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Chapter	18	Jamie	L.	Haddad,	Devorah	A.	Marks	Stowe	and	Jennifer	A.	Neel	The	gastrointestinal	(GI)	tract	is	an	endoderm-derived	structure,	consisting	of	the	esophagus,	stomach,	small	intestine,	and	large	intestine.	Although	the	primary	purpose	of	the	GI	tract	is	the	digestion	and	absorption	of	food,	it	also	has	important	secondary	roles,	including
immune	functions,	elimination	of	waste	products,	and	endocrine	effects.	As	such,	diseases	of	the	GI	tract	are	a	major	cause	of	morbidity	and	mortality	in	companion	animals	and	include	a	wide	variety	of	conditions	such	as	infectious	diseases,	neoplasia	and	other	mass	lesions,	motility	disorders,	congenital	disorders,	and	effects	of	medications.	In	this
chapter,	we	will	focus	on	diseases	and	conditions	of	the	GI	tract	that	can	be	diagnosed	via	cytologic	examination	of	various	sample	types.	In	addition,	we	will	address	sampling	techniques,	normal	findings,	and	common	or	important	diagnostic	dilemmas,	and	we	will	also	introduce	important	aspects	of	histopathology	of	the	GI	tract.	Because	infectious
organisms	are	an	important	cause	of	GI	disease	and	will	be	discussed	throughout	the	chapter,	a	detailed	description	of	the	most	common	organisms,	their	location	within	the	GI	tract,	and	additional	useful	diagnostic	testing	may	be	found	in	Table	18-1.1–3	TABLE	18-1	Infectious	Agents	of	the	Gastrointestinal	Tract	∗Image	courtesy	of	Rick	Cowell.
†Slide	courtesy	of	Jody	Gookin.	From	Broussard	JD:	Optimal	fecal	assessment,	Clin	Tech	Small	Anim	Pract	18:218,	2003;	Greene	CE:	Infectious	diseases	of	the	dog	and	cat,	ed	4,	St.	Louis,	M,	2012,	Saunders;	Marks	SL,	Rankin	SC,	Byrne	BA,	et	al:	Enteropathogenic	bacteria	in	dogs	and	cats:	diagnosis,	epidemiology,	treatment,	and	control,	J	Vet	Int
Med	25:1195,	2011.	When	evaluating	a	patient	for	GI	disease,	it	is	important	to	rule	out	diseases	of	other	organs	such	as	the	liver,	pancreas,	kidneys,	and	adrenal	glands,	which	may	cause	secondary	GI	disease	or	clinical	signs.	Once	sampling	of	the	GI	tract	is	determined	to	be	appropriate,	several	methods	are	used	for	obtaining	cytologic	and
histologic	samples,	including	ultrasound-guided	aspirates	or	tissue	biopsies,	endoscopy,	laparoscopy,	direct	sampling	during	abdominal	exploratory	surgery,	rectal	scrapings,	and	examination	of	fecal	material.	Fecal	testing	is	a	common	diagnostic	procedure	in	the	clinical	evaluation	of	GI	disease.	Timing	of	sample	collection	and	preparation	is	very
important.	Feces	are	altered	after	stool	is	passed	and	significant	degeneration	of	cells	and	some	organisms	such	as	Giardia	spp.	or	Tritrichomonas	foetus	can	occur	rapidly	making	identification	increasingly	difficult	with	time	(Figure	18-1).1	With	delayed	processing	of	the	fecal	sample,	some	nematode	eggs	will	release	larvae,	and	bacterial	overgrowth
may	occur.	A	fresh	sample	that	can	be	processed	immediately	is	best.	Several	collection	techniques	are	used	for	either	the	luminal	contents	or	the	surface	mucosa	of	the	rectum.	Defecated	feces	and	feces	obtained	during	a	digital	rectal	examination	or	with	a	fecal	loop	represent	the	rectal	lumen,	whereas	rectal	lavage	or	rectal	scrape	samples	are
