydro-	5H-	dibenzo[a,d]
cyclohepten-	5,10-	imine	maleate,	Sigma-	RBI,	Germany),	20	µM,	D-	
APV	(D-	(-	)-	2-	Amino-	5-	phosphonopentanoic	acid,	Sigma-	RBI),	20–	
40	µM,	glycine	(Sigma–	Aldrich),	5–	10	µM,	DNQX	disodium	salt	(6
,7-	Dinitroquinoxaline-	2,3-	dione	 disodium	 salt,	 Tocris,	 Germany),	
40	µM.

To	analyze	the	signals,	we	counted	the	dye-	labeled	neuronal	cell	
bodies	per	ganglion.	Individual	cells	can	be	visualized	since	the	dye	
incorporates into the membrane revealing the outline of individual 
cell bodies. The overlay of signals and ganglion image allowed us to 
analyze	the	response	of	individual	cells.

2.4  |  Calcium imaging

Preparation	of	the	tissue	samples	for	the	calcium	imaging	experiments	
was	identical	to	the	preparation	procedure	for	voltage-	sensitive	dye	
imaging.	Each	specimen	was	mounted	onto	Sylgard	rings	and	stained	
for	60	min	 in	Krebs	solution	that	contained	Fluo-	4AM	(Invitrogen,	
Karlsruhe,	Germany,	now	ThermoFisher	Scientific)	at	a	concentration	
of	10	µM	and	probenecid	(0.5	mM,	Sigma–	Aldrich).	Each	specimen	
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was	then	transferred	to	the	recording	chamber,	mounted	on	an	in-
verted	microscope	(IX	50,	Olympus)	and	superfused	with	Carbogen	
bubbled	Krebs	solution	at	37°C.	Calcium	signals	were	recorded	for	
5	s	at	frame	rates	of	40	or	125	Hz	with	the	NeuroCCD	system	and	
a	FITC	 filter	 set	 (excitation:	HC482/35,	dichroic:	BS506,	emission:	
HC536/40,	AHF	Analysentechnik)	at	magnifications	20×–	40×.

2.5  |  Ussing chamber experiments

To	test	the	effect	of	the	nicotinic	antagonist	hexamethonium	and	
the	NMDA	antagonist	D-	APV	on	electrically-	evoked	chloride	se-
cretion in intact submucosa/mucosa preparations from the human 
intestine	 we	 used	 the	 Ussing	 chamber	 technique	 as	 previously	
described	 in	detail	 (Krueger	et	al.,	2016).	The	preparations	were	
mounted	 in	Ussing	chambers	with	a	 recording	area	of	1.08	cm2. 
Mucosal	 and	 serosal	 sides	 were	 bathed	 separately	 in	 Krebs	 so-
lution.	 The	 solution	 was	 maintained	 at	 37°C	 and	 continuously	
bubbled	with	95%	O2	and	5%	CO2.	The	trans-	epithelial	potential	
difference	was	measured	 by	Krebs-	agar	 bridges	 on	 each	 side	 of	
the	 tissue	which	were	 connected	 to	 calomel	half-	cells.	A	pair	 of	
Ag/AgCl	 electrodes	were	 connected	 to	 a	 voltage	 clamp	 appara-
tus	(VCC	600,	Physiologic	Instruments)	that	compensated	for	the	
solution resistance between the electrodes. Data were recorded 
with	a	PowerLab	System	and	LabChart	 (version	4.2–	8.1.16)	soft-
ware	(ADInstruments	Ltd).	The	tissue	could	be	stimulated	electri-
cally by electrodes made from aluminum foil which were placed 
on either side of the tissue. The stimulating electrodes were con-
nected	to	a	constant	voltage	stimulator	(Grass	SD-	9).	Stimulation	
was achieved by delivering a train of pulses to the tissue with the 
following	 stimulation	 parameters:	 pulse	 amplitude:	 20	 V,	 pulse	
frequency:	10	Hz,	pulse	duration	1	ms,	train	duration	10	s.	Drugs	
were added to the serosal side of the preparation. Before starting 
the	actual	measurements,	the	tissues	were	allowed	to	equilibrate	
for at least 30 min.

