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Abstract
There have been many recent advances in the understanding of various aspects of 
the	physiology	of	gastric	motility	and	gastric	emptying.	Earlier	studies	had	discov-
ered	the	remarkable	ability	of	the	stomach	to	regulate	the	timing	and	rate	of	empty-
ing of ingested food constituents and the underlying motor activity. Recent studies 
have	shown	that	two	parallel	neural	circuits,	the	gastric	inhibitory	vagal	motor	circuit	
(GIVMC)	and	the	gastric	excitatory	vagal	motor	circuit	(GEVMC),	mediate	gastric	in-
hibition	and	excitation	and	therefore	the	rate	of	gastric	emptying.	The	GIVMC	in-
cludes	 preganglionic	 cholinergic	 neurons	 in	 the	 DMV	 and	 the	 postganglionic	
inhibitory	neurons	in	the	myenteric	plexus	that	act	by	releasing	nitric	oxide,	ATP,	and	
peptide	VIP.	The	GEVMC	includes	distinct	gastric	excitatory	preganglionic	choliner-
gic	 neurons	 in	 the	DMV	 and	 postganglionic	 excitatory	 cholinergic	 neurons	 in	 the	
myenteric	plexus.	Smooth	muscle	is	the	final	target	of	these	circuits.	The	role	of	the	
intramuscular interstitial cells of Cajal in neuromuscular transmission remains debat-
able. The two motor circuits are differentially regulated by different sets of neurons 
in	 the	NTS	and	vagal	 afferents.	 In	 the	digestive	period,	many	hormones	 including	
cholecystokinin	and	GLP‐1	inhibit	gastric	emptying	via	the	GIVMC,	and	in	the	inter‐
digestive	period,	hormones	ghrelin	and	motilin	hasten	gastric	emptying	by	stimulat-
ing	the	GEVMC.	The	GIVMC	and	GEVMC	are	also	connected	to	anorexigenic	and	
orexigenic	neural	pathways,	respectively.	Identification	of	the	control	circuits	of	gas-
tric emptying may provide better delineation of the pathophysiology of abnormal 
gastric	emptying	and	its	relationship	to	satiety	signals	and	food	intake.

K E Y WO RD S

digestive	and	inter‐digestive	periods,	gastric	emptying,	gastric	motility,	intestinal	hormones,	
neural	control,	satiety	and	food	intake,	the	interstitial	cell	of	Cajal,	vagal	circuits

1  | INTRODUCTION

The gastric emptying rate is a measure of the speed of delivery 
of gastric contents into the duodenum. Gastric contents to be 
delivered	 include	 liquids,	 digestible	 solids,	 and	 indigestible	 food	

residues.	Over	the	years,	advances	in	understanding	the	different	
physiological components of gastric emptying have been facilitated 
by	the	development	of	reliable,	noninvasive	techniques	in	humans.1 
The understanding of the biomechanics of the stomach helped to 
understand the relationship between gastric motility and gastric 
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emptying.2,3 These advances began with the appreciation that gas-
tric emptying is regulated by the physical and chemical nature of 
the food4,5	through	neuro‐hormonal	control	mechanisms.	Recent,	
ongoing	 studies	 have	 shown	 that	 inhibitory	 and	 excitatory	 vagal	
motor circuits and their regulatory neurons located in the solitary 
tract	nucleus	(nucleus	tractus	solitarius	[NTS])	are	responsible	for	
the precise control of gastric emptying.6	 The	NTS	 neurons	 have	
widespread connections with neurons in the other parts of the 
CNS.	Gastric	 inhibitory	and	gastric	excitatory	hormones	 released	
from the intestine and pancreas also actively regulate gastric emp-
tying.	Many	of	these	hormones	are	also	involved	in	immediate	sa-
tiety	 signals,	 and	 long‐term	 food	 intake,	 energy	metabolism,	 and	
bodyweight,	 thereby	 linking	 these	 metabolic	 changes	 to	 gastric	
emptying.

The precise regulation of the rate of gastric emptying of chyme 
(semifluid mass of partly digested food) into the duodenum is criti-
cal for further digestion and absorption in the small intestines. This 
regulation	is	provided	by	feedback	from	the	intestines	via	a	variety	
of gastrointestinal hormones. The rate of gastric emptying of carbo-
hydrates and sugars is particularly an important determinant of post-
prandial glycemia. Slow gastric emptying may cause postprandial 
hypoglycemia,	whereas	fast	gastric	emptying	may	cause	postpran-
dial	hyperglycemia.	However,	fast	gastric	emptying	also	upsets	the	
release	of	intestinal	hormones	and	has	complex	effects	on	glucose	
homeostasis. Fast gastric emptying is now recognized as a major 
factor in postprandial hyperglycemia and in the pathogenesis and 
management	of	diabetes	mellitus	(DM).7-9

The purpose of the present review is to synthesize the advances 
in the understanding of gastric motility and its neurohormonal con-
trol into an integrated model of gastric emptying.

2  | GASTRIC EMPTYING

The	 stomach	 performs	 a	 remarkable	 function	 of	 accepting	 large	
quantities of foods of different physical and chemical compositions 

over	a	short	period.	In	humans,	the	stomach	can	expand	10‐15	times	
its empty state volume without a significant increase in intragastric 
pressure (called accommodation). Water may leave the stomach 
promptly.10	Digestible	solids	empty	after	they	are	pulverized	to	form	
chyme,	which	contains	particles	 less	 than	2‐3	mm	 in	 size.5	 Liquids	
and digestible solids are emptied in the digestive period that lasts 
2‐3	hours	after	a	meal.	However,	stomach	retains	large	food	parti-
cles	that	escape	mincing	during	the	digestive	period,	and	then	force-
fully dumps them into the small bowel during the inter-digestive 
period11 (Figure 1A).

Hunt and others in the1950s and early 1960s also showed that 
the gastric emptying rate in the digestive period is highly dependent 
on	volume,	osmolality,	the	chemical	composition,	and	caloric	density	
of the food.4	The	average	stomach	empties	approximately	1‐4	kcal/
min12	(Figure	1B).

Because	of	the	complex	regulation	of	gastric	emptying,	proper	
assessment of all phases of gastric emptying requires separate 
studies of liquids and digestible solids of defined caloric density 
in the digestive period and of large indigestible particles in the 

Key Points

• There have been major recent advances in the under-
standing	of	the	role	neural	circuits,	gastrointestinal	hor-
mones,	interstitial	cells	of	Cajal	and	smooth	muscles	in	
the regulation of gastric emptying.

• This review presents an integrated model of the control 
systems	 in	 gastric	 emptying	 and	 its	 link	 with	 satiety,	
hunger and energy metabolism.

• This information will be valuable in understanding the 
relationship between gastric emptying and diabetes 
mellitus,	developing	strategies	 for	control	of	hypergly-
cemia,	pathogenesis	of	type	2	DM,	and	obesity.

F I G U R E  1  Gastric	emptying	rates	vary	with	the	physical	characteristic	and	caloric	density	of	food.	(A)	Effect	of	physical	characteristics	
of	food	on	the	rate	of	gastric	emptying.	Note	that	water	or	5%	glucose	leaves	the	stomach	at	a	fast	rate,	and	digestible	solids	begin	to	leave	
after	a	lag	period	and	leave	the	stomach	slowly.	Large	pieces	of	indigestible	solids	are	retained	in	the	stomach	during	the	digestive	period	
and	are	then	rapidly	emptied.	(B)	Effect	of	caloric	density	of	the	liquid	meal.	Note	that	water	leaves	the	stomach	very	fast	and	only	50%	
remains	in	the	stomach	at	10	min.	High‐calorie	liquids	empty	at	a	slower	rate	with	50%	remaining	in	the	stomach	at	2	h.	Low‐calorie	liquids	
empty	at	an	intermediate	rate	so	the	50%	leave	the	stomach	by	1	h
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inter‐digestive	 period.	Moreover,	 earlier	 tests	 of	 gastric	 empty-
ing	were	 invasive	and	not	 repeatable.	Development	of	noninva-
sive imaging and isotope techniques has now facilitated studies 
of gastric emptying in animals and humans.3 Scintigraphy using 
technetium (99m)-sulfur colloid- or technetium (99m)-diethylen-
etriaminepentaacetic acid-labeled food remains the “gold stan-
dard.”	Time	taken	to	empty	50%	of	the	 ingested	contents	 (t1/2)	
has often been used to describe gastric emptying rate for the 
purposes of comparison.13	Recently,	low‐fat	egg	white	meal	with	

measurements	at	0,	1,	2,	and	3	or	4	hours	has	been	used.	Gastric	
retention	of	<30	at	1	hour	 is	 indicative	of	fast	gastric	emptying,	
and	 retention	of	 >30%	at	 4	hours	 suggests	 slow	gastric	 empty-
ing.14	More	recently,	the	13C breath test that indirectly measures 
gastric	 emptying	 has	 been	 developed.	 In	 the	 absence	 of	 liver	
or	 kidney	disease,	 the	 results	of	 these	 tests	 correlate	well	with	
the results of the scintigraphy. These developments have facili-
tated the assessment of gastric emptying in disorders of gastric 
emptying.1

F I G U R E  2  Anatomic	and	functional	parts	of	the	human	stomach,	the	gastric	tunnel	(Magenstrasse),	and	the	pylorus.	(A)	Anatomic	and	
functional	parts	of	the	stomach.	The	stomach	includes	three	multifunctional,	interconnected	structures:	pressure	pump,	peristaltic	pump,	
and	a	grinder.	The	pressure	pump	includes	anatomic	fundus	and	proximal	corpus.	The	peristaltic	pump	includes	anatomic	distal	corpus	
and pyloric antrum. The pressure and peristaltic pumps form the propulsive unit. The anatomic correlate of the grinder is the pylorus that 
includes	the	anatomic	pyloric	canal	and	pyloric	sphincter.	Modified	from	Adler.15	(B)	A	functional	tunnel	along	the	lesser	curvature	of	the	
stomach,	called	Magenstrasse,	that	may	allow	liquids	to	bypass	the	slower	movement	of	the	solid	food	through	the	stomach	to	accomplish	
a	very	fast	gastric	emptying.	The	figure	identifies	the	initial	location	of	particles	emptied	during	10	min,	gray	shaded	with	the	time	period	
of	emptying,	temptying. From Pal et al10	(C)	Details	of	the	pyloric	complex	which	includes	the	proximal	muscle	loop	and	the	distal	muscle	loop	
formed	by	the	pyloric	sphincter.	The	proximal	and	distal	muscle	loops	are	~2	cm	away	from	each	other	on	the	greater	curvature	but	merge	
together on the lesser curvature of the stomach. The loops enclose a triangular cavity with the merged muscle loops forming a torus at 
the	lesser	curve.	The	pyloric	torus	fits	into	the	groove	left	between	the	proximal	and	distal	muscle	loops	along	the	greater	curvature,	like	a	
pastel	and	mortar,	to	form	a	perfect	grinder.	Pylorus	provides	mechanical	grinding	and	food	that	has	been	tenderized	by	acid‐pepsin,	to	form	
chyme.	The	proximal	muscle	loop	and	the	pyloric	sphincter	are	separately	regulated	and	can	work	independently
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3  | BIOMECHANICS OF GASTRIC 
EMPTYING

Earlier	 studies	 also	 defined	 how	 a	 single‐chamber	 stomach	 can	
serve	multiple	functions	such	as	flexible	storage,	grinding	of	food,	
and	controlled	delivery	of	chyme	into	the	duodenum.	In	humans,	
the	 anatomic	 fundus	 and	 proximal	 corpus	 of	 the	 stomach	 serve	
as	a	flexible	reservoir	and	a	pressure	pump.	The	distal	corpus	and	
proximal	 antrum	 constitute	 the	 peristaltic	 pump	 that	 primarily	
serves	as	a	mixer.	The	terminal	antrum	and	the	pyloric	sphincter	
form the functional grinder and filter2,15,16 (Figure 2). The gastric 
emptying during the digestive and inter-digestive periods is differ-
ently regulated.