representative	of	the	mucosal	surface.	If	defecated	feces	are	used,	it	is	critical	that	they	be	fresh	and	not	heavily	contaminated	with	debris.	Additional	fecal	diagnostics	include	fecal	flotation,	fecal	sedimentation,	and	the	Baermann	technique;	consultation	of	a	veterinary	parasitology	text	is	recommended	for	additional	information	about	these
techniques.	When	sampling	the	feces	or	rectal	mucosa,	lubricant	gel	should	be	used	sparingly	or	avoided	entirely,	since	the	lubricant	material	could	complicate	evaluation	of	the	cytologic	specimen.	Cytologically,	lubricant	has	the	appearance	of	thick	extracellular	magenta	aggregates	of	material	that	may	obscure	the	cells	and	organisms	within	the
sample	(Figure	18-2).	To	obtain	a	sample	by	rectal	scraping,	the	rectum	is	cleaned	of	feces,	use	of	lubricant	gel	is	minimized	or	avoided,	and	a	rigid	instrument	such	as	a	conjunctival	scraper	or	chemistry	spatula	is	used	to	obtain	the	specimen	(Box	18-1	and	Figure	18-3).	The	sample	should	be	obtained	cranially	enough	to	reach	the	rectum,	avoiding
sampling	of	the	anal	mucosa;	pressure	should	be	applied	firmly	enough	to	sample	the	mucosa,	rather	than	just	the	surface	material,	while	being	careful	not	to	perforate	the	rectal	wall.	Slides	are	prepared,	dried,	and	stained	in	a	manner	similar	to	the	process	for	a	fecal	smear.	The	esophagus	consists	of	a	mucosal	epithelium,	submucosa,	and	a
muscular	wall.	The	esophageal	mucosa	is	lined	by	nonkeratinizing	stratified	squamous	epithelium.	Submucosal	mucous	glands	are	present	throughout	the	esophagus	in	the	dog	and	are	located	only	at	the	pharyngeal–esophageal	junction	in	the	cat.6	Cells	from	multiple	layers	of	the	squamous	epithelium	may	be	identified	in	cytologic	specimens	(Figure
18-4).	Progressing	from	superficial	to	deep,	superficial	squamous	cells	are	angular	with	a	pyknotic	to	absent	nucleus,	intermediate	cells	are	somewhat	angular	with	a	larger	nucleus,	and	deep	intermediate	and	parabasal	cells	have	a	smaller	volume	of	more	deeply	basophilic	cytoplasm	with	rounded	borders.7	Cytology	of	normal	esophageal	brushings
and	washings	consists	of	predominantly	intermediate	squamous	cells	with	occasional	superficial	squamous	cells.	Cells	from	the	deeper	layers,	including	deep	intermediate	cells,	parabasal	cells,	and	rarely	submucosal	glandular	epithelial	cells,	may	also	be	seen	cytologically,	depending	on	the	aggressiveness	of	the	sampling	technique,	but	this	finding
is	typically	an	indicator	of	disease.8	Oropharyngeal	contamination	may	be	seen	in	normal	or	abnormal	esophageal	samples	and	may	consist	of	a	mixed	bacterial	population	including	Simonsiella,	and,	rarely,	respiratory	epithelial	cells.	Simonsiella	is	a	Gram-negative	large	(6-8	micrometers	[µm]	long	and	2-3	µm	wide)	rod-shaped	bacteria	that	contains
segmented	groups	of	cells	aligned	face-to-face	in	juxtaposition,	giving	it	a	barcode-like	or	stacked-disk	appearance.	Esophagitis	occurs	with	injury	to	the	esophageal	mucosa	due	to	a	variety	of	underlying	causes,	including	foreign	bodies,	infectious	etiologies,	and	mucosal	irritants	(Box	18-2).	Although	esophagitis	often	has	an	erosive	or	ulcerative
component,	lack	of	a	discernible	superficial	lesion	at	endoscopy	does	not	rule	out	underlying	esophagitis.	In	addition	to	ingestion	of	substances	damaging	to	the	esophageal	mucosa,	an	important	cause	of	esophagitis	with	mucosal	injury	is	reflux	esophagitis.	This	condition,	which	is	most	common	in	the	distal	esophagus,	is	the	effect	of	gastric	acid,