2.6  |  Immunohistochemistry

Tissue	 specimens	 were	 fixed	 overnight	 at	 room	 temperature	 in	
a	 solution	 containing	 4%	 paraformaldehyde	 and	 0.2%	 picric	 acid	
in	0.1	M	phosphate	buffer	and	then	washed	 (3	×	10	min)	 in	phos-
phate	 buffer.	 Until	 further	 processing,	 the	 samples	 were	 stored	
at	 4°C	 in	 phosphate-	buffered	 saline	 (PBS)	 containing	 0.1%	NaN3. 
Wholemount	preparations	containing	the	 inner	submucosal	plexus	
were	 first	 incubated	 (1	 h,	 room	 temperature)	 in	 PBS	 plus	 Triton-	
X-	100	(TX100;	0.5%)	and	horse	serum	(4%).	Then	the	preparations	
were	incubated	at	room	temperature	in	PBS/0.5%	TX100/4%	horse	
serum/0.1%	NaN3	for	40	h	with	the	primary	antisera	(mouse	anti	Hu	
C/D	biotin	conjugated	1:50	(Molecular	Probes)	and	rat	anti	nAchR	
1:500	 (mAB210,	 BabCo)	which	 is	 specific	 for	muscle	α1 and neu-
ronal α3 and α5	subunits	of	nicotinic	acetylcholine	receptors.	Other	
antibodies against the α4	 subunit	 (mAB299,	 BabCo)	 and	 the	 α7	

(mAB306,	BabCo)	subunit	showed	no	reliable	staining	in	the	human	
submucous	plexus.	After	washing	(3	×	10	min	in	PBS)	the	prepara-
tions	were	incubated	for	6	h	with	the	secondary	antibodies	(donkey	
anti-	rat	Cy5	1:200	(Dianova)	and	streptavidin	Cy2	1:200	(Dianova)).

After	 the	 final	 washing,	 the	 tissues	 were	 mounted	 with	
Citifluor	AF1	(Science	Services,	Munich,	Germany)	on	poly-	l-	lysine	
coated coverslips. Tissues were finally inspected with an Olympus 
Microscope	 BX61	WI	 (Olympus,	 Hamburg,	 Germany)	 with	 appro-
priate	filter	blocks.	The	microscope	was	equipped	with	a	SIS	Fview	
II	CCD-	camera	and	the	analysis	version	3.1	software	(Soft	Imaging	
System	GmbH,	Münster,	Germany)	 for	 image	acquisition	and	anal-
ysis. The panel for the presentation of immunohistochemistry pic-
tures	was	constructed	with	EZFig	1.0	beta	12.21

2.7  |  Data analysis and statistics

The total number of neurons for each ganglion was determined by 
visual	 inspection	 of	 images	 from	 the	 Di-	8-	ANEPPS	 stained	 gan-
glion.14	 These	 images	 were	 taken	 from	 the	 ganglion	 during	 the	
experiment	 with	 the	 CCD-	camera	 at	 the	 highest	 possible	 resolu-
tion	(70	×	70	pixels)	(Neuro-	CCD	system)	or	with	the	video	camera	
(Neuro-	PDA	system).	During	the	analysis	of	the	optical	data,	traces	
of	 all	 detectors	 of	 the	CCD-	camera	were	 projected	 onto	 the	 cor-
responding image of the ganglion. Signals from individual nerve 
cells were then obtained by manually binning the detectors which 
recorded	 activity	 from	 that	 particular	 cell.	 Thus,	we	were	 able	 to	
determine the number of neurons in each ganglion that responded 
to electrical stimulation or the application of a substance via pres-
sure	application.	Neuron	numbers	in	immunohistochemistry	prepa-
rations were determined manually in representative pictures from 
each preparation.

Statistical	 analyses	 were	 performed	 using	 SigmaPlot	 12.5	
(Systat,	Erkrath,	Germany)	and	statistical	tests	are	 indicated	in	the	
text.	Data	are	given	as	mean	±	standard	deviation	or	median	(25%	
percentile/75%	percentile)	depending	on	the	normal	or	non-	normal	
distribution	of	the	data.	A	p-	value	≤0.05	was	considered	as	statisti-
cally significant.

3  |  RESULTS

3.1  |  Neuroimaging

We	 performed	 neuroimaging	 experiments	 (voltage-	sensitive	 dye	
imaging	and	calcium	imaging)	in	48	preparations	from	47	patients	
(mean	 age	 63.5	 ±	 13.7	 years,	 16	 female,	 small	 intestine	 (si):	 11,	
large	intestine	(li):	31,	rectum:	5	(re),	caecum:	1).	Electrical	stimula-
tion of interganglionic fiber tracts led to signals in ganglionic areas 
which consisted of one or both of the following components as 
previously	reported	(Schemann	et	al.,	2002):	Initially,	a	signal	with	
a	sharp	onset	which	represents	either	an	axonal	compound	or	an	
antidromic action potential. This was followed by a second signal 
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that was inhibited in a low calcium/high magnesium solution and 
was	therefore	of	synaptic	origin	(Figure	1D).	The	fast	time	course	
of the second component suggested the involvement of ionotropic 
receptors in the generation of these signals. In order to test the na-
ture	of	the	fast	synaptic	component,	we	used	the	nicotinic	blocker	
hexamethonium	and	the	NMDA	receptor	antagonists	MK-	801	and	
D-	APV.	 Hexamethonium	 at	 a	 concentration	 of	 200	 µM	 blocked	
synaptically	evoked	fEPSPs	and	fEPSP	triggered	spikes	 in	29	out	
of	29	neurons	in	six	ganglia	(6	preparations,	6	patients,	si:	1,	li:	2,	