4  | GASTRIC EMPTYING DURING THE 
DIGESTIVE PERIOD

As	 the	 food	 is	 ingested	 and	 fills	 the	 stomach,	 fundic	 compliance	
increases so that a large volume of food is accommodated without 
an	increase	in	pressure.	In	this	filling	phase,	the	pressure	and	peri-
staltic pumps remain inhibited and show no contractions. The filling 
phase	 is	 followed	by	 a	pumping	phase,	which	 is	 associated	with	 a	
slow tonic contraction of the fundus and increased peristaltic con-
tractions	 in	the	peristaltic	stomach.	This	allows	mixing	of	 ingested	
food with gastric acid and pepsin and its transfer to the pylorus. The 
peristaltic pump also accepts food that escapes proper pulverization 
for recycling. The antrum fills to a certain level before food begins to 
enter the duodenum. This is reflected as the lag phase on the whole 
stomach-emptying curve.

The	stomach	forms	a	functional	 tunnel	named	“Magenstrasse,”	
along	 with	 the	 lesser	 curvature	 of	 the	 stomach,	 that	 shunts	 liq-
uids directly into the duodenum and bypasses the main stomach10 
(Figure 2).

The tenderized food is propelled into the pyloric grinder by 
contractions that become forceful in the antrum. The pylorus 
relaxes	to	receive	food	from	the	proximal	antrum.17 Pyloric con-
tractions generate a powerful retrograde jet of food that escapes 

pulverization,	 and	 an	 anterograde	 jet	 of	 chyme	 into	 the	 duode-
num.	On	 intraluminal	manometry,	 these	events	 correspond	with	
the antropyloric pressure waves (APPW) that are intimately as-
sociated with a pulsatile flow into the duodenum18 and “sieving 
function”.16 Closure of the pyloric sphincter that causes complete 
closure of gastroduodenal communication corresponds with the 
isolated	pyloric	pressure	waves	(IPPW)	on	intraluminal	manometry	
in humans.19

Enhanced	or	impaired	relaxation	of	the	pressure	pump	leads	to	
slow	or	fast	gastric	emptying,	respectively.	Loss	of	strength	or	orga-
nization	of	contractions	of	the	peristaltic	pump	leads	to	poor	mixing	
and	slow	gastric	emptying,	while	the	increased	strength	of	peristal-
tic contractions leads to the fast gastric emptying of the digestible 
solids20 (Table 1).

The	pyloric	sphincter	and	the	duodenum	work	in	a	well‐coordi-
nated	way	to	regulate	gastric	emptying.	As	the	pyloric	complex	acts	
as	both	a	grinder	and	a	variable	filter,	it	can	facilitate	or	inhibit	gas-
tric	emptying	in	the	digestive	period.	The	duodenum	relaxes	during	
antral contractions—a phenomenon called “antroduodenal coordina-
tion.”	After	accepting	 injections	of	chyme,	 the	duodenal	bulb	con-
tracts	to	expel	the	chyme	in	a	steady	flow	into	the	second	portion	
of the duodenum. Studies have shown that slow gastric emptying 
with a high-fat test meal was associated with decreased antral and 
increased duodenal contractile activity.21	Moreover,	duodenal	con-
tractions may cause closure of the pyloric sphincter that in turn 
corresponds	with	the	isolated	pyloric	pressure	waves	(IPPW)	on	in-
traluminal manometry.19,22

5  | GASTRIC EMPTYING IN THE INTER‐
DIGESTIVE PERIOD

In	the	inter‐digestive	(fasting)	period,	gastric	motility	designed	
to	clear	 the	stomach	of	undigestible	 residues.	 It	 is	 characterized	
by	 a	 cyclical	 motor	 activity	 called	 the	migrating	motor	 complex	
(MMC).23	The	MMC	is	divided	into	four	phases.	Phase	I	 lasts	ap-
proximately	45‐60	minutes,	during	which	the	peristaltic	pump	ex-
hibits electrical slow waves that are not associated with muscle 

TA B L E  1  Anatomic	parts,	muscle	type,	the	presence	of	ICC‐MY,	type	of	contraction,	and	effect	of	inhibition	or	excitation	on	different	
functional parts of the stomach

Pressure pump Peristaltic pump Grinder

Anatomic parts Fundus	+	proximal	
corpus

Distal	corpus	and	proximal	antrum Terminal antrum + pyloric sphincter. 
Pylorus

Muscle	type Tonic Phasic Phasic + tonic

ICC‐MY Absent Present Present

Type of contractions Tonic Phasic,	peristaltic Strong,	phasic,	nearly	simultaneous

Effect	of	increased	inhibition/
decreased	excitation

Slow gastric 
emptying

Impaired	mixing 
Slow gastric emptying of solids

Impaired	grinding 
Duodeno‐gastric	reflux

Effect	of	reduced	inhibition/
increased	excitation

Impaired	accommo-
dation and fast 
gastric emptying

Fast gastric emptying of solids Outlet	obstruction
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contractions.	Motor	 quiescence	 is	 due	 to	 tonic	 inhibition	 of	 the	
motor	activity.	Phase	II	 is	associated	with	slow	waves	associated	
with	 frequent	phasic	 contractions.	Phase	 III	 (also	called	 “activity	
front”)	is	characterized	by	a	front	of	large	amplitude	contractions,	
lasting 5-15 minutes that march toward the pyloric sphincter. 
The	 phase	 III	 of	 the	MMC	 is	 neurally	mediated	 and	 is	 indepen-
dent of the slow waves.24	During	the	migrating	front,	the	pylorus	
and	duodenum	remain	relaxed	and	open	to	allow	phase	III	activity	
to sweep food residues out of the stomach.25	Loss	of	pyloric	re-
laxation	leads	to	gastric	outlet	obstruction	and	gastric	stasis.26,27 
However,	enhanced	relaxation	of	 the	pylorus	may	facilitate	duo-
deno‐gastric	 reflux.27	 Phase	 IV	 includes	 inhibition	 of	 contractile	
activity	that	merges	with	the	next	phase	of	digestive	period	activ-
ity.	Vagal	stimulation	immediately	abolishes	the	gastric	motor	and	
neurohormonal activity during the digestive and inter-digestive 
periods23 (Table 2).

6  | REGULATION OF GASTRIC MOTILITY 
AND EMPTYING

Gastric motility is regulated by the neural circuits that affect the ac-
tivity	of	its	final	target,	the	smooth	muscles.	The	interstitial	cells	of	
Cajal	(ICC)	may	also	be	involved	in	the	control	of	gastric	emptying	in	
multiple	ways,	 including	 afferent	mechanosensing,28 certain types 
of	neuromuscular	transmissions	(NMT),29,30 and phasic contractions 
in the antrum.31,32	However,	the	multifunctional	role	of	ICC	has	been	
questioned.33

7  | NEURAL CONTROL OF GASTRIC 
MOTILITY

It	 is	 now	 generally	 accepted	 that	 autonomic	 nerves	 regulate	 gas-
tric motility.34-36	 Traditionally,	 parasympathetic	 and	 sympathetic	
motor	 nerves	 were	 thought	 to	 exert	 an	 excitatory	 and	 inhibitory	
effect	on	the	stomach,	respectively.	However,	studies	showed	that	
sympathetic nerves do not have an important role in physiological 
regulation	of	gastric	motility,	while	the	vagus	nerves	exert	both	in-
hibitory	and	excitatory	effects	on	the	stomach	via	the	gastric	inhibi-
tory	vagal	motor	circuit	(GIVMC)	and	a	gastric	excitatory	vagal	circuit	
(GEVMC).37-39

Gastric inhibitory vagal motor circuit consists of preganglionic 
cholinergic and postganglionic non-cholinergic inhibitory neurons. 
The	GEVMC	 consists	 of	 preganglionic	 cholinergic	 and	 postgangli-
onic	 cholinergic	 neurons.	Moreover,	 the	 GIVMC	 and	 GEVMC	 are	
regulated	by	other	connected	neurons	and,	together,	they	constitute	
the	 gastric	 inhibitory	 vagal	 circuit	 (GIVC)	 and	 a	 gastric	 excitatory	
vagal	circuit	(GEVC),	respectively.	Because	the	neurons	of	the	same	
chemical nature may be present at different locations of the circuit 
and	even	in	two	opposing	circuits,	we	have	identified	them	by	their	
location,	chemical	nature,	and	the	functional	circuitry	in	the	descrip-
tive table (Table 3).TA
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8  | GASTRIC INHIBITORY VAGAL MOTOR 
CIRCUIT (GIVMC)

Gastric inhibitory vagal motor circuit consists of preganglionic cho-
linergic	neurons	in	the	DMV	(DMV‐C‐i)	and	postganglionic,	non‐adr-
energic	non‐cholinergic	(NANC)	inhibitory	neurons	in	the	myenteric	
plexus	(MP‐NANC‐i)	 (Figure	3A).	The	DMV‐C‐i	neurons	are	distinct	
from	 the	 DMV‐C‐e	 neurons	 and	 are	 located	 in	 rostro‐lateral	 and	
caudomedial	 areas	of	 the	DMV.40	Moreover,	DMV‐C‐i	neurons	are	
segregated into distinct groups and may have different chemical 
markers,	so	that	they	regulate	the	different	regions	of	the	stomach	
separately.41

Motor	axons	of	the	DMV‐C‐i	neurons	travel	in	the	vagus	nerve	
and	exert	a	tonic	inhibitory	effect	on	the	lower	esophageal	sphinc-
ter42 and the stomach.43,44 The tonic inhibitory neural effect is also 
evidenced by the observation that an isolated guinea pig stomach is 
spontaneously contracted so that small gastric distension causes a 
steep increase in intragastric pressure and increases the amplitude 
of pressure waves. The resting tonic contraction may be due to the 
removal	of	tonic	gastric	inhibitory	vagal	influence.	In	contrast,	larger	
distension volumes cause a decrease in the intragastric pressure in-
dicating	that	the	response	is	mediated	by	a	local	inhibitory	reflex.45

Vagal	motor	fibers	to	different	regions	of	the	stomach	assemble	
in different branches of the vagus that innervate the gastric fun-
dus,	corpus,	and	antrum	and	the	pyloric	sphincter.46	Various	types	of	
vagotomy performed for the treatment of peptic ulcer disease have 
provided important information on vagal control of motility of differ-
ent	parts	of	the	stomach.	Proximal	gastric	vagotomy	leads	to	vagal	
denervation	of	the	fundus	and	the	proximal	corpus	and	impairs	re-
ceptive	relaxation	and	accommodation	of	the	fundus.	These	changes	
increase the fundic tone and lead to a fast emptying of liquids.43 
Because	proximal	vagotomy	spares	the	distal	stomach,	a	regular	pat-
tern	of	trituration,	sieving,	and	solid	emptying	is	preserved.	Truncal	
vagotomy and selective vagotomy denervate most of the stomach 
including	the	pylorus.	Denervation	of	the	pylorus	causes	a	decrease	
in	compliance	and	loss	of	relaxation	that	leads	to	pyloric	obstruction	
and gastric stasis.44	On	the	other	hand,	stimulation	of	vagal	motor	
fibers has been shown to decrease pyloric resistance.47	 Clinically,	
truncal or selective vagotomy is always combined with pyloroplasty 
in	the	surgical	treatment	of	peptic	ulcer,	to	prevent	gastric	stasis.