pepsin,	and	possibly	bile	salts	and	pancreatic	enzymes	on	the	esophageal	mucosa.9	Reflux	of	these	substances	into	the	esophagus	may	occur	with	relaxation	of	the	lower	esophageal	sphincter	under	anesthesia,	a	hiatal	hernia,	or	chronic	vomiting.10	In	addition	to	esophageal	inflammation,	a	possible	sequela	of	gastroesophageal	reflux	is	metaplasia	of
the	distal	esophageal	stratified	squamous	epithelium	to	a	more	acid-friendly	simple	columnar	epithelium	with	interspersed	goblet	cells	(Figure	18-5).	This	lesion	has	been	reported	in	dogs	and	cats;	grossly	or	endoscopically,	these	may	range	from	a	region	of	hyperemia	to	a	polypoid	mass,	which	could	be	mistaken	for	neoplasia	(Table	18-2).11	In
humans,	this	condition	is	known	as	Barrett	esophagus,	and	the	lesion	may	progress	and	transform	into	a	distal	esophageal	adenocarcinoma.	TABLE	18-2	Benign	Non-Neoplastic	Lesions	That	May	Be	Confused	for	Neoplasia	Organ	Lesion	Esophagus	Barrett	esophagus	(metaplasia	resulting	from	reflux	esophagitis)			Parasitic	granuloma	(Spirocerca	lupi)
Stomach	Chronic	hypertrophic	gastropathy			Chronic	hypertrophic	pyloric	gastropathy			Pyloric	stenosis			Granulomatous	gastritis	(pythiosis)			Idiopathic	eosinophilic	gastrointestinal	masses			Schirrous	eosinophilic	gastritis			Feline	gastrointestinal	eosinophilic	sclerosing	fibroplasia			Gastric	polyps	Intestine	Granulomatous	enteritis	or	colitis
(histoplasmosis,	pythiosis,	feline	infectious	peritonitis,	protothecosis)			Histiocytic	ulcerative	colitis	of	Boxers			Idiopathic	eosinophilic	gastrointestinal	masses			Feline	gastrointestinal	eosinophilic	sclerosing	fibroplasia			Intestinal	polyps	Cytologic	findings	with	esophagitis	are	typically	nonspecific	with	the	presence	of	neutrophils	amid	the	squamous
epithelial	cells.	The	presence	of	eosinophils	in	esophageal	cytology	may	occur	with	neoplastic,	parasitic,	or	fungal	disease;	with	reflux	esophagitis;	as	a	part	of	eosinophilic	gastroenteritis;	or	with	eosinophilic	esophagitis	(Figure	18-6).	Eosinophilic	esophagitis	has	been	reported	in	dogs,	may	be	associated	with	allergic	skin	disease,	and	is	a	diagnosis	of
exclusion	after	eliminating	the	aforementioned	causes	of	eosinophils	within	an	esophageal	sample.12	Pyogranulomatous	esophagitis	may	occur	with	pythiosis	in	dogs	(see	“Gastric	Inflammation”).	Spirocerca	lupi	infection	causes	a	masslike	granulomatous	lesion	in	the	distal	esophagus	of	dogs	because	of	the	presence	of	adult	nematodes	in	the
esophageal	submucosa.	Typically,	a	single	mass	is	present	in	the	caudal	thoracic	portion	of	the	esophagus,	occasionally	with	surface	ulceration	or	protrusion	of	adult	worms	into	the	esophageal	lumen.	An	association	exists	between	spirocercosis	and	the	development	of	esophageal	fibrosarcoma	or	osteosarcoma.	Primary	esophageal	neoplasia,	which	is
rare	in	dogs	and	cats,	includes	squamous	cell	carcinoma	and	smooth	muscle	tumors,	with	rare	reports	of	adenocarcinoma,	neuroendocrine	carcinoma,	primary	extraskeletal	osteosarcoma,	or	plasma	cell	neoplasia.13,14	Fibrosarcoma	and	osteosarcoma	associated	with	Spirocerca	lupi	infection	is	discussed	above	(see	“Esophageal	Inflammation”).