re:	3)	(Figure	1A).	MK-	801	(20	µM)	blocked	fEPSP	triggered	spikes	
(Figure	1A)	 in	14	out	of	22	neurons	 (6	ganglia,	6	preparations,	6	
patients,	si:	0,	li:	6,	re:	0).	The	percentage	of	neurons	per	ganglion	
in	which	the	synaptic	 input	was	blocked	by	MK-	801	ranged	from	
0%	to	100%	(68	±	42%).	However,	 in	an	experiment	 in	which	we	
first	perfused	MK-	801	(20	µM)	and,	after	a	washout	period,	hex-
amethonium	 (200	 µM),	 we	 showed	 that	MK-	801	 was	 almost	 as	
effective	 as	 hexamethonium	 in	 blocking	 electrically-	evoked	 syn-
aptic	APs	 (Figure	1A).	MK-	801	blocked	81%	of	 the	 responses	 to	

F I G U R E  1 (A)	The	action	potential	that	is	fired	by	a	human	submucous	neuron	in	response	to	electrical	stimulation	of	an	interganglionic	
fiber	tract	(arrow)	is	blocked	by	the	NMDA	antagonist	MK-	801	(second	trace)	and	is	restored	upon	washout	(third	trace).	The	nicotinic	
blocker	hexamethonium	also	blocks	the	action	potential	in	the	same	neuron	(fourth	trace).	Also,	the	action	of	hexamethonium	is	reversed	
upon	washout	(fifth	trace).	(B)	The	NMDA	antagonist	MK-	801	reduces	the	response	of	human	submucous	neurons	to	nicotine.	Under	control	
conditions	(left	trace),	a	neuron	fires	action	potentials	at	a	high	frequency	in	response	to	a	brief	application	of	nicotine	(black	bar)	directly	
onto	the	ganglion.	The	response	is	greatly	reduced	during	perfusion	with	MK-	801	(middle	trace)	and	restored	upon	washout	(right	trace).	(C)	
The	specific	NMDA	antagonist	D-	APV	is	not	able	to	block	synaptic	action	potentials.	The	signals	in	response	to	electrical	stimulation	under	
control	conditions	(left	trace)	are	not	changed	in	the	presence	of	D-	AP5	(right	trace).	(D)	Electrical	stimulation	(arrow)	of	interganglionic	
fiber	tracts	evokes	two	types	of	signals	in	the	human	submucous	plexus:	A	fast	component	that	follows	immediately	the	stimulation	is	of	
non-	synaptic	origin	because	it	persists	during	a	block	of	the	synaptic	release	of	neurotransmitters	under	low	Ca2+/high	Mg2+	perfusion	(right	
trace).	A	slower	component	that	consisted	in	this	neuron	of	two	action	potentials	(left	trace)	is	of	synaptic	origin	because	it	is	blocked	in	low	
Ca2+/high	Mg2+	perfusion	(right	trace)

(A)

(B)

(C) (D)
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electrical	stimulations	of	interganglionic	fiber	tracts	while	hexam-
ethonium	 blocked	 100%	 (6	 neurons,	 1	 ganglion,	 1	 patient).	 This	
would either indicate the simultaneous presence of the respective 
receptors	on	these	cells	or	non-	specific	effects	of	the	antagonists.	
An	effect	of	hexamethonium	on	the	NMDA	receptor	can	be	ruled	
out.22	On	the	other	hand,	an	action	of	MK-	801	on	nicotinic	recep-
tors	 as	 described	 in	 the	 guinea	 pig	 ENS23	 was	 a	 possibility.	We,	
therefore,	 used	 the	more	 specific	 NMDA	 antagonist	 D-	APV	 (20	
and	40	µM).	This	antagonist	blocked	the	synaptic	signal	only	in	1	
out	of	40	neurons	(2.5%)	(12	ganglia,	9	preparations,	8	patients,	si:	
1,	li:	4,	re:	2,	caecum:	1)	(Figure	1C).