The	 vagal	motor	 axons	 of	DMV‐C‐i	 neurons	 synapse	 onto	 the	
postganglionic,	MP‐NANC‐i	neurons	via	nicotinic	(N)	and	muscarinic	
(M1)	 receptors.48	 Stimulation	 of	 the	 MP‐NANC‐i	 neurons	 relaxes	
the	smooth	muscle	by	releasing	NO,	ATP,	and	VIP.49,50	NO. causes 

Triangular parameters

Neuron	identity Location Chemical nature Neural	circuit

NG‐GLUT‐i Nodose	Ganglion Glutaminergic Gastric inhibitory

NTS‐CC‐i Nucleus	tractus	
solitarius

Catecholaminergic Gastric inhibitory

NTS‐GLUT‐e Nucleus	tractus	
solitarius

Glutaminergic Gastric	excitatory

NTS‐GABA‐e Nucleus	tractus	
solitarius

Gamma-aminobutyric 
acid-ergic

Gastric	excitatory

NTS‐PPG‐i Nucleus	tractus	
solitarius

Pre-proglucagon Gastric inhibitory

NTS‐POMC‐s Nucleus	tractus	
solitarius

Pro-opiomelanocortin Satiety

DMV‐C‐e Dorsal	motor	
nucleus of vagus

Cholinergic Gastric	excitatory

DMV‐C‐i Dorsal	motor	
nucleus of vagus

Cholinergic Gastric inhibitory

DMV‐GABA‐e Dorsal	motor	
nucleus of vagus

Gamma-aminobutyric 
acid-ergic

Gastric	excitatory

MP‐C‐e Myenteric	Plexus Cholinergic Gastric	excitatory

MP‐NANC‐i Myenteric	Plexus Non‐cholinergic,	
non-adrenergic

Gastric inhibitory

H‐POMC‐s Hypothalamus Pro-opiomelanocortin Satiety

H‐NPY/GABA‐h Hypothalamus Neuropeptide	Y/
Gamma-aminobutyric 
acid

Hunger

H-Gh-h Hypothalamus Ghrelin Hunger

H‐OREX‐h Hypothalamus Orexigenic Hunger

H‐ANOREX‐s Hypothalamus Anorexigenic Satiety

TA B L E  3   Abbreviated identity of 
neurons involved in gastric emptying as 
identified	by	three	parameters,	namely,	
anatomic	location,	chemical	nature,	and	
their participation in the gastric inhibitory 
or	gastric	excitatory	and	hunger	or	satiety	
neural circuits
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smooth	muscle	relaxation	in	part	by	causing	membrane	hyperpolar-
ization	(nitrergic	IJP)	via	sGC‐cGMP	signaling;	ATP	causes	relaxation	
mainly	by	causing	membrane	hyperpolarization	via	P2Y1	receptors‐
SK	channel	signaling	(purinergic	IJP);	VIP	acts	by	increasing	intracel-
lular	cAMP.51	Out	of	these	different	inhibitory	transmissions,	muscle	
relaxant	effect	of	NO. is most prominent.52-54

Stimulation	of	nitrergic	neuromuscular	transmission	(NMT)	in	the	
pressure	and	peristaltic	pumps	causes	slow	gastric	emptying,	while	
its suppression causes fast gastric emptying in the digestive pe-
riod.55,56	On	the	other	hand,	loss	of	nitrergic	NMT	in	the	tubular	py-
lorus causes delayed gastric emptying in the inter-digestive period.27 
ICC‐IM	 and	 PDGFRα+ fibroblasts have been proposed to be nec-
essary	for	nitrergic	and	purinergic	NMT,	respectively.29,57	However,	
this proposal is open to question.56,58

The	 regulatory	 part	 of	 the	 GIVC	 includes	 vagal	 afferents	 and	
second‐order	 neurons	 in	 the	 NTS	 for	 vagovagal	 reflex	 and	 other	
neurons	that	provide	input	to	the	NTS	neurons.	Esophagogastric	re-
laxation	and	gastric	accommodation	reflexes	are	well‐studied	gastric	
inhibitory	vagovagal	reflexes.40,52‐54 The vagal afferents have their 
cell	 bodies	 in	 the	 nodose	 ganglion.	Originally,	 neural	 input	 to	 the	
DMV‐C‐i	was	thought	to	be	from	vagal	afferents	leading	to	mono-
synaptic	vagovagal	reflexes.	However,	it	is	now	clear	that	the	vagal	
afferents	do	not	directly	synapse	on	the	DMV‐C‐i	neurons	but	proj-
ect	onto	second‐order	neurons	in	the	NTS	(Figure	3A).

The	vagal	afferents	provide	glutaminergic	excitatory	input	to	the	
NTS‐CC‐i	neurons.59 The afferent terminals are a site of action of 
multiple hormones that act presynaptically to modulate these syn-
apses.60,61	 The	NTS‐CC‐i	 neurons	 inhibit	 gastric	motility	 by	multi-
ple	pathways,62	including	direct	stimulation	of	DMV‐C‐i	neurons	via	
α1-receptors63	 and	 indirectly	 via	 stimulation	 of	NTS‐PPG	neurons	

that	release	glucagon‐like	peptide‐1	(GLP‐1)	onto	the	DMV‐C‐i	neu-
rons.64	Stimulation	of	NTS‐CC‐i	neurons	also	inhibits	DMV‐C‐e	neu-
rons via α2-catecholaminergic receptors and further enhances the 
gastric inhibitory effect.63	 It	 has	 been	 estimated	 that	 the	GIVMC	
mediates	fundic	relaxation	in	the	esophagogastric	reflex.53

9  | GASTRIC EXCITATORY VAGAL MOTOR 
CIRCUIT (GEVMC)

Gastric	 excitatory	 motor	 circuit	 (GEVMC)	 consists	 of	 pregangli-
onic	 cholinergic	 neurons	 (DMV‐C‐e)	 and	 postganglionic	 cholinergic	
(MP‐C‐e)	neurons	(Figure	3B).	The	DMV‐C‐e	neurons	of	the	GEVMC	
are	distinct	from	the	DMV‐C‐i	neurons	of	the	GIVMC.37	The	DMV‐C‐e	
neurons are located in the more rostral and medial divisions of the 
DMV	and	 are	 spontaneously	 active	 and	may	 cause	 tonic	 excitation	
of the stomach muscle.40	Their	motor	axons	are	carried	in	the	vagus	
nerve	in	the	company	of	the	fibers	of	the	GIVMC	and	vagal	afferents.	
The	preganglionic	efferent	fibers	synapse	on	the	MP‐C‐e	neurons	in-
volving	nicotinic	 receptors.	The	postganglionic	excitatory	myenteric	
neuron releases acetylcholine to contract the smooth muscles via 
M3	receptors.	 ICC‐IM	has	also	been	proposed	to	be	included	in	the	
transduction of cholinergic neural signals to smooth muscles.29,30,32,65 
However,	the	role	of	ICC‐IM	in	cholinergic	NMT	is	questionable.33,58,66

The	vagal	excitatory	circuits	are	a	dominant	regulator	of	gastric	acid	
secretion	and	hormonal	release,	but	GEVMC	plays	a	less	dominant	role	
in gastric motility.36	Cholinergic	excitatory	motor	responses	are	usually	
masked	by	the	stronger	inhibitory	responses.67	Moreover,	cholinergic	
responses are highly dependent on the sensitivity of the smooth mus-
cle	that	is	related	to	the	activity	of	the	RhoA/ROCK	signaling.51,68

F I G U R E  3  A	simplified	gastric	inhibitory	vagal	circuit	(GIVC)	and	the	gastric	excitatory	vagal	circuit	(GEVC).	(A)	The	GIVC	includes	
GIVMC	and	its	inputs.	GIVMC	consists	of	preganglionic	DMV‐C‐i	neuron	and	postganglionic,	NANC	inhibitory	neuron	in	the	myenteric	
plexus	(MP‐NANC‐i).	See	text	for	details	of	the	neurotransmission.	The	DMV‐C‐i	neurons	receive	excitatory	input	directly	from	the	NTS‐
CC-i neurons via the α1‐receptors	and	through	NTS‐PPG	neurons	via	GHSR	or	GLP‐1	receptors.	The	NTS‐CC‐i	neurons	receive	glutaminergic	
input	from	low‐threshold	vagal	afferents	whose	neurons	are	in	the	nodose	ganglion	(NG).	(Arrow—stimulation;	flat—inhibition).	(B)	The	
GEVC	includes	GEVMC	and	its	inputs.	GEVMC	consists	of	preganglionic	DMV‐C‐e	neurons	and	postganglionic,	cholinergic	excitatory	
myenteric	plexus	(MP‐C‐e)	neurons.	DMV‐C‐e	neurons	receive	strong	inhibitory	input	from	NTS‐GABA‐e	neurons	and	NTS‐CC‐e	neurons,	
and	excitatory	input	from	NTS‐GLUT‐e	neurons.	The	NTS‐GABA‐e,	NTS‐CC‐e,	and	NTS‐GLUT‐e	neurons	are	interconnected	and	send	
integrated	inhibitory	input	to	the	DMV‐C‐e	neurons.	NTS‐CC	neurons	also	send	inhibitory	input	to	DMV‐C‐e	neurons	via	the	α2-receptors. 
The	inhibitory	inputs	from	the	NTS	to	DMV‐C‐e	suppress	spontaneously	active	DMV‐C‐e	and	cause	gastric	relaxation.	On	the	other	hand,	
suppression	of	the	NTS‐GABA	neurons	NTS‐CC‐i	disinhibits	the	spontaneously	active	DMV‐C‐e	neurons	leading	to	gastric	excitation	and	
fast	gastric	emptying	as	in	acute	hypoglycemia.	See	text	for	other	details.	(Arrow—stimulation;	flat—inhibition)
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The	 regulatory	part	of	 the	GEVC	 includes	GABAergic	neurons	
that	exert	a	tonic	inhibitory	influence	on	the	DMV‐C‐e	neurons	and	
neutralize	their	excitatory	tonic	effect.69,70	Stimulation	of	the	NTS‐
GABA‐e	neurons	suppresses	 the	activity	of	DMV‐C‐e	 leading	 to	a	
decrease in the gastric tone and the motility of the gastric corpus 
and antrum.71 A recent study using optogenetic stimulation sug-
gested	that	somatostatin‐positive	GABA	neurons	in	the	DMV	are	re-
sponsible for the gastric inhibitory effect of vagus-mediated gastric 
antral motility.72	However,	 further	studies	are	needed	to	elucidate	
the	distinct	roles	of	GABA	neurons	in	NTS	and	DMV	in	gastric	mo-
tility.	NTS‐GABA	and	NTS‐non‐GABA	inhibitory	neurons	and	NTS‐
GLUT	excitatory	neurons	exert	an	inhibitory	and	excitatory	effect,	
respectively,	on	the	DMV‐C‐e	neurons.73

Moreover,	 within	 the	 NTS,	 the	 GABA,	 non‐GABA,	 and	 GLUT	
neurons are interconnected.74	NTS‐CC‐e	neurons	may	also	act	to	in-
hibit	DMV‐C‐e	neurons	via	the	α2-receptors.62,75	Thus,	NTS	neurons	
exert	 a	 precise	 inhibitory	 regulation	 of	 the	GEVC.	DMV‐C‐e	 neu-
rons	also	receive	GABAergic	inhibitory	input	from	area	postrema.76 
Interestingly,	vagal	afferent	input	to	GEVMC	has	not	been	described.