Rarely,	esophageal	involvement	of	canine	oral	papillomavirus	infection	may	occur.9	Squamous	cell	carcinoma	arising	from	the	esophageal	mucosal	epithelium	most	commonly	occurs	in	the	middle	third	of	the	esophagus	and	is	typically	an	ulcerated	plaque	with	circumferential	esophageal	thickening.13	Cytologically,	this	tumor	resembles	squamous
cell	carcinoma	elsewhere	in	the	body	and	often	will	have	superimposed	inflammation	or	evidence	of	superficial	infection.	Esophageal	adenocarcinoma	is	rare	but	may	arise	from	the	submucosal	esophageal	glands	or	from	regions	of	glandular	metaplasia,	as	with	reflux	esophagitis.	Leiomyomas	in	the	esophagus	are	more	common	in	dogs	and	are	most
commonly	found	in	the	outer	muscular	layer	of	the	distal	esophagus	at	the	gastroesophageal	junction.14	The	stomach	in	dogs	and	cats	is	glandular,	and,	from	proximal	to	distal,	contains	cardiac,	fundic,	and	pyloric	regions	and	consists	of	the	mucosa,	muscularis	mucosae,	submucosa,	and	smooth	muscle	wall.	The	largest	portion	of	the	stomach	is	the
fundus,	which	consists	of	a	surface	columnar	foveolar	epithelium	with	subjacent	glandular	cells,	including	parietal	cells	and	chief	cells,	which	secrete	hydrochloric	acid	and	pepsinogen,	respectively	(Figure	18-7).	The	pyloric	region	consists	of	a	similar	surface	epithelium	with	predominantly	mucous	glands	in	the	deeper	mucosa	(see	Figure	18-7).
Normal	gastric	cytology	usually	consists	of	small,	to	rarely	large,	sheets	of	surface	epithelium	that	has	a	characteristic	honeycomb	appearance	(Figure	18-8).	These	columnar	cells	have	round	to	oval	basally	oriented	nuclei	with	an	abundant	amount	of	finely	vacuolated	cytoplasm.7	Parietal	and	chief	cells	may	be	seen	in	gastric	cytology	samples
collected	from	brushing	techniques	that	access	the	deeper	mucosal	tissue	(see	Figure	18-7).	Parietal	cells	have	abundant	granular	eosinophilic	to	vacuolated	cytoplasm,	whereas	chief	cells	have	many	well-staining	basophilic	cytoplasmic	granules.7,8	Particularly	in	the	pyloric	region,	mucus-secreting	cells	may	be	identified	in	cytologic	samples	(see
Figure	18-7).	Helicobacter	spp.	are	spiral	bacteria	that	are	commonly	identified	in	samples	of	the	gastric	surface	of	dogs	and	cats,	often	in	close	association	with	surface	mucus	(Figure	18-9).	The	possible	clinical	significance	of	finding	Helicobacter	organisms	in	the	stomach	is	discussed	below	(see	“Gastric	Inflammation”).	Gastric	samples	may	be
easily	contaminated	by	food	material,	or	material	from	the	oral	cavity	and	esophagus,	which	is	indicated	by	the	presence	of	Simonsiella	organisms	and	squamous	epithelial	cells.	Ciliated	columnar	respiratory	epithelium	may	be	noted	if	the	patient	swallowed	sputum,	whereas	red	blood	cells	(RBCs)	may	be	identified	with	traumatic	sample	collection
and	blood	contamination.	Gastritis	is	a	nonspecific	finding	that	may	occur	with	a	variety	of	causes	(Box	18-3).15	The	majority	of	gastritis	cases	in	dogs	and	cats	are	likely	a	component	of	inflammatory	bowel	disease	(IBD),	which	may	have	predominantly	lymphoplasmacytic,	eosinophilic	or	granulomatous	inflammation,	although	the	presence	of
inflammation	is	not	specific	for	IBD.	Normal	endoscopic	appearance	of	the	gastric	mucosa	does	not	rule	out	underlying	inflammation.	Neutrophilic	inflammation	in	gastric	samples	may	occur	with	a	variety	of	lesions	but	is	seen	most	often	with	gastric	ulcers;	for	a	more	complete	list	of	common	causes,	see	Table	18-3.	Ulcers	in	the	stomach	or	proximal