The	effect	of	the	nicotinic	agonist	DMPP	was	tested	by	pressure	
application of the substance onto individual ganglia. The concentra-
tion	of	DMPP	in	the	ejection	pipette	was	10	or	100	µM	and	ejection	
times	of	20–	200	ms	was	used.	Pressure	application	of	DMPP	led	to	
a	rapid	discharge	of	multiple	action	potentials	in	56	out	of	73	neu-
rons	(corresponding	to	79.9	±	18.7%	of	the	neurons	per	ganglion,	13	
ganglia,	8	patients,	si:	3,	li:	5,	range	46–	100%).	MK-	801	(20	µM)	had	
no	significant	effect	on	the	discharge	of	action	potentials	after	spritz	
application	of	DMPP	(100	µM)	 (action	potential	 frequency:	before	
MK-	801:	13.7	±	9.0	Hz,	in	MK-	801:	13.3	±	8.3	Hz,	p	=	0.85,	5	neu-
rons,	2	ganglia,	2	patients,	si:	1,	re:	1).	However,	MK-	801	reduced	the	
number of action potentials in response to pressure application of 
(-	)-	nicotine	(1	and	100	µM)	significantly	to	32.7	±	22%	of	the	control	
value	 (range	0–	65%).	After	a	washout	period,	 the	 response	 to	 the	
application	of	(-	)-	nicotine	recovered	completely	(action	potential	fre-
quency	before	MK-	801:	16.6	±	8.0	Hz,	in	MK-	801:	6.2	±	4.3	Hz,	after	
washout:	15.0	±	7.3	Hz,	p	<	0.001,	9	neurons,	3	ganglia,	3	prepara-
tions,	3	patients,	li:	3)	(Figure	1B).

As	a	further	test	for	the	presence	of	functional	NMDA	receptors,	
we	used	pressure	 application	of	NMDA	 (10	mM)	directly	 to	Di-	8-	
ANEPPS	stained	ganglia	in	the	human	SMP.	For	these	experiments,	
we	 used	Mg2+-	free	Krebs	 solution	which	 contained	5–	10	µM	gly-
cine to facilitate potential responses.24	NMDA	was	applied	for	200–	
800	ms	to	34	neurons	(5	ganglia,	3	patients,	si:	1,	li:	2).	In	two	neurons	
(6%)	we	detected	discharge	of	action	potentials	after	NMDA	applica-
tion,	which,	however,	was	not	reproducible.

Because the calcium imaging technique could be more sensitive 
in	detecting	subthreshold	activation	of	neurons,	we	tested	the	ef-
fect	of	pressure	applied	NMDA	 (10	mM)	 in	10	ganglia	 (3	patients,	
si:	 1,	 li:	 2).	 As	 before,	 the	 experiments	were	 done	with	Mg2+-	free	
Krebs	 solution	 with	 added	 glycine	 (10	 µM).	We	 could	 distinguish	
29	neurons	 that	 responded	 to	 the	application	of	50	mM	KCl	with	
a	mean	 increase	 in	 fluorescence	of	51.9	±	33.8%.	Of	 these,	 three	
neurons	 (10.3%)	showed	an	 increase	 in	 fluorescence	 (10.6	±	6.1%)	
in	response	to	the	application	of	NMDA	while	all	other	neurons	only	
showed	signals	that	were	not	discernible	from	background	fluctua-
tions	(≤1%).

We also tested agonists for the two other ionotropic glutamate 
receptors	 (AMPA	and	kainate)	 in	voltage-	sensitive	dye	 imaging	ex-
periments.	 The	 experiments	 with	 AMPA	 were	 done	 with	 25	 µM	
cyclothiazide	 in	 the	 perfusing	 Krebs	 solution	 to	 prevent	 AMPA	
receptor	 desensitization.19,20	 Pressure	 application	 of	 AMPA	 at	 a	
concentration	of	1	mM	had	no	excitatory	effect	 in	41	neurons	(10	
ganglia,	5	patients,	li:	5).	Pressure	application	of	kainic	acid	(1	mM,	
200–	800	ms)	had	an	excitatory	effect	in	one	out	of	42	neurons	that	
also	 responded	 to	 the	 application	 of	 nicotine	 (Figure	 2)	 (2.4%,	 13	
ganglia.	6	patients,	si:	3,	li:	3).	The	response	consisted	of	a	discharge	
of	 action	 potentials	 and	 could	 be	 blocked	 by	 perfusion	 of	DNQX	
(40	µM),	 a	 blocker	 of	 non-	NMDA	 ionotropic	 glutamate	 receptors.	
The	response	returned	after	a	washout	period	(Figure	2).