A variety of neurotransmitters and endogenous chemicals may 
exert	different	effects	on	vagal	circuits,	based	on	the	receptor	type	
and	the	neural	input.	For	example,	dopamine	may	use	either	stimula-
tory	effect	via	the	dopamine	1	(DA1)	receptors	or	inhibitory	effect	via	
the	dopamine	2	(DA2)	receptors	on	the	DMV	neurons	of	the	GEVC.

Moreover,	 DA2	 receptor‐mediated	 effect	 is	 more	 prominent	
than	the	DA1	receptor‐mediated	effects.77	Thus,	stimulation	of	do-
paminergic	 projections	 of	 substantia	 nigra	 pars	 compacta	 (SNpc)	
causes	some	gastric	excitation	due	to	stimulation	of	DA1	receptors	
on	the	DMV‐C‐e	neurons.77	However,	gastric	 inhibitory	effect	and	
delayed	gastric	emptying	in	Parkinson's	disease	associated	with	loss	
of	dopamine	in	substantia	nigra	may	not	be	due	to	loss	of	DA1	recep-
tor‐mediated	excitatory	effect	on	the	DMV‐C‐e	neurons	but	may	be	
due to the increase in dopaminergic input from other neurons that 
primarily	act	to	stimulate	 inhibitory	DA2	receptors.77	Moreover,	 in	
animal	models	of	Parkinson's	disease	a	decrease	in	DA1	and	increase	
in	DA2	receptors	in	the	DMV	have	been	reported.78	Thus,	degener-
ation	of	SNpc‐DMV	dopaminergic	pathway	neurons	 in	Parkinson's	
disease may cause delayed gastric emptying primarily due to a gain 
of	DA2	receptor‐mediated	neurotransmission	in	the	DMV.79	It	is	in-
triguing	to	consider	that	prokinetic	agents	such	as	DA2	receptor	an-
tagonists	may	accelerate	gastric	emptying	in	Parkinson's	disease.80 
Although	domperidone	does	not	readily	cross	blood‐brain	barrier,	it	
may act on areas that have deficient blood-brain barrier.81

10  | MOTOR BEHAVIOR OF DIFFERENT 
SEGMENTS OF THE STOMACH

The different segments of the stomach may be regulated by distinct 
sub‐circuits	of	the	GIVC	and	GEVC,	the	nature	of	their	smooth	mus-
cles	and	presence	of	the	ICC‐MY.

The	smooth	muscles	of	the	pressure	pump,	the	peristaltic	pump,	and	
the grinder-filter have distinct mechanical behaviors. Smooth muscle 

of	the	pressure	pump,	fundus,	and	proximal	corpus	is	primarily	of	tonic	
phenotype.	In	response	to	cholinergic	stimulation,	fundic	smooth	mus-
cle elicits a strong tonic contraction.51,68 The muscles of the peristaltic 
pump,	 distal	 corpus,	 and	 the	proximal	 antrum	are	primarily	 of	 phasic	
phenotype,	 and	 cholinergic	 stimulation	 elicits	 phasic	 contractions.82 
Muscle	of	the	pyloric	complex	possesses	both	phasic	and	tonic	muscles.

The phasic muscles are paired with the myenteric type of inter-
stitial	cells	of	Cajal	(ICC‐MY).	ICC‐MY	generate	propagates	electri-
cal slow waves in the distal stomach at a rate of 3-5 per minute. That 
serve to set the pace for the phasic contraction and have been called 
pace‐setter	potentials.	The	pylorus	exhibits	nearly	simultaneous	and	
strong slow waves that are associated with forceful contractions.83

Slow waves recorded by surface electrodes in vivo have often 
been	assumed	to	represent	phasic	contractions.	However,	it	has	been	
reported	that	(a)	extracellularly	recorded	slow	waves	in	vivo	may	not	
represent	true	slow	waves	recorded	intracellularly,84 (b) slow waves 
recorded by surface electrodes are strongly influenced by neural 
stimuli	and	may	not	represent	mechanical	contractions,85,86 and (c) 
Klotho‐deficient	progeric	mice	that	have	a	profound	loss	of	ICC	and	
reduced amplitude of slow waves manifest no change in gastric emp-
tying of solids.87	Therefore,	the	role	of	ICC‐MY	and	the	slow	waves	
recorded by surface electrodes remains unclear.

11  | HORMONAL CONTROL OF GASTRIC 
MOTILITY

One	of	the	most	characteristic	features	of	normal	gastric	empty-
ing	is	 its	 large	variability,	depending	on	the	chemical	composition	of	
the food (Figure 1). The effect of different foods on gastric emptying 
is in large part due to the hormones released from the gastrointesti-
nal	tract	that	provides	feedback	regulation	of	gastric	emptying.	These	
hormones	 are	 released	 from	 the	 stomach,	 intestines,	 pancreas,	 and	
other tissues and act at various levels of the neural circuits including 
vagal	afferents,	NTS,	area	postrema	(AP),	preganglionic	vagal	neurons	
in	the	DMV,	and	myenteric	plexus	and	the	smooth	muscle.	It	is	note-
worthy	 that	 the	dorsal	vagal	complex	 (DVC,	 including	NTS,	AP,	and	
DMV)	is	located	outside	the	blood‐brain	barrier,	has	a	large	network	
of	fenestrated	capillaries,	and	contacts	specialized	neurons	lining	the	
ependymal layer of the central canal and fourth ventricle.81 Some of 
these	hormones,	along	with	other	mediators,	act	on	other	control	cen-
ters	to	coordinate	gastric	motility	with	satiety,	food	intake,	and	energy	
balance.	Some	GI	hormones	serve	as	a	brake	to	slow	gastric	emptying	
and	are	called	“braking	hormones,”	while	others	serve	to	accelerate	
gastric emptying and are called “accelerating hormones” (Table 4).

12  | GASTRIC “BRAKING” HORMONES

Ingestion	of	a	meal	causes	a	release	of	a	large	number	of	hormones	
that	act	to	put	“brakes”	on	gastric	emptying.88 These hormones are 
active	during	the	digestive	period	and	include	cholecystokinin	(CCK),	
GLP‐1,	and	leptin.
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Cholecystokinin	is	a	prototype	of	gastric	braking	hormones.	It	
is released from neuroendocrine cells in the duodenum by stim-
uli	 such	 as	 hydrochloric	 acid,	 amino	 acids,	 and	 fatty	 acids.	 CCK	
acts	 to	 stimulate	 the	 GIVC	 at	 multiple	 levels.	 CCK	 stimulates	
vagal afferent endings of the vagal inhibitory circuit in a paracrine 
fashion,89,90	may	act	on	nodose	ganglion,91 and may enhance syn-
aptic	neurotransmission	at	the	vagal	afferent	second‐order	NTS‐
CC‐i	neurons	by	enhancing	 release	of	 glutamate	 in	 the	NTS.89,92 
Furthermore,	intraperitoneal	application	of	CCK‐8	induces	c‐FOS	
immunoreactivity	in	the	catecholaminergic	(CC),	pro‐opiomelano-
cortin	(POMC),	and	pre‐proglucagon	(PPG)	neurons.93 CCK stimu-
lation	of	the	NTS‐CC‐i	neurons	may,	in	turn,	stimulate	NTS‐POMC	
and	NTS‐PPG	neurons.	 Thus,	CCK	may	 excite	DMV‐C‐i	 neurons	

using	multiple	pathways	including	the	projections	of	the	NTS‐CC‐i	
neurons via the α1-receptor89,94	and	projections	of	the	NTS‐PPG	
neurons	via	GLP‐1.	CCK	also	exerts	its	gastric	inhibitory	effect	by	
stimulating	the	myenteric	non‐adrenergic	non‐cholinergic	(NANC)	
inhibitory neurons95 (Figure 4A).

CCK	 also	 interacts	 closely	 with	 GLP‐1	 and	 bile	 salts.	 CCK	 re-
leases	GLP‐1	that	is	an	important	gastric	inhibitory	hormone.	It	has	
been reported that entry of chyme in the gut releases nesfatin-1 that 
stimulates CCK secretion that causes gallbladder emptying and rise 
in bile salts.96	Bile	salts	stimulate	Takeda	G‐protein‐coupled	recep-
tor‐5	 (TGR5)	 on	 the	 basolateral	 aspect	 of	 the	 enteric	 endocrine	 L	
cells	to	elicit	GLP‐1	secretion.97	CCK	activation	of	NTS‐CC‐i	neurons	
may	also	inhibit	DMV‐C‐e	via	the	α2-adrenergic receptors. All these 
actions of CCK lead to robust gastric inhibition and slowed gastric 
emptying.

Gastric emptying is also slowed by the products of posttransla-
tional	modifications	of	 pre‐proglucagon,	which	 act	 to	 slow	gastric	
emptying	and	serve	as	braking	hormones.98	In	the	pancreatic	alpha	
cells,	 these	 products	 include	 glucagon,	 proglucagon	1‐61,	 and	 the	
so‐called	 major	 proglucagon	 factor	 (MPGF,	 ie,	 fused	 GLP‐1	 and	
GLP‐2).	 Following	 ingestion	of	 a	meal,	 the	 L	 cells	 of	 the	 intestinal	
wall	 and	 PPG	 neurons	 in	 the	NTS	 produce	 pre‐proglucagon	 gene	
products	including	GLP‐1	and	its	amide,	GLP‐2,	oxyntomodulin,	and	
glicentin.	GLP‐1	is	the	most	studied	in	this	group.	However,	GLP‐1	is	
rapidly	degraded	by	N‐terminal	degradation	by	dipeptidyl	peptidase	
IV	(DPP	IV,	CD26).	DPP	IV	inhibitors	and	DPP	IV‐resistant	 incretin	
analogs have been used to prolong its activity.99

GLP‐1	released	from	the	intestines	acts	to	stimulate	vagal	affer-
ents	 that	 stimulate	 the	 second‐order	NTS‐CC‐i	 neurons	 that	 acti-
vate	DMV‐C‐i	neurons.	GLP‐1	released	from	NTS‐PPG	neurons	also	

F I G U R E  4  Main	sites	of	action	of	CCK	and	ghrelin.	(A)	Cholecystokinin	(CCK)	is	a	prototype	breaking	hormone.	It	acts	to	stimulate	
vagovagal circuit at multiple levels. CCK stimulates vagal afferents endings by paracrine effect and enhances glutamate release from the 
vagal	afferent	endings	projecting	onto	NTS‐CC‐i	neurons.	CCK	also	directly	or	indirectly	stimulates	NTS‐CC‐i	neurons,	PPG‐i	neurons,	
and	NTS‐POMC‐S	neurons.	CCK	stimulation	of	NTS‐CC‐i	neurons	activates	DMV‐C‐i	via	the	α1-adrenergic receptor; stimulation of the 
NTS‐PPG‐i	neurons	via	the	GLP‐1	receptor	on	the	DMV‐C‐i.	CCK	has	also	been	shown	to	directly	stimulate	MP‐NANC‐i	neurons,	and	may	
also	stimulate	DMV‐C‐i	neurons.	Thus,	CCK	acts	at	multiple	sites	to	stimulate	GIVC.	Stimulation	of	NTS‐CC‐i	neurons	also	inhibits	DMV‐
C-e neurons via the α2‐adrenergic	receptors.	Thus,	CCK	also	acts	to	inhibit	GEVC.	All	these	actions	further	augment	the	inhibitory	effect	
of	CCK	on	the	gastric	muscle.	CCK	also	stimulates	NTS‐POMC‐s	neurons	to	generate	satiety	signals.	(Arrow—stimulation;	flat—inhibition).	
(B)	Ghrelin	is	a	gastric	accelerating	hormone.	Ghrelin	acts	at	multiple	central	and	peripheral	sites	to	stimulate	gastric	motility.	Centrally,	
ghrelin	inhibits	NTS‐CC‐i	neurons	thereby	inhibiting	DMV‐C‐i.	Ghrelin	also	inhibits	NTS‐CC‐e	to	disinhibit	DMV‐C‐e	neurons.	Ghrelin	also	
disinhibits	DMV‐C‐e	neurons	by	inhibiting	AP‐GABA‐e	neurons	that	project	onto	DMV‐C‐e	neurons.	Ghrelin	also	acts	on	myenteric	plexus	
and	the	smooth	muscle.	All	these	actions	lead	to	strong	gastric	excitation.	(Arrow—stimulation;	flat—inhibition)