small	intestine	may	occur	as	a	result	of	mechanical	or	chemical	irritation,	drug	administration,	or	hormone	secretion	(i.e.,	gastrin	hypersecretion	or	histamine	release).	Ulceration	with	nonsteroidal	anti-inflammatory	drug	(NSAID)	administration	is	secondary	to	compromise	of	mucosal	protective	mechanisms,	whereas	with	excess	exogenous	or
endogenous	corticosteroids,	mucosal	perfusion	is	reduced.9	Uremic	gastropathy	is	not	typically	an	inflammatory	lesion	histologically	but	may	cause	gastric	congestion,	hemorrhage,	and	edema,	possibly	with	ulceration,	necrosis,	and	mineralization	of	the	mucosa.9	TABLE	18-3	Causes	of	Gastric	Inflammation	Type	of	Inflammation	Disease	Process
Potential	Causes	Neutrophilic	Mechanical	ulceration	Gastric	foreign	body,	hairball			Chemical	gastritis	Ingestion	of	irritating	plants	or	chemicals			Gastric	or	gastrointestinal	(GI)	ulcers	Hypersecretion	of	acid	(liver	disease,	gastrin-secreting	tumor)Histamine	release	(mast	cell	tumor,	medications	and	hormones)Drug	therapy	(nonsteroidal	anti-
inflammatory	drugs	[NSAIDs],	corticosteroids)Sepsis,	burns,	hypoadrenocorticism,	surgery	Lymphoplasmacytic	Inflammatory	bowel	disease					Hyperplastic	or	hypertrophic	conditions	Chronic	hypertrophic	gastropathy	of	Drentsche	Patrijshond	and	Basenji	dogsChronic	hypertrophic	pyloric	gastropathyPyloric	stenosisBenign	gastric	polyps			Atrophic
conditions	Chronic	atrophic	gastritis	of	Norwegian	Lundehund	dogs			Healing	gastric	ulcers					Helicobacter	infection					Parasite	infestation	Physaloptera	and	Gnathostoma	in	dogs	and	catsOllulanus	and	Cylicospirura	in	cats			Secondary	to	other	conditions	Neoplasia	Eosinophilic	Inflammatory	bowel	disease					Allergy	or	hypersensitivity	disorders				
Neoplasia	Mast	cell	tumor,	T-cell	lymphoma			Infectious	agents	Pythiosis,	Toxocara	canis	larval	migration			Miscellaneous	Feline	hypereosinophilic	syndromeCanine	idiopathic	eosinophilic	gastrointestinal	massesScirrhous	eosinophilic	gastritisFeline	gastrointestinal	eosinophilic	sclerosing	fibroplasia	Granulomatous	Inflammatory	bowel	disease				
Infectious	etiologies	Mycobacteriosis,	histoplasmosis,	pythiosis	Lymphoplasmacytic	gastritis	is	the	most	common	histopathologic	finding	in	abnormal	gastric	biopsies	in	dogs	and	has	a	variety	of	causes	and	disease	associations,	including	IBD,	hyperplastic,	hypertrophic,	or	atrophic	conditions,	and	others	(Figure	18-10).16	For	a	more	complete	list	of
potential	causes,	see	Table	18-3.	Several	hyperplastic	or	hypertrophic	gastric	conditions	occur	in	dogs	(see	Table	18-3).	In	addition	to	a	lymphoplasmacytic	inflammatory	component,	these	conditions	often	have	a	component	of	mucosal	epithelial	proliferation,	with	or	without	thickening	or	muscular	hypertrophy	of	the	stomach	wall;	therefore,	increased
mucosal	epithelium	may	be	noted	cytologically	in	these	conditions.	As	a	result	of	their	gross	or	endoscopic	appearance	as	a	diffuse	or	regional	masslike	thickening	of	portions	of	the	stomach,	these	hyperplastic	and	hypertrophic	lesions	may	be	confused	with	gastric	adenocarcinoma	(see	Table	18-2).13	For	this	reason,	it	is	important	to	consider	these