3.2  |  Ussing chamber experiments

Ussing	 chamber	 measurements	 were	 performed	 in	 muscle-	
stripped	 mucosa-	submucosa	 preparations	 from	 40	 patients	 (20	
female,	mean	age:	67.6	±	12.8	years,	from	one	patient	we	received	
small	 and	 large	 intestine).	 Activation	 of	 the	 submucosal	 plexus	
by electrical field stimulation led to a transient rise in short cir-
cuit	 current	 (Isc).	This	 rise	 is	abolished	by	 the	blocker	of	 fast	 so-
dium	channels	TTX	(1	µM)	and	therefore	mediated	by	neurogenic	
mechanisms.11	Addition	of	hexamethonium	(200	µM)	to	the	sero-
sal	 solution	had	no	effect	on	basal	 chloride	 secretion.	However,	

F I G U R E  2 Response	of	one	neuron	to	pressure	application	of	nicotine	(100	µM)	and	kainic	acid	(kainate,	1	mM).	From	left	to	right:	First	
trace:	The	neuron	fires	a	train	of	action	potentials	in	response	to	the	application	of	nicotine	(200	ms,	black	bar	below	trace).	Note	the	shorter	
duration	of	this	trace	in	comparison	to	the	other	traces.	Second	trace:	With	no	substance	applied,	the	neuron	fires	only	one	spontaneous	
action	potential	during	the	recording	period.	Third	trace:	The	application	of	kainate	also	evokes	a	train	of	action	potentials	in	the	same	
neuron.	Fourth	trace:	During	the	perfusion	of	the	AMPA/Kainate	blocker	(40	µM,	6	min	in	the	bath)	DNQX,	the	response	of	the	neuron	to	
the	application	of	kainate	is	blocked.	The	neuron	fires	only	one	action	potential	as	in	the	second	trace.	Fifth	trace:	After	a	washout	period	of	
15	min,	the	response	to	kainate	is	restored.	Scale	bar	under	the	fifth	trace	applies	to	all	traces
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hexamethonium	 reduced	 the	 response	 to	 field	 stimulation	 sig-
nificantly	 by	 37.7(−43.6/−18.8)%	 (from	 16.5	 (9.3/23.7)	 µA	 cm−2 
(control	stimulation)	to	9.8	(6.5/13.7)	µA	cm−2	(in	hexamethonium)	
(p	<	0.001,	Wilcoxon	Signed	Rank	Test,	n	=	14	patients,	si:	2,	li:	9,	
re:	3)	(Figure	3).	We	have	already	shown	that	the	nicotinic	agonist	
DMPP	markedly	increases	the	basal	Isc in human intestinal tissue.13 
To test if this increase could be due to the presence of nicotinic 
receptors	directly	on	epithelial	cells,	we	compared	the	effects	of	
nicotine	(10	µM)	in	the	absence	and	presence	of	TTX	(1	µM).	TTX	
abolished the increase in Isc	 by	 nicotine	 (control:	 8.6	 (6.3/25.8)	
µA	cm−2	vs	TTX:	0.4	(0.2/1.9)	µA	cm−2,	p	=	0.004,	Wilcoxon	Signed	
Rank	Test,	n	=	6	patients,	si:	1,	li:	5).

Addition	of	D-	APV	(100	µM)	to	the	serosal	solution	had	no	ef-
fect	on	basal	chloride	secretion.	 In	contrast	 to	 the	effect	of	hexa-
methonium,	 D-	APV	 had	 no	 significant	 effect	 on	 the	 response	 to	
field stimulation. Five preparations showed an increase while ten 
preparations showed a decrease in ΔIsc	resulting	in	a	non-	significant	
reduction	by	−15.2(−35.7/4.3)%	(control	response:	25.0	(10.7/30.0)	

µA	cm−2,	after	D-	APV:	18.0	(9.8/24.0)	µA	cm−2,	p	=	0.073,	Wilcoxon	
Signed	Rank	Test,	n	=	15	patients,	si:	1,	li:	10,	re:	4)	(Figure	3).	The	
variability	 of	 this	 data	 is	 comparable	 to	 similar	 experiments	 that	
showed the reproducibility of responses to electrical field stimula-
tion in a large number of human specimens.11	As	a	further	test	for	
the	involvement	of	NMDA	receptors,	we	applied	NMDA	directly	in	
Ussing	 chamber	experiments.	These	experiments	were	performed	
in	 the	 presence	 of	 a	 Mg2+-	free	 Krebs	 solution	 containing	 glycine	
(10	 µM).24	 NMDA	 (100	µM)	 had	 no	 significant	 effect	 on	 basal	 Isc 
(control:	80.0	±	32.7	µA	cm−2	vs	82.7	±	30.9	µA	cm−2,	p	=	0.28,	paired	
t-	Test,	n	=	5	patients,	li:	4,	re:	1).