TA B L E  4   Hormones that cause slow gastric emptying and that 
cause fast gastric emptying

Slow gastric emptying
Fast gastric 
emptying

Cholecystokinin Ghrelin

Leptin Motilin

Glucagon‐like	peptide‐1

Glucagon

Oxyntomodulin

Peptide	YY

Gastrin-releasing peptide

Enterostatin

Pancreatic amylin

Pancreatic polypeptide



10 of 14  |     GOYAL et AL.

stimulates	DMV‐C‐i	neurons.89	By	stimulating	NTS‐CC‐e,	GLP‐1	may	
also	inhibit	DMV‐C‐e	neurons.	These	multiple	actions	account	for	a	
strong	 inhibitory	 effect	 of	GLP‐1	 on	 gastric	motility.89,100	 In	 func-
tional	studies,	intravenous	GLP‐1	has	been	shown	to	retard	gastric	
emptying and decrease the number and volume of flow pulses in 
the trans-pyloric flow. This was associated with an inhibition of an-
tropyloric	pressure	waves,	but	stimulation	of	 isolated	pyloric	pres-
sure	waves,	 and	 an	 increase	 in	basal	 pyloric	 tone.101	 Interestingly,	
decreased gastric contraction but increased intestinal contractions 
have been reported to cause delayed gastric emptying in response 
to nutrients.21

Other	pancreatic	hormones	such	as	insulin	and	islet	amyloid	pep-
tide	 (amylin)	 are	 co‐secreted	 from	 the	 beta	 cells.	 Both	 these	 hor-
mones act to slow gastric emptying and reduce appetite. Pancreatic 
polypeptide (PP) is secreted by PP cells of the pancreas during the 
cephalic	 phase	 of	 gastric	 acid	 secretion	 via	 cholinergic	 excitatory	
pathway.102 PP has been shown to act on the area postrema and 
stimulate	 a	 gastric	 inhibitory	 vagovagal	 reflex	 and	 slow	 gastric	
emptying.76

Gastric leptin is released from the chief cells along with pepsin 
in	the	gastric	juice	by	protein	load	and	vagal	stimulation.	It	is	repro-
cessed	in	the	small	bowel	to	be	released	as	a	hormone.	Leptin	may	
produce	its	peripheral	effect	via	the	CCK1	receptors.	However,	the	
primary	source	of	leptin	is	white	fat	cells	(adipokine	leptin).	Gastric	
leptin slows gastric emptying in response to a protein meal. Secretion 
of	adipokine	 leptin	 is	constitutive	and	exerts	 its	primary	effect	on	
hypothalamic	nuclei	to	 inhibit	food	intake	and	gastric	emptying.103 
It	is	interesting	to	note	that	intragastric	infusion	of	nutrient	rapidly	
inhibits	hunger‐promoting,	 agouti‐related	 peptide/neuropeptide	
Y	(AgRP/NPY,	orexigenic)	neurons	in	awake	mice.	This	inhibition	is	
proportional to the number of calories but independent of the type 
of	 food	and	 is	mediated	by	CCK,	peptide	YY,	and	5‐hydroxytrypt-
amine	 (5HT).	Leptin	 induces	a	slow	modulation	that	develops	over	
hours and is required for the inhibition of feeding.104

13  | GASTRIC “ACCELERATING” 
HORMONES

Ghrelinand motilin act to accelerate gastric emptying and are released 
in the inter-digestive (fasting) period.105	No	gastric	accelerating	hor-
mones are released in the digestive period. Ghrelin is released from G 
cells in the stomach and the ghrelin-containing neurons in the hypo-
thalamus. Ghrelin acts on the growth hormone secretagogue receptor 
(GHSR) to stimulate the release of growth hormone. Ghrelin increases 
food	intake,	fat	deposition,	and	weight	gain.106	It	is	a	primary	stimu-
lant of appetite and is called the “hunger hormone” (Table 4).

Ghrelin	serves	as	a	neurotransmitter	as	well	as	a	hormone,	exerts	
its	effects	centrally	as	well	as	peripherally,	and	acts	on	afferent	as	
well	as	efferent	pathways	(Figure	4B).	Ghrelin	inhibits	vagal	afferent	
activity	at	the	 level	of	the	sensory	endings,107	nodose	ganglion,108 
and	the	afferent	terminal	to	NTS‐CC	synapses.59,61 Suppression of 
NTS‐CC	neurons	leads	to	inhibition	of	the	DMV‐C‐i	and	disinhibition	

of	DMV‐C‐e	neurons.	Ghrelin	also	disinhibits	DMV‐C‐e	neurons	by	
activating	AP‐GABA	neurons109,110	and	facilitates	excitatory	trans-
mission	 to	 DMV‐C‐e	 neurons.111	 Moreover,	 ghrelin	 also	 directly	
stimulates	MY‐C‐e	neurons.	These	actions	lead	to	the	gastric	stimu-
latory effect of ghrelin. Functional in vitro studies have shown that 
ghrelin augments electrically stimulated contractions of fundic strips 
in mice.112	 In	 vivo,	 ghrelin	 increases	 gastric	 myoelectrical	 activity	
and gastric emptying in the rats.113	Ghrelin	activates	phase	II	activ-
ity in the antrum of the fasting stomach by a central action.111 The 
peripheral action of ghrelin facilitates motilin to induce the activity 
in	front	of	the	MMC.114	By	inhibiting	the	vagal	afferents,	ghrelin	also	
suppresses	anorexigenic	 signals	 and	 stimulates	hunger	at	 the	NTS	
and hypothalamic levels.107,115

Motilin	 is	 released	 from	 M	 cells	 during	 the	 inter‐digestive	
phase.114	 Motilin	 release	 is	 due	 to	 duodenal	 alkalization	 that	 oc-
curs as a compensatory response to duodenal acidification during 
the digestive phase. Acidification of the duodenum causes a release 
of	prostaglandin	E2	(PGE2)	and	5HT.	PGE2	inhibits	further	acid	se-
cretion	and	contributes	to	duodenal	alkalization.	5HT	acts	on	5HT4	
receptors to cause a release of duodenal bicarbonate that further 
alkalinizes	 the	 duodenal	 mucosa.	 5HT4	 receptor	 stimulation	 also	
causes duodenal contractions that activates a gastro-stimulatory 
ascending	vagal	reflex.19

Motilin	acts	on	multiple	sites	including	the	myenteric	neurons	and	
smooth muscles in a species-dependent fashion.116	Its	action	on	my-
enteric	plexus	neurons	initiates	phase	III	of	the	gastric	MMC	that	pro-
motes	gastric	emptying	of	indigestible	food	residues.	Phase	III	of	the	
MMC	is	strongly	inhibited	by	the	gastric	inhibitory	vagovagal	reflex	
that	is	activated	upon	ingestion	of	food.	It	is	worth	pointing	out	that	
rodents	do	not	exhibit	typical	MMC	pattern	because	they	lack	motilin	
owing to a defective motilin gene.117	However,	dogs	and	the	house	
musk	 shrew	 (Suncus murinus)	 exhibit	 MMC	 pattern	 similar	 to	 that	
seen	in	humans.	Therefore,	these	animal	species	have	been	used	to	
investigate	the	mechanism	of	action	of	ghrelin	and	motilin	in	MMC.114

14  | LINKING GASTRIC EMPTYING TO 
SATIETY SIGNALS,  FOOD INTAKE , AND 
GLUCOSE METABOLISM

Gastric	emptying	is	linked	to	sensations	of	satiety,	appetite,	and	hun-
ger	and	their	hedonic	aspects	as	well	as	to	chronic	food	intake	and	
energy	homeostasis.	This	linkage	involves	connections	of	the	GIVC	
and	 GEVC	 with	 the	 NTS‐CC‐i	 and	 NTS‐CC‐e	 neurons	 connected	
with	satiety‐	and	hunger‐associated	neural	pathways,	 respectively,	
in	 the	 hypothalamic,	 limbic,	 and	 cortical	 areas	 of	 the	 brain118 and 
the	NTS.94,119

15  | CONCLUSION

The primary function of the stomach is to prepare ingested food into 
chyme and provide regulated delivery into the small bowel that is 
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measured	as	gastric	emptying.	Earlier	studies	had	identified	two	re-
markable	characteristics	of	gastric	emptying:	 (a)	ability	 to	 regulate	
the timing and rate of emptying of ingested food of different physi-
cal compositions; and (b) ability to regulate emptying based on the 
caloric density of food. Studies on the biomechanics of gastric emp-
tying revealed that activity of different anatomic parts of the stom-
ach was integrated to form functional “pressure” and “peristaltic” 
pumps and a grinder-filter that played well-defined roles in gastric 
emptying. The peristaltic pump is mainly involved in gastric empty-
ing of solids.

The pattern and the rate of gastric emptying have been shown 
to	be	regulated	by	two	parallel	circuits,	the	gastric	inhibitory	vagal	
motor	circuit	 (GIVMC)	and	the	gastric	excitatory	vagal	motor	cir-
cuit	(GEVMC),	which	mediate	gastric	inhibition	and	excitation,	re-
spectively.	The	GIVMC	includes	preganglionic	cholinergic	neurons	
in	 the	DMV	and	 the	postganglionic	NANC	 inhibitory	neurons,	 in	
the	myenteric	plexus.	The	GEVMC	includes	distinct	gastric	excit-
atory	preganglionic	cholinergic	neuron	 in	 the	DMV	and	postgan-
glionic	excitatory,	cholinergic	neurons	 in	 the	myenteric	plexus.	 It	
was	 proposed	 but	 remains	 unproven	 that	 ICC‐IM	were	 required	
to transduce nitrergic and cholinergic neural signals to the gastric 
smooth muscles. The circuits for different parts of the stomach are 
distinct,	so	that	different	parts	of	the	stomach	can	be	differentially	
regulated.	Currently,	ongoing	studies	also	show	that	some	intesti-
nal and pancreatic hormones released during the digestive period 
inhibit	gastric	motility	by	stimulating	the	GIVC	and	 inhibiting	the	
GEVC.

On	 the	 other	 hand,	 in	 the	 inter‐digestive	 period,	 hormones	
ghrelin and motilin and motilin act by stimulating gastric pumps 
and inhibiting pyloric contraction. Studies have also shown that the 
GIVC	is	linked	to	anorexigenic	neurons	in	the	NTS	and	hypothala-
mus,	and	GEVC	may	be	linked	to	the	orexigenic	signals.	Therefore,	
neurohormonal	controls	link	disorders	of	gastric	emptying	with	sa-
tiety	 signal,	 food	 intake,	 and	 energy	metabolism	 as	well	 as	 post-
prandial hyperglycemia in the pathogenesis and management of 
diabetes mellitus.