benign	conditions	when	increased	mucosal	epithelium	is	seen	in	cytology	specimens.	Helicobacter	spp.	are	highly	prevalent	spiral	bacteria	found	in	the	stomach	of	dogs	and	cats;	however,	it	is	controversial	whether	a	causal	association	exists	between	the	presence	of	Helicobacter	and	the	presence	of	gastritis	in	these	species	(see	Figure	18-9	and
Table	18-1).	In	cats,	an	association	seems	to	exist	between	Helicobacter	and	lymphoid	follicle	formation	or	epithelial	proliferation	in	the	stomach,	and	possible	associations	have	been	made	between	Helicobacter	infection	and	gastric	mucosal-associated	lymphoid	tissue	(MALT)	lymphoma.17,18	Helicobacter	may	be	present	in	higher	numbers	and
easier	to	identify	in	cytologic	specimens	than	in	histologic	samples	because	of	their	presence	in	the	surface	mucus,	which	is	readily	sampled	for	cytologic	evaluation.	Eosinophilic	inflammation	in	stomach	samples	may	occur	as	a	component	of	IBD	or	with	other	diseases	typically	associated	with	eosinophils	(see	Table	18-3).	Other	conditions	with	a
predominance	of	eosinophils	include	idiopathic	eosinophilic	GI	masses,	scirrhous	eosinophilic	gastritis,	and	feline	GI	eosinophilic	sclerosing	fibroplasia;	an	important	feature	of	these	diseases	is	their	tendency	to	form	a	thickened	or	masslike	region	in	the	stomach,	giving	the	impression	of	neoplasia	(see	Table	18-2).	The	term	idiopathic	eosinophilic
gastrointestinal	masses	(IEGM)	refers	to	a	condition	in	dogs,	with	a	predisposition	in	Rottweiler	dogs,	in	which	one	or	multiple	mass	lesions	consisting	of	eosinophilic	inflammation	are	present	in	the	GI	tract,	with	intervening	eosinophil-free	regions.19	Scirrhous	eosinophilic	gastritis	in	dogs	is	a	thickening	of	the	gastric	wall	with	granulation	tissue	and
eosinophils.13	Feline	gastrointestinal	eosinophilic	sclerosing	fibroplasia	is	a	masslike	lesion,	most	commonly	at	the	pyloric	sphincter	but	also	common	at	the	ileocecocolic	junction,	and	it	may	also	involve	the	mesenteric	lymph	nodes.	Cytologically,	this	lesion	has	either	increased	eosinophils,	alone	or	in	combination	with	large	spindle	cells	amid	pink,
extracellular	matrix,	with	neutrophils	and	intracellular	and	extracellular	rod-shaped	or	coccoid	bacteria	with	fewer	lymphocytes,	plasma	cells,	and	mast	cells	(Figure	18-11).20	Only	gold	members	can	continue	reading.	Log	In	or	Register	to	continue	A	digestive	system	is	a	group	of	organs	consisting	of	the	central	gastrointestinal	(GI)	tract	and	its
associated	accessory	organs	that	break	down	food	into	smaller	components	so	that	nutrients	can	be	absorbed	and	assimilated.	This	provides	the	necessary	energy	to	sustain	the	body.	The	GI	tract	is	a	long	tube	of	varying	diameter	beginning	at	the	mouth	and	ending	in	the	anus.	The	glands	of	the	digestive	system	consist	of	the	tongue,	salivary	glands,
liver,	gall	bladder,	and	pancreas.	Digestion	can	be	divided	into	three	stages	–	the	oral	phase	(mouth),	the	gastric	phase	(stomach)	and	the	intestinal	phase	(small	intestine)–	depending	on	the	position	of	food	within	the	digestive	tract.	At	each	stage,	different	nutrients	are	digested,	under	varying	circumstances.	The	GI	tract	begins	to	form	early	during
the	development	of	the	human	body,	in	the	third	week	after	fertilization.	Around	the	16th	day	of	development,	the	primitive	gut	is	formed	through	invaginations	of	embryonic	cells.	The	initial	structures	of	the	digestive	system	extend	from	the	buccopharyngeal	membrane	to	the	cloacal	membrane.	The	mouth	forms	when	the	buccopharyngeal