3.3  |  Immunohistochemistry

Double labeling with antibodies against the neuronal proteins HuC/
HuD to label all neurons and against the nicotinic receptor was per-
formed	in	six	preparations	from	the	colonic	submucosal	plexus	from	

F I G U R E  3 Mucosal	secretion	in	human	
preparations is mediated by nicotinic 
receptors.	(A)	Two	example	traces	from	
an	Ussing	chamber	experiment	show	the	
response of a human mucosa/submucosa 
preparation to electrical field stimulation 
(EFS).	The	tissue	shows	an	immediate	
and	long-	lasting	rise	in	short	circuit	
current Isc	(black	trace)	that	is	reduced	
after	the	block	of	nicotinic	receptors	
with	hexamethonium	(grey	trace).	(B)	The	
response	to	EFS	is	reduced	significantly	
by	hexamethonium	(n	=	14,	p	<	0.001,	
Wilcoxon	Signed	Rank	Test)	while	D-	AP5	
has no statistically significant effect 
(n	=	15,	p	=	0.073,	Wilcoxon	Signed	Rank	
Test)

(A)

(B)

F I G U R E  4 Virtually	all	neurons	in	the	human	submucous	plexus	express	nicotinic	receptors.	(A)	Neurons	in	a	ganglion	are	stained	with	
an	antibody	against	the	pan-	neuronal	marker	HuC/D,	shown	in	cyan.	(B)	All	neurons	in	the	same	ganglion	are	also	stained	with	an	antibody	
against	nicotinic	acetylcholine	receptors,	shown	in	magenta.	(C)	Composite	picture	of	A	and	B.	Scale	bar	in	A	applies	to	all	pictures

(A) (B) (C)



8 of 10  |     MICHEL Et aL.

six	patients	(three	female,	mean	age	66.7	±	13.5	years).	On	average	
18	±	2	ganglia	per	preparation	were	examined,	giving	a	total	of	108	
ganglia with 1003 neurons. The number of neurons per ganglion was 
9.4	±	1.9.	 Single	neurons	 lying	outside	of	 ganglia	 in	nerve	 strands	
were	not	included	in	the	calculations.	Almost	all	submucosal	neurons	
(98.7	±	2.4%,	n	=	6	preparations)	stained	positive	 for	 the	nicotinic	
receptor	(Figure	4).

4  |  DISCUSSION

The present study revealed that acetylcholine acting on nicotinic 
receptors	mediated	 fEPSPs	 in	 the	 human	 enteric	 nervous	 system.	
This	conclusion	is	based	on	the	findings	that	fEPSPs	were	blocked	by	
the	nicotinic	antagonist	hexamethonium	while	the	nicotinic	agonists	
DMPP	and	(-	)-	nicotine	mimicked	them.	Functional	studies	revealed	
that the epithelial response to electrical field stimulation was re-
duced	to	58%	by	hexamethonium.	The	presence	of	nicotinic	recep-
tors	was	demonstrated	by	immunohistochemistry	in	nearly	100%	of	
human submucosal neurons. The fact that the number of neurons 
that	 responded	 to	DMPP	 in	 the	MSORT	experiments	 (79.9%)	was	
lower than the number of neurons that stained positive for the nico-
tinic	receptor	can	be	explained	in	several	ways:	First,	 it	 is	possible	
that	the	number	of	neurons	responding	to	DMPP	which	was	deter-
mined	in	the	MSORT	experiments	was	an	underestimation:	Because	
subthreshold	 activations	 have	 a	 much	 lower	 amplitude,	 we	 may	
have	missed	these	signals	in	some	neurons	with	suboptimal	voltage-	
sensitive	 dye	 staining.	 Secondly,	 a	 functional	 nicotinic	 receptor	
is composed of five α or ß subunits.1 The antibodies that we used 
were directed against subunits α1,	α2,	or	α3,	but	not	all	of	the	stained	
neurons	might	express	 functional	nicotinic	 receptors.	Additionally,	
receptors will have different pharmacological profiles depending on 
the species and receptor subunit composition.25

Because	the	vast	majority,	if	not	all,	of	submucous	neurons	ex-
press nicotinic receptors it can be concluded that this receptor is 
not restricted to a specific functional class of neurons. Pathological 
changes in nicotinic neurotransmission might therefore lead to more 
general gastrointestinal symptoms.26	 Indeed,	patients	with	high	ti-
ters for antibodies against ganglionic acetylcholine receptors may 
develop	 autoimmune	 autonomic	 ganglionopathy	 (AAG)	 with	 gas-
trointestinal	symptoms	(among	other	symptoms	of	autonomic	dys-
function).27,28	 This,	 together	with	 our	 data	 indicates	 that	 nicotinic	
receptors are important for the normal function of the human gut. 
The	results	from	our	Ussing	experiments	further	support	this	con-
clusion:	The	rise	in	chloride	secretion	that	was	evoked	by	electrical	
stimulation	 of	 the	 submucosal	 plexus	 was	 decreased	 significantly	
by	blocking	nicotinic	 receptors.	 This	 is	 also	 in	 line	with	our	previ-
ous	study	that	showed	a	clear-	cut	rise	of	the	short	circuit	current	in	
human colonic mucosa preparations after the addition of a nicotinic 
agonist to the serosal side of the preparations.13 The secretory ep-
ithelium in human tissue does not possess nicotinic receptors be-
cause	we	could	abolish	nicotine-	evoked	secretion	with	tetrodotoxin.	
This	demonstrates	that	the	hexamethonium	sensitive	component	of	