ACKNOWLEDGMENTS

We	thank	Maryrose	Sullivan,	PhD,	and	Vivian	Cristofaro,	PhD,	 for	
their critical comments and helpful suggestions. We also appreciate 
Frances	Achee,	PhD,	for	administrative	help.

CONFLICT OF INTEREST

The authors report no conflict of interest relevant to this article.

AUTHOR CONTRIBUTIONS

RKG conceived and designed the study and wrote the manuscript; 
YMG	 made	 all	 the	 illustrations,	 conducted	 literature	 search,	 and	
wrote	this	review;	HM	provided	critical	input	in	the	organization	and	
writing of this review.

ORCID

Raj K. Goyal  https://orcid.org/0000-0002-0066-6932 

Yanmei Guo  https://orcid.org/0000-0001-8711-0699 

Hiroshi Mashimo  https://orcid.org/0000-0002-6132-6771 

REFERENCES

	 1.	 Kar	 P,	 Jones	 KL,	 Horowitz	 M,	 Chapman	 MJ,	 Deane	 AM.	
Measurement	 of	 gastric	 emptying	 in	 the	 critically	 ill.	 Clin Nutr. 
2015;34(4):557-564.

	 2.	 Ehrlein	 HJ,	 Schemann	 J.	 Gastrointestinal Motility.	 Munich:	
Technische	Universität	München;	2005.

	 3.	 Horowitz	 M,	 Dent	 J.	 Disordered	 gastric	 emptying:	 mechanical	
basis,	 assessment	 and	 treatment.	 Baillieres Clin Gastroenterol. 
1991;5(2):371-407.

	 4.	 Hunt	JN,	Smith	JL,	Jiang	CL.	Effect	of	meal	volume	and	energy	den-
sity on the gastric emptying of carbohydrates. Gastroenterology. 
1985;89(6):1326-1330.

	 5.	 Meyer	 JH,	 Elashoff	 J,	 Porter‐Fink	 V,	 Dressman	 J,	 Amidon	 GL.	
Human postprandial gastric emptying of 1-3-millimeter spheres. 
Gastroenterology. 1988;94(6):1315-1325.

	 6.	 Travagli	RA,	Anselmi	L.	Vagal	neurocircuitry	and	its	 influence	on	
gastric motility. Nat Rev Gastroenterol Hepatol. 2016;13(7):389-401.

	 7.	 Hinshaw	L,	Schiavon	M,	Mallad	A,	et	al.	Effects	of	delayed	gastric	
emptying	on	postprandial	glucose	kinetics,	insulin	sensitivity,	and	
beta-cell function. Am J Physiol Endocrinol Metab.	2014;307(6):E49
4‐E502.

	 8.	 Holst	 JJ,	Gribble	F,	Horowitz	M,	Rayner	CK.	Roles	of	 the	gut	 in	
glucose homeostasis. Diabetes Care. 2016;39(6):884-892.

	 9.	 Woerle	HJ,	Albrecht	M,	Linke	R,	et	al.	 Importance	of	changes	 in	
gastric	emptying	for	postprandial	plasma	glucose	fluxes	in	healthy	
humans. Am J Physiol Endocrinol Metab.	2008;294(1):E103‐E109.

	 10.	 Pal	 A,	 Brasseur	 JG,	 Abrahamsson	 B.	 A	 stomach	 road	
or	 "Magenstrasse"	 for	 gastric	 emptying.	 J Biomech. 
2007;40(6):1202-1210.

	 11.	 Feldman	M,	Smith	HJ,	Simon	TR.	Gastric	emptying	of	solid	 radi-
opaque	markers:	studies	in	healthy	subjects	and	diabetic	patients.	
Gastroenterology. 1984;87(4):895-902.

	 12.	 Brener	W,	Hendrix	TR,	McHugh	PR.	Regulation	of	the	gastric	emp-
tying of glucose. Gastroenterology. 1983;85(1):76-82.

	 13.	 Abell	TL,	Camilleri	M,	Donohoe	K,	et	al.	Consensus	recommen-
dations for gastric emptying scintigraphy: a joint report of 
the	 American	 Neurogastroenterology	 and	 Motility	 Society	
and	 the	 Society	 of	 Nuclear	 Medicine.	 J Nucl Med Technol. 
2008;36(1):44-54.

	 14.	 Parkman	 HP,	 Hasler	 WL,	 Fisher	 RS,	 American	 GA.	 American	
Gastroenterological Association technical review on the di-
agnosis and treatment of gastroparesis. Gastroenterology. 
2004;127(5):1592-1622.

	 15.	 Adler	JT.	Gray’s	anatomy:	the	anatomical	basis	of	clinical	practice,	
40th	Edition.	J Surg Res.	2008;	158(1),	28–29.

	 16.	 Ramkumar	D,	 Schulze	KS.	 The	 pylorus.	Neurogastroenterol Motil. 
2005;17(Suppl	1):22–30.

	 17.	 Yuan	 SY,	 Costa	 M,	 Brookes	 SJ.	 Neuronal	 control	 of	 the	 py-
loric sphincter of the guinea-pig. Neurogastroenterol Motil. 
2001;13(3):187–198.

	 18.	 Treacy	 PJ,	 Jamieson	 GG,	 Dent	 J.	 Pyloric	 motor	 function	 during	
emptying of a liquid meal from the stomach in the conscious pig. J 
Physiol.	1990;422:523–538.

	 19.	 Treacy	PJ,	Jamieson	GG,	Dent	J,	Devitt	PG,	Heddle	R.	Duodenal	in-
tramural nerves in control of pyloric motility and gastric emptying. 
Am J Physiol.	1992;263(1	Pt	1):G1–G5.

https://orcid.org/0000-0002-0066-6932
https://orcid.org/0000-0002-0066-6932
https://orcid.org/0000-0001-8711-0699
https://orcid.org/0000-0001-8711-0699
https://orcid.org/0000-0002-6132-6771
https://orcid.org/0000-0002-6132-6771


12 of 14  |     GOYAL et AL.

	 20.	 Bharucha	 AE,	 Manduca	 A,	 Lake	 DS,	 et	 al.	 Gastric	 motor	 dis-
turbances in patients with idiopathic rapid gastric emptying. 
Neurogastroenterol Motil.	2011;23(7):617–e252.

	 21.	 Weisbrodt	NW,	Wiley	JN,	Overholt	BF,	Bass	P.	A	relation	between	
gastroduodenal muscle contractions and gastric empyting. Gut. 
1969;10(7):543–548.

	 22.	 Mazzuoli	G,	Lucherini	MC,	Russo	D,	Clavenzani	P,	Chiocchetti	R.	
Intrinsic	neuronal	 control	of	 the	pyloric	 sphincter	of	 the	 lamb.	 J 
Chem Neuroanat.	2008;36(2):98–106.

	 23.	 Deloose	E,	Janssen	P,	Depoortere	I,	Tack	J.	The	migrating	motor	
complex:	 control	mechanisms	and	 its	 role	 in	health	 and	disease.	
Nat Rev Gastroenterol Hepatol.	2012;9(5):271–285.

	 24.	 Spencer	NJ,	Sanders	KM,	Smith	TK.	Migrating	motor	complexes	
do not require electrical slow waves in the mouse small intestine. J 
Physiol.	2003;553(Pt	3):881–893.

	 25.	 Mochiki	E,	Kuwano	H,	Nakabayashi	T,	Garcia	M,	Haga	N,	Asao	T.	
Pyloric	relaxation	regulated	via	intramural	neural	pathway	of	the	
antrum. Dig Dis Sci.	2001;46(11):2307–2313.

	 26.	 Vanderwinden	JM,	Mailleux	P,	Schiffmann	SN,	Vanderhaeghen	JJ,	
De	Laet	MH.	Nitric	oxide	synthase	activity	 in	 infantile	hypertro-
phic pyloric stenosis. N Engl J Med.	1992;327(8):511–515.

	 27.	 Sivarao	 DV,	 Mashimo	 H,	 Goyal	 RK.	 Pyloric	 sphincter	 dysfunc-
tion	 in	 nNOS‐/‐	 and	 W/Wv	 mutant	 mice:	 animal	 models	 of	
gastroparesis	 and	 duodenogastric	 reflux.	 Gastroenterology. 
2008;135(4):1258–1266.

	 28.	 Powley	TL,	 Phillips	RJ.	Vagal	 intramuscular	 array	 afferents	 form	
complexes	with	interstitial	cells	of	Cajal	in	gastrointestinal	smooth	
muscle: analogues of muscle spindle organs? Neuroscience. 
2011;186:188–200.

	 29.	 Sanders	KM,	Ward	SM,	Friebe	A.	CrossTalk	proposal:	 Interstitial	
cells are involved and physiologically important in neuromuscular 
transmission in the gut. J Physiol.	2016;594(6):1507–1509.

	 30.	 Sanders	KM,	Ward	SM,	Friebe	A.	Rebuttal	from	Kenton	M.	Sanders,	
Sean	 M.	 Ward	 and	 Andreas	 Friebe.	 J Physiol. 2016;594(6): 
1515.

	 31.	 Angeli	 TR,	Du	P,	Paskaranandavadivel	N,	 et	 al.	 The	bioelectrical	
basis	 and	 validity	 of	 gastrointestinal	 extracellular	 slow	wave	 re-
cordings. J Physiol.	2013;591(18):4567–4579.

	 32.	 Sanders	KM,	Ward	SM,	Hennig	GW.	Problems	with	extracellular	
recording of electrical activity in gastrointestinal muscle. Nat Rev 
Gastroenterol Hepatol.	2016;13(12):731–741.

 33. Sarna SK. Are interstitial cells of Cajal plurifunction cells in the gut? 
Am J Physiol Gastrointest Liver Physiol.	2008;294(2):G372–G390.

	 34.	 Goyal	 RK,	 Hirano	 I.	 The	 enteric	 nervous	 system.	N Engl J Med. 
1996;334(17):1106–1115.

	 35.	 Furness	JB,	Callaghan	BP,	Rivera	LR,	Cho	HJ.	The	enteric	nervous	
system and gastrointestinal innervation: integrated local and cen-
tral control. Adv Exp Med Biol.	2014;817:39–71.

	 36.	 Browning	KN,	Travagli	RA.	Central	nervous	system	control	of	gas-
trointestinal motility and secretion and modulation of gastrointes-
tinal functions. Compr Physiol.	2014;4(4):1339–1368.

	 37.	 Zhou	SY,	Lu	YX,	Yao	H,	Owyang	C.	Spatial	organization	of	neurons	
in the dorsal motor nucleus of the vagus synapsing with intragas-
tric	cholinergic	and	nitric	oxide/VIP	neurons	in	the	rat.	Am J Physiol 
Gastrointest Liver Physiol.	2008;294(5):G1201–G1209.

	 38.	 Chang	 HY,	 Mashimo	 H,	 Goyal	 RK.	 Musings	 on	 the	 wanderer:	
what's	new	in	our	understanding	of	vago‐vagal	reflex?	IV.	Current	
concepts of vagal efferent projections to the gut. Am J Physiol 
Gastrointest Liver Physiol.	2003;284(3):G357–G366.

	 39.	 Travagli	 RA,	 Hermann	 GE,	 Browning	 KN,	 Rogers	 RC.	
Brainstem	 circuits	 regulating	 gastric	 function.	 Annu Rev Physiol. 
2006;68:279–305.