membrane	breaks	down	and	opens	the	digestive	tract	to	amniotic	fluid.	For	the	rest	of	fetal	development,	amniotic	fluid	is	actively	swallowed.	The	organs	of	the	digestive	system	work	together	so	that	complex	biomolecules	in	food	are	broken	down	into	their	simple	monomers	and	absorbed	by	the	body.	A	number	of	secretions	and	the	activity	of	a
variety	of	enzymes,	starting	from	the	mouth	till	the	intestines,	are	involved	in	this	process.	The	internal	structure	of	the	different	glands	and	organs	of	this	system	reflect	their	particular	roles,	such	as	the	stomach	containing	multiple	muscle	layers	in	order	to	churn	and	mix	food,	or	the	mouth	having	salivary	glands	and	teeth	for	grinding	and
lubrication.	Each	organ	has	a	distinct	pH	and	a	special	set	of	proteins,	electrolytes,	and	enzymes	to	facilitate	their	activity.	Different	parts	of	the	digestive	system	are	also	regulated	together,	depending	on	the	progression	of	food	through	the	GI	tract.	Another	important	function	of	the	digestive	system	is	the	removal	of	undigested	food	particles
through	egestion.	The	mouth	maintains	a	nearly	neutral	pH,	due	to	the	presence	of	saliva,	though	the	pH	of	the	mouth	can	vary	temporarily	based	on	the	food	being	ingested.	The	stomach	has	the	lowest	pH	in	the	digestive	system,	occasionally	reaching	as	low	as	1.0.	Immediately	afterward,	though,	the	enzymes	of	the	small	intestine	function	at	a	pH
between	6.0	and	7.4,	resulting	in	more	than	a	million-fold	change	in	hydrogen	ion	concentration	in	the	span	of	a	few	centimeters.	Secretions	of	the	pancreas	and	liver,	consisting	of	alkaline	bile	and	bicarbonate	ions,	mediate	this	remarkable	alteration.	The	separation	of	the	stomach	from	the	small	intestine	is	also	maintained	by	the	pyloric	sphincter	of
the	stomach	–	a	small	band	of	smooth	muscle	that	acts	like	a	valve,	regulating	the	movement	of	chyme	from	the	stomach	into	the	intestine	and	preventing	its	regurgitation.	The	regulation	of	digestive	secretions	can	be	divided	into	three	phases	–	the	cephalic,	the	gastric	and	the	intestinal	phases.	The	initial	cephalic	phase	is	the	secretion	of	digestive
enzymes	and	secretions	at	the	sight,	smell	or	thought	of	food.	Phrases	like	‘mouth-watering’	derive	from	this	phase	of	digestive	regulation,	though	this	stage	in	regulation	affects	both	salivary	glands	and	the	stomach.	The	gastric	phase	of	regulation	begins	when	food	is	swallowed.	The	stomach	immediately	begins	to	prepare	to	receive	food	through	the
esophagus.	The	intestinal	phase	is	associated	with	the	duodenum	and	not	only	influences	the	release	of	secretions	from	the	liver	and	pancreas	but	also	provides	feedback	to	the	stomach.	This	alters	secretions	from	the	stomach	and	digestion	activity	through	neuronal	and	hormonal	mediators.	It	is	useful	to	consider	the	organs	of	the	digestive	system
from	a	developmental	standpoint.	Until	birth,	the	primitive	gut	is	divided	into	three	segments	–	the	foregut,	midgut,	and	hindgut.	The	foregut	comprises	the	mouth,	salivary	glands,	esophagus,	stomach,	liver,	gall	bladder,	the	superior	portion	of	the	pancreas	and	the	initial	sections	of	the	duodenum	in	the	small	intestine.	The	midgut	continues	from	this,
consisting	of	the	lower	duodenum,	jejunum,	and	ileum	of	the	small	intestine.	The	midgut	also	includes	the	cecum,	appendix,	ascending	colon,	and	parts	of	the	transverse	colon	in	the	large	intestine.	The	hindgut	contains	the	last	one-third	of	the	transverse	colon,	the	descending	colon,	and	the	upper	parts	of	the	anal	canal.	These	are	all	parts	of	the