the secretory response is due to the activation of cholinergic inter-
neurons which then activate secretomotor neurons. Human tissue 
shows here a strong difference to findings in rat colon where an ef-
fect of epithelial nicotinic receptors on chloride secretion has been 
demonstrated.29,30

Hexamethonium	blocked	all	neuronal	responses	to	the	stimula-
tion of interganglionic fiber tracts. This does not necessarily mean 
that acetylcholine is the only neurotransmitter that is responsible for 
fEPSPs	 in	 the	 human	 submucous	 plexus.	Other	 neurotransmitters	
could have subthreshold effects that were not detectable with our 
method. In a calcium imaging study of preparations of the human 
jejunal	 submucosal	 plexus,	 only	 50%	of	 the	 response	 to	 electrical	
field	stimulation	was	blocked	by	hexamethonium.31 The lower po-
tency	of	hexamethonium	compared	to	our	study	was	 likely	due	to	
train	stimulation	that	releases	a	mixture	of	acetylcholine	and	other	
neurotransmitters	which	cause	fast	and	slow	excitatory	postsynap-
tic	potentials.	Additionally,	 it	 is	possible	 that	 some	neurons	 in	 this	
study	were	activated	antidromically.	Although	antagonism	of	nico-
tinic	receptors	blocked	fEPSPs	in	our	study,	ATP	may	contribute	to	
fEPSPs.	 There	 is	 indirect	 evidence	 as	 a	 blocker	 of	 ionotropic	ATP	
receptors	decreases	Ca-	transients	to	a	25	Hz	stimulus	train	in	human	
submucous	plexus	neurons.12

Another	possible	mediator	of	 fast	 synaptic	 transmission	 in	 the	
human	ENS	would	be	glutamate	acting	on	NMDA,	AMPA,	or	kain-
ate	receptors	as	has	already	been	shown	for	the	guinea	pig	 (see1).	
Although	 the	 marked	 effect	 of	 the	 NMDA-	antagonist	 MK-	801	
(Dizocilpine)	 in	 our	 experiments	 first	 supported	 the	 hypothesis	 of	
an	excitatory	role	of	NMDA	receptors,	the	highly	selective	NMDA-	
antagonist	D-	APV	(at	concentrations	which	have	already	been	used	
in	the	human	enteric	nervous	system	to	block	NMDA	mediated	re-
sponses32 had only an effect in one out of 40 neurons. We attribute 
the different effects of the two drugs to the nonspecific inhibitory 
action	 of	MK-	801	 on	 nicotinic	 receptors	 which	 has	 already	 been	
shown	 in	 guinea-	pig	myenteric	neurons23 and peripheral and cen-
tral neurons of other species.33–	35 The IC50 value for this effect has 
been	determined	for	cloned	human	nicotinic	receptors	(2.7	µM	for	
receptors of the α3ß4	 subtype	to	36	µM	for	 receptors	of	 the	α2ß2 
subtype,35	and	was	well	in	the	range	of	the	concentrations	of	MK-	
801	used	in	the	present	study.	The	most	prevalent	nicotinic	recep-
tor subunits in the enteric nervous system are α3ß4,	and	this	could	
explain	the	potent	blocking	effect	of	MK-	801	on	nicotinic	receptors	
in	our	experiments.1,36	The	fact	that	MK-	801	was	not	able	to	block	
DMPP	effects	can	possibly	be	explained	by	the	greater	sensitivity	of	
receptors of the α3ß4	subtype	for	DMPP	than	for	nicotine.

25 as has 
been	shown	for	neurons	 in	 the	guinea-	pig	submucosal	plexus.37 It 
is also possible that nicotinic receptors with different subunit com-
position	are	present	in	the	human	submucosal	plexus.	Experiments	
with	subtype-	specific	agonists	and	antagonists	would	be	necessary	
to prove this.