	 40.	 Rogers	 RC,	 Hermann	 GE,	 Travagli	 RA.	 Brainstem	 pathways	 re-
sponsible for oesophageal control of gastric motility and tone in 
the rat. J Physiol.	1999;514(Pt	2):369–383.

	 41.	 Guo	JJ,	Browning	KN,	Rogers	RC,	Travagli	RA.	Catecholaminergic	
neurons in rat dorsal motor nucleus of vagus project selec-
tively to gastric corpus. Am J Physiol Gastrointest Liver Physiol. 
2001;280(3):G361–G367.

	 42.	 Rattan	S,	Goyal	RK.	Neural	control	of	the	lower	esophageal	sphinc-
ter: influence of the vagus nerves. J Clin Invest.	1974;54(4):899–906.

	 43.	 Clarke	RJ,	Alexander‐Williams	 J.	 The	 effect	 of	 preserving	 antral	
innervation and of a pyloroplasty on gastric emptying after vagot-
omy in man. Gut.	1973;14(4):300–307.

	 44.	 Wilbur	BG,	Kelly	KA.	Effect	of	proximal	gastric,	complete	gastric,	
and	truncal	vagotomy	on	canine	gastric	electric	activity,	motility,	
and emptying. Ann Surg.	1973;178(3):295–303.

	 45.	 Hennig	GW,	Brookes	SJ,	Costa	M.	Excitatory	and	inhibitory	motor	
reflexes	in	the	isolated	guinea‐pig	stomach.	J Physiol. 1997;501(Pt 
1):197–212.

	 46.	 Hayakawa	T,	Takanaga	A,	Tanaka	K,	Maeda	S,	Seki	M.	Cells	of	or-
igin of vagal motor neurons projecting to different parts of the 
stomach in the rat: confocal laser scanning and electron micro-
scopic study. Anat Embryol (Berl).	2003;207(4–5):289–297.

	 47.	 Malbert	CH,	Mathis	C,	Laplace	JP.	Vagal	control	of	pyloric	resis-
tance. Am J Physiol.	1995;269(4	Pt	1):G558–G569.

	 48.	 Goyal	RK,	Rattan	S.	Nature	of	the	vagal	inhibitory	innervation	to	the	
lower esophageal sphincter. J Clin Invest.	1975;55(5):1119–1126.

	 49.	 Crist	JR,	He	XD,	Goyal	RK.	Both	ATP	and	the	peptide	VIP	are	in-
hibitory neurotransmitters in guinea-pig ileum circular muscle. J 
Physiol.	1992;447:119–131.

	 50.	 He	XD,	Goyal	RK.	Nitric	oxide	involvement	in	the	peptide	VIP‐as-
sociated inhibitory junction potential in the guinea-pig ileum. J 
Physiol.	1993;461:485–499.

	 51.	 Murthy	 KS.	 Signaling	 for	 contraction	 and	 relaxation	 in	 smooth	
muscle of the gut. Annu Rev Physiol.	2006;68:345–374.

	 52.	 Takahashi	T,	Owyang	C.	Characterization	of	vagal	pathways	medi-
ating	gastric	accommodation	reflex	in	rats.	J Physiol. 1997;504(Pt 
2):479–488.

	 53.	 Hermann	 GE,	 Travagli	 RA,	 Rogers	 RC.	 Esophageal‐gastric	 re-
laxation	 reflex	 in	 rat:	 dual	 control	 of	 peripheral	 nitrergic	 and	
cholinergic transmission. Am J Physiol Regul Integr Comp Physiol. 
2006;290(6):R1570–R1576.

	 54.	 Min	YW,	Hong	YS,	Ko	EJ,	et	al.	Nitrergic	pathway	is	the	main	con-
tributing	mechanism	in	the	human	gastric	fundus	relaxation:	an	in	
vitro study. PLoS ONE. 2016;11(9):e0162146.

	 55.	 Zhou	H,	Zhou	S,	Gao	J,	Zhang	G,	Lu	Y,	Owyang	C.	Upregulation	of	
bile	acid	receptor	TGR5	and	nNOS	in	gastric	myenteric	plexus	is	re-
sponsible for delayed gastric emptying after chronic high-fat feed-
ing in rats. Am J Physiol Gastrointest Liver Physiol. 2015;308(10):G8
63–G873.

	 56.	 He	XD,	Guo	YM,	Goyal	RK.	Effect	of	hyperglycemia	on	purinergic	
and nitrergic inhibitory neuromuscular transmission in the antrum 
of the stomach: implications for fast gastric emptying. Front Med 
(Lausanne). 2018;5:1.

	 57.	 Kurahashi	 M,	 Mutafova‐Yambolieva	 V,	 Koh	 SD,	 Sanders	 KM.	
Platelet-derived growth factor receptor-alpha-positive cells and 
not smooth muscle cells mediate purinergic hyperpolarization in 
murine colonic muscles. Am J Physiol Cell Physiol. 2014;307(6):C56
1–C570.

	 58.	 Goyal	 RK.	 CrossTalk	 opposing	 view:	 interstitial	 cells	 are	 not	 in-
volved and physiologically important in neuromuscular transmis-
sion in the gut. J Physiol.	2016;594(6):1511–1513.

	 59.	 Browning	 KN,	 Travagli	 RA.	 Plasticity	 of	 vagal	 brainstem	 cir-
cuits in the control of gastric function. Neurogastroenterol Motil. 
2010;22(11):1154–1163.

	 60.	 Appleyard	 SM,	 Marks	 D,	 Kobayashi	 K,	 Okano	 H,	 Low	 MJ,	
Andresen	MC.	Visceral	afferents	directly	activate	catecholamine	
neurons in the solitary tract nucleus. J Neurosci. 2007;27(48): 
13292–13302.



     |  13 of 14GOYAL et AL.

	 61.	 Cui	RJ,	Li	X,	Appleyard	SM.	Ghrelin	 inhibits	visceral	afferent	ac-
tivation of catecholamine neurons in the solitary tract nucleus. J 
Neurosci.	2011;31(9):3484–3492.

	 62.	 Martinez‐Pena	y	ValenzuelaI,	RogersRC,	HermannGE,	TravagliRA.	
Norepinephrine	 effects	 on	 identified	 neurons	 of	 the	 rat	 dorsal	
motor nucleus of the vagus. Am J Physiol Gastrointest Liver Physiol. 
2004;286(2):G333–G339.

	 63.	 Rogers	RC,	Travagli	RA,	Hermann	GE.	Noradrenergic	neurons	 in	
the	rat	solitary	nucleus	participate	in	the	esophageal‐gastric	relax-
ation	reflex.	Am J Physiol Regul Integr Comp Physiol. 2003;285(2):R4
79–R489.

	 64.	 Holmes	 GM,	 Tong	M,	 Travagli	 RA.	 Effects	 of	 brain	 stem	 chole-
cystokinin‐8s	on	gastric	tone	and	esophageal‐gastric	reflex.	Am J 
Physiol Gastrointest Liver Physiol.	2009;296(3):G621–G631.

	 65.	 Ward	SM,	Beckett	EA,	Wang	X,	Baker	F,	Khoyi	M,	Sanders	KM.	
Interstitial	 cells	 of	 Cajal	 mediate	 cholinergic	 neurotransmission	
from enteric motor neurons. J Neurosci.	2000;20(4):1393–1403.

 66. Goyal RK. Rebuttal from Raj K Goyal. J Physiol. 2016;594(6):1517.
	 67.	 Suzuki	 H,	 Takano	 H,	 Yamamoto	 Y,	 et	 al.	 Properties	 of	 gastric	

smooth	muscles	obtained	from	mice	which	lack	inositol	trisphos-
phate receptor. J Physiol.	2000;525(Pt	1):105–111.

	 68.	 Hien	TT,	Turczynska	KM,	Dahan	D,	et	al.	Elevated	glucose	levels	
promote	contractile	and	cytoskeletal	gene	expression	in	vascular	
smooth muscle via Rho/Protein Kinase C and actin polymerization. 
J Biol Chem.	2016;291(7):3552–3568.

	 69.	 Shi	M,	Jones	AR,	Niedringhaus	MS,	et	al.	Glucose	acts	in	the	CNS	
to regulate gastric motility during hypoglycemia. Am J Physiol Regul 
Integr Comp Physiol.	2003;285(5):R1192–R1202.

	 70.	 McMenamin	 CA,	 Travagli	 RA,	 Browning	 KN.	 Inhibitory	 neuro-
transmission regulates vagal efferent activity and gastric motility. 
Exp Biol Med (Maywood).	2016;241(12):1343–1350.

	 71.	 Bulbul	M,	Sinen	O,	Gok	M,	Travagli	RA.	Apelin‐13	inhibits	gastric	
motility through vagal cholinergic pathway in rats. Am J Physiol 
Gastrointest Liver Physiol.	2017;314(2):G201–G210.

	 72.	 Lewin	AE,	Vicini	S,	Richardson	J,	Dretchen	KL,	Gillis	RA,	Sahibzada	
N.	Optogenetic	and	pharmacological	evidence	that	somatostatin‐
GABA	neurons	are	important	regulators	of	parasympathetic	out-
flow to the stomach. J Physiol.	2016;594(10):2661–2679.

	 73.	 Clyburn	C,	Travagli	RA,	Browning	KN.	Acute	high	fat	diet	upreg-
ulates glutamatergic signaling in the dorsal motor nucleus of the 
vagus. Am J Physiol Gastrointest Liver Physiol. 2018.

	 74.	 Babic	 T,	 Browning	 KN,	 Travagli	 RA.	 Differential	 organization	 of	
excitatory	and	inhibitory	synapses	within	the	rat	dorsal	vagal	com-
plex.	Am J Physiol Gastrointest Liver Physiol.	2011;300(1):G21–G32.

	 75.	 Jiang	Y,	Browning	KN,	Toti	L,	Travagli	RA.	Vagally‐mediated	gastric	
effects of brainstem alpha2 adrenoceptor activation in stressed 
rats. Am J Physiol Gastrointest Liver Physiol. 2018;314(4):G504
–G516.

	 76.	 Verschueren	 S,	 Janssen	 P,	 Van	 Oudenhove	 L,	 Hultin	 L,	 Tack	 J.	
Effect	 of	 pancreatic	 polypeptide	 on	 gastric	 accommodation	 and	
gastric emptying in conscious rats. Am J Physiol Gastrointest Liver 
Physiol.	2014;307(1):G122–G128.

	 77.	 Anselmi	L,	Toti	L,	Bove	C,	Travagli	RA.	Vagally	mediated	effects	of	
brain stem dopamine on gastric tone and phasic contractions of 
the rat. Am J Physiol Gastrointest Liver Physiol. 2017;313(5):G434
–G441.

	 78.	 Wang	ZY,	Lian	H,	Zhou	L,	et	al.	Altered	expression	of	D1	and	D2	
dopamine receptors in vagal neurons innervating the gastric mus-
cularis	externa	in	a	Parkinson's	disease	rat	model.	J Parkinsons Dis. 
2016;6(2):317–323.

	 79.	 Anselmi	L,	Toti	L,	Bove	C,	Hampton	J,	Travagli	RA.	A	nigro‐vagal	
pathway controls gastric motility and is affected in a rat model of 
Parkinsonism.	Gastroenterology.	2017;153(6):1581–1593.

 80. Abrahamsson H. Treatment options for patients with severe gast-
roparesis. Gut.	2007;56(6):877–883.

	 81.	 Orts‐Del'immagine	 A,	Wanaverbecq	 N,	 Tardivel	 C,	 Tillement	 V,	
Dallaporta	M,	Trouslard	 J.	Properties	of	 subependymal	 cerebro-
spinal	fluid	contacting	neurones	in	the	dorsal	vagal	complex	of	the	
mouse brainstem. J Physiol.	2012;590(16):3719–3741.

	 82.	 James	 AN,	 Ryan	 JP,	 Crowell	MD,	 Parkman	 HP.	 Regional	 gastric	
contractility alterations in a diabetic gastroparesis mouse model: 
effects of cholinergic and serotoninergic stimulation. Am J Physiol 
Gastrointest Liver Physiol.	2004;287(3):G612–G619.

	 83.	 Berry	 R,	 Miyagawa	 T,	 Paskaranandavadivel	 N,	 et	 al.	 Functional	
physiology of the human terminal antrum defined by high-resolu-
tion electrical mapping and computational modeling. Am J Physiol 
Gastrointest Liver Physiol.	2016;311(5):G895–G902.

	 84.	 Rhee	PL,	Lee	JY,	Son	HJ,	et	al.	Analysis	of	pacemaker	activity	in	the	
human stomach. J Physiol.	2011;589(Pt	24):6105–6118.

	 85.	 Hasler	WL,	Soudah	HC,	Dulai	G,	Owyang	C.	Mediation	of	hyper-
glycemia‐evoked	gastric	slow‐wave	dysrhythmias	by	endogenous	
prostaglandins. Gastroenterology.	1995;108(3):727–736.

	 86.	 Coleski	 R,	 Gonlachanvit	 S,	Owyang	 C,	Hasler	WL.	 Selective	 re-
versal	of	hyperglycemia‐evoked	gastric	myoelectric	dysrhythmias	
by nitrergic stimulation in healthy humans. J Pharmacol Exp Ther. 
2005;312(1):103–111.

	 87.	 Izbeki	 F,	 Asuzu	DT,	 Lorincz	A,	 et	 al.	 Loss	 of	 Kitlow	 progenitors,	
reduced	stem	cell	factor	and	high	oxidative	stress	underlie	gastric	
dysfunction in progeric mice. J Physiol.	2010;588(Pt	16):3101–3117.

	 88.	 Willing	AE,	Berthoud	HR.	Gastric	distension‐induced	c‐fos	expres-
sion	in	catecholaminergic	neurons	of	rat	dorsal	vagal	complex.	Am 
J Physiol.	1997;272(1	Pt	2):R59–R67.

	 89.	 Holmes	GM,	Browning	KN,	Tong	M,	Qualls‐Creekmore	E,	Travagli	
RA.	Vagally	mediated	effects	of	glucagon‐like	peptide	1:	 in	vitro	
and in vivo gastric actions. J Physiol.	2009;587(Pt	19):4749–4759.

	 90.	 Moran	TH,	Ladenheim	EE,	Schwartz	GJ.	Within‐meal	gut	feedback	
signaling. Int J Obes Relat Metab Disord.	2001;25(Suppl	5):S39–S41.

	 91.	 Li	Y,	Wu	X,	Zhou	S,	Owyang	C.	Low‐affinity	CCK‐A	receptors	are	
coexpressed	with	leptin	receptors	in	rat	nodose	ganglia:	 implica-
tions for leptin as a regulator of short-term satiety. Am J Physiol 
Gastrointest Liver Physiol.	2011;300(2):G217–G227.

	 92.	 Baptista	 V,	 Browning	 KN,	 Travagli	 RA.	 Effects	 of	 cholecystoki-
nin-8s in the nucleus tractus solitarius of vagally deafferented rats. 
Am J Physiol Regul Integr Comp Physiol.	2007;292(3):R1092–R1100.

	 93.	 Fan	W,	 Ellacott	 KL,	 Halatchev	 IG,	 Takahashi	 K,	 Yu	 P,	 Cone	 RD.	
Cholecystokinin‐mediated	 suppression	 of	 feeding	 involves	 the	
brainstem melanocortin system. Nat Neurosci.	2004;7(4):335–336.

	 94.	 Appleyard	SM,	Bailey	TW,	Doyle	MW,	et	al.	Proopiomelanocortin	
neurons in nucleus tractus solitarius are activated by visceral af-
ferents:	 regulation	 by	 cholecystokinin	 and	 opioids.	 J Neurosci. 
2005;25(14):3578–3585.

	 95.	 Rattan	S,	Goyal	RK.	Structure‐activity	relationship	of	subtypes	of	
cholecystokinin	receptors	 in	 the	cat	 lower	esophageal	sphincter.	
Gastroenterology.	1986;90(1):94–102.

	 96.	 Ramesh	N,	Mortazavi	S,	Unniappan	S.	Nesfatin‐1	stimulates	cho-
lecystokinin	and	suppresses	peptide	YY	expression	and	secretion	
in mice. Biochem Biophys Res Commun.	2016;472(1):201–208.

	 97.	 Bronden	 A,	 Alber	 A,	 Rohde	U,	 et	 al.	 The	 bile	 acid‐sequestering	
resin	sevelamer	eliminates	the	acute	GLP‐1	stimulatory	effect	of	
endogenously released bile acids in patients with type 2 diabetes. 
Diabetes Obes Metab.	2017;20(2):362–369.

	 98.	 Woods	SC,	Lutz	TA,	Geary	N,	Langhans	W.	Pancreatic	signals	con-
trolling	food	intake;	insulin,	glucagon	and	amylin.	Philos Trans R Soc 
Lond B Biol Sci.	2006;361(1471):1219–1235.

	 99.	 Mentlein	 R.	 Mechanisms	 underlying	 the	 rapid	 degradation	 and	
elimination	of	the	incretin	hormones	GLP‐1	and	GIP.	Best Pract Res 
Clin Endocrinol Metab.	2009;23(4):443–452.

	100.	 Hisadome	K,	Reimann	F,	Gribble	FM,	Trapp	S.	CCK	stimulation	of	
GLP‐1	neurons	involves	alpha1‐adrenoceptor‐mediated	increase	in	
glutamatergic synaptic inputs. Diabetes.	2011;60(11):2701–2709.



14 of 14  |     GOYAL et AL.

	101.	 Anvari	 M,	 Paterson	 CA,	 Daniel	 EE,	 McDonald	 TJ.	 Effects	 of	
GLP‐1	on	gastric	emptying,	antropyloric	motility,	and	transpyloric	
flow in response to a nonnutrient liquid. Dig Dis Sci. 1998;43(6): 
1133–1140.

	102.	 Schwartz	TW,	Stenquist	B,	Olbe	L.	Cephalic	phase	of	pancreatic‐
polypeptide secretion studied by sham feeding in man. Scand J 
Gastroenterol.	1979;14(3):313–320.

	103.	 Cammisotto	P,	Bendayan	M.	A	review	on	gastric	leptin:	the	exocrine	
secretion of a gastric hormone. Anat Cell Biol.	2012;45(1):1–16.

	104.	 Beutler	 LR,	 Chen	 Y,	 Ahn	 JS,	 Lin	 YC,	 Essner	 RA,	 Knight	 ZA.	
Dynamics	of	gut‐brain	communication	underlying	hunger.	Neuron. 
2017;96(2):461–475.e465.

	105.	 Sanger	GJ,	Broad	J,	Callaghan	B,	Furness	JB.	Ghrelin	and	motilin	
control	 systems	 in	 GI	 physiology	 and	 therapeutics.	 Handb Exp 
Pharmacol.	2017;239:379–416.

	106.	 Muller	TD,	Nogueiras	R,	Andermann	ML,	et	al.	Ghrelin.	Mol Metab. 
2015;4(6):437–460.

	107.	 Date	Y,	Murakami	N,	Toshinai	K,	et	al.	The	role	of	the	gastric	affer-
ent vagal nerve in ghrelin-induced feeding and growth hormone 
secretion in rats. Gastroenterology.	2002;123(4):1120–1128.

	108.	 Page	AJ,	Slattery	JA,	Milte	C,	et	al.	Ghrelin	selectively	reduces	
mechanosensitivity of upper gastrointestinal vagal afferents. 
Am J Physiol Gastrointest Liver Physiol. 2007;292(5):G1376
–G1384.

	109.	 Cabral	A,	Cornejo	MP,	Fernandez	G,	et	al.	Circulating	Ghrelin	acts	
on	GABA	neurons	of	the	area	postrema	and	mediates	gastric	emp-
tying in male mice. Endocrinology.	2017;158(5):1436–1449.

	110.	 Price	CJ,	Hoyda	TD,	Ferguson	AV.	The	area	postrema:	a	brain	mon-
itor and integrator of systemic autonomic state. Neuroscientist. 
2008;14(2):182–194.

	111.	 Swartz	 EM,	Browning	KN,	 Travagli	 RA,	Holmes	GM.	Ghrelin	 in-
creases vagally mediated gastric activity by central sites of action. 
Neurogastroenterol Motil.	2014;26(2):272–282.

	112.	 Kitazawa	 T,	 De	 Smet	 B,	 Verbeke	 K,	 Depoortere	 I,	 Peeters	 TL.	
Gastric motor effects of peptide and non-peptide ghrelin agonists 
in mice in vivo and in vitro. Gut.	2005;54(8):1078–1084.

	113.	 Tumer	C,	Oflazoglu	HD,	Obay	BD,	Kelle	M,	Tasdemir	E.	Effect	of	
ghrelin on gastric myoelectric activity and gastric emptying in rats. 
Regul Pept.	2008;146(1–3):26–32.

	114.	 Miyano	Y,	Sakata	 I,	Kuroda	K,	et	al.	The	role	of	 the	vagus	nerve	
in	the	migrating	motor	complex	and	ghrelin‐	and	motilin‐induced	
gastric contraction in suncus. PLoS ONE. 2013;8(5):e64777.

	115.	 Grabauskas	 G,	 Wu	 X,	 Lu	 Y,	 et	 al.	 KATP	 channels	 in	 the	 no-
dose	ganglia	mediate	 the	orexigenic	actions	of	ghrelin.	 J Physiol. 
2015;593(17):3973–3989.

	116.	 Mondal	A,	Koyama	K,	Mikami	T,	et	al.	Underlying	mechanism	of	the	
cyclic	migrating	motor	complex	in	Suncus murinus: a change in gas-
trointestinal	pH	is	the	key	regulator.	Physiol Rep. 2017;5(1):e13105.

	117.	 He	 J,	 Irwin	 DM,	 Chen	 R,	 Zhang	 YP.	 Stepwise	 loss	 of	 moti-
lin and its specific receptor genes in rodents. J Mol Endocrinol. 
2010;44(1):37–44.

	118.	 Date	Y,	Shimbara	T,	Koda	S,	et	al.	Peripheral	ghrelin	transmits	orex-
igenic signals through the noradrenergic pathway from the hind-
brain to the hypothalamus. Cell Metab.	2006;4(4):323–331.

	119.	 Zhan	C,	Zhou	J,	Feng	Q,	et	al.	Acute	and	long‐term	suppression	of	
feeding	behavior	by	POMC	neurons	 in	 the	brainstem	and	hypo-
thalamus,	respectively.	J Neurosci.	2013;33(8):3624–3632.

How to cite this article:	Goyal	RK,	Guo	Y,	Mashimo	H.	
Advances in the physiology of gastric emptying. 
Neurogastroenterol Motil. 2019;31:e13546. https://doi.
org/10.1111/nmo.13546

https://doi.org/10.1111/nmo.13546
https://doi.org/10.1111/nmo.13546