The	more	specific	NMDA	antagonist	D-	APV	had	only	marginal	
effects	on	fEPSPs	as	well	as	on	nerve-	evoked	secretion.	Additionally,	
NMDA	had	no	significant	effect	on	baseline	secretion	when	we	ap-
plied	it	directly	in	the	Ussing	chamber.	This	indicates	a	minor	role	for	
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fast	synaptic	 transmission	through	NMDA	receptors	 in	 the	human	
submucous	 plexus.	 These	 findings	 are	 consistent	with	 the	 lack	 of	
ionotropic	 glutamate	 receptors	 in	 the	 submucosal	 plexus	 of	 the	
guinea pig and piglet.20,38	 However,	 other	 studies	 indicate	 strong	
species	and/or	region	dependency	of	the	expression	of	NMDA	re-
ceptors	in	the	gut.	A	calcium	imaging	study	in	the	myenteric	plexus	
of	the	mouse	colon	was	able	to	demonstrate	functional	NMDA	re-
ceptors	but	no	indication	of	glutamate-	mediated	fast	synaptic	trans-
mission.39	On	the	other	hand,	an	organ	bath	study	with	preparations	
from	the	guinea	pig	ileum	found	a	clear	indication	of	an	excitatory	
action	of	NMDA	receptors	in	the	myenteric	plexus.40	Another	study	
found	NMDA	mediated	acetylcholine	release	from	preparations	of	
the human colon.32	 The	 responsible	 NMDA	 receptor-	expressing	
neurons	were	likely	located	in	the	myenteric	plexus.	In	addition,	we	
rarely found effects of the two other ionotropic glutamate receptors 
of	the	AMPA-		and	kainate-	subtype	in	the	human	submucous	plexus.	
The	presence	of	ionotropic	glutamate	receptors	in	the	ENS	remains	
controversial:	Liu	et	al.	were	able	to	demonstrate	excitatory	effects	
of	NMDA	and	AMPA	that	could	be	blocked	by	the	respective	antag-
onists	in	the	guinea	pig	myenteric	plexus.19	On	the	other	hand,	Ren	
et al. were not able to reproduce these results in the same prepara-
tion.24	Although	they	found	also	excitatory	responses,	these	could	
be	attributed	to	pH-	effects	of	the	applied	substances.	In	our	pres-
ent	study,	we	used	lower	concentrations	of	AMPA	and	kainate	and	
checked	the	pH	of	the	applied	substances.	In	addition,	we	facilitated	
potential	 excitatory	 effects	 by	 using	 a	 0	 mM	Mg++ solution with 
25	µM	glycine	for	the	NMDA	experiments	and	25	µM	cyclothiazide	
solution	for	the	AMPA	experiments.24	Regardless	of	these	measures,	
we did not record consistent responses mediated through ionotropic 
glutamatergic	receptors	in	the	human	submucous	plexus.	This	does	
not completely rule out a role for glutamatergic neurotransmission 
in	the	human	ENS:	The	focus	of	the	current	study	was	on	ionotropic	
and	not	on	metabotropic	receptors.	In	addition,	glutamatergic	recep-
tors	might	also	be	present	in	the	myenteric	plexus	or	in	other	regions	
of	 the	gut.	However,	 a	 study	by	Wang	et	al.	 found	no	neurogenic	
effects	of	L-	Glutamate	in	human	small	bowel	on	chloride	secretion	
or motility.41

Most	of	our	experiments	were	done	 in	samples	 from	the	 large	
intestine. The number of samples from other regions of the gastroin-
testinal	tract	(small	bowel,	rectum,	and	cecum)	was	distributed	ran-
domly	between	the	experimental	groups	and	thus	was	too	small	to	
allow	statistical	comparison.	However,	during	analysis	of	 the	data,	
we found no indications of regional differences. The good agree-
ment between findings of our neuropharmacology in the inner sub-
mucous	plexus	(that	is	closest	to	the	mucosa)	and	the	pharmacology	
of	the	secretory	responses	 in	Ussing	chamber	experiments	 (where	
the	preparations	included	also	the	outer	submucous	plexus)	argues	
also against significant differences between the different layers of 
the	submucous	plexus.

The present data suggest acetylcholine as a major neurotrans-
mitter	mediating	 fast	excitatory	synaptic	neurotransmission	 in	 the	
human	submucosal	plexus.	We	conclude	that	fEPSPs	in	the	human	

submucous	 plexus	 are	 mediated	 mainly	 by	 acetylcholine	 (present	
study)	with	 a	 small	 contribution	 of	 serotonin	 (5-	HT)	 and	 ATP.12,13 
Ionotropic	glutamate	receptors	 (NMDA,	AMPA,	and	kainate)	seem	
to	 play	 only	 a	 minor	 role.	 Future	 studies	 should	 exercise	 caution	
when interpreting the functional role of glutamatergic ionotropic 
receptors	in	fast	synaptic	transmission	of	human	submucosal	plexus.
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