large	intestine.	The	digestive	system	has	a	complex	anatomy,	so	let’s	look	at	each	part	below.	Digestive	system	diagram	The	hard	and	soft	palates	form	the	roof	of	the	mouth	and	the	salivary	glands	pour	their	secretions	into	the	mouth	during	the	oral	phase	of	digestion.	There	are	three	pairs	of	major	salivary	glands,	one	pair	at	the	floor	of	the	mouth
(sublingual	glands),	another	under	the	tongue	(submandibular	glands)	and	the	third	near	the	upper	teeth	(parotid	glands).	In	addition,	minor	glands	in	the	lips,	cheeks,	linings	of	the	mouth	and	throat	also	help	in	secreting	saliva.	Saliva	contains	two	important	enzymes	called	salivary	amylase	and	lipase	that	begin	the	process	of	digesting
carbohydrates	and	fats	in	the	mouth.	Saliva	is	made	mostly	of	water,	has	some	electrolytes	and	mucus	as	well	as	glycoproteins	and	antimicrobial	agents.	It	is	not	only	important	for	lubricating	food	and	making	it	easy	to	swallow,	but	it	also	helps	in	maintaining	oral	hygiene.	Dehydration	can	lead	to	the	formation	of	viscous	saliva	(since	it	is	99.5%
water)	that	is	unable	to	reach	the	regions	between	the	teeth	and	keep	them	healthy.	Teeth	help	in	tearing,	biting,	chewing	and	grinding	food.	Along	with	saliva,	they	transform	food	into	a	relatively	smooth	bolus	that	can	be	swallowed.	The	bolus	passes	through	the	esophagus,	a	long	and	relatively	narrow	tube	made	of	smooth	muscle	that	traverses	the
thoracic	cavity.	It	contains	two	rings	of	smooth	muscle	at	the	top	and	bottom	called	the	upper	and	lower	esophageal	sphincters.	While	the	upper	sphincter	is	under	voluntary	control	and	prevents	the	passage	of	food	into	the	respiratory	system,	the	lower	esophageal	sphincter	(LES)	is	present	near	the	junction	with	the	stomach.	When	the	LES	does	not
close	fully,	it	leads	to	heartburn	or	reflux.	At	the	stomach,	the	diameter	of	the	GI	tract	increases	to	form	a	hollow	sac-like	structure	made	of	three	layers	of	smooth	muscle.	These	muscles	are	arranged	in	longitudinal,	diagonal	and	circular	layers.	They	contract	in	a	coordinated	manner	to	churn	the	food	and	mix	it	with	gastric	secretions.	The	mucous
membranes	of	the	stomach	contain	cells	that	secrete	hydrochloric	acid	(parietal	cells)	as	well	as	digestive	enzymes	(chief	cells).	Enzymes	are	secreted	in	an	inactive	state	and	become	activated	in	the	low	pH	of	the	organ.	When	the	stomach	is	empty	or	contracted,	the	inner	surface	forms	a	number	of	ridges	called	rugae.	These	ridges	are	prominent
near	the	pyloric	end	of	the	stomach	and	disappear	when	the	stomach	is	distended.	The	stomach	also	contains	endocrine	glands	that	regulate	digestion.	The	hormones	produced	by	the	stomach	can	either	enhance	or	inhibit	its	digestive	activity	and	include	gastrin,	histamine,	and	somatostatin.	The	liver	is	the	heaviest	and	largest	gland	in	the	human
body	and	is	formed	of	four	lobes.	Liver	function	plays	a	serious	role	in	digestion.	The	liver	releases	bile	secretions	which	emulsify	fats	and	enhances	the	activity	of	pancreatic	and	intestinal	lipases.	The	alkaline	nature	of	bile	also	neutralizes	gastric	acids	when	chyme	enters	the	duodenum.	Bile	is	necessary	for	the	absorption	of	vitamin	K	from	the	gut.
While	some	bile	can	flow	directly	into	the	intestine,	some	of	it	is	stored	in	the	gall	bladder	and	released	in	response	to	the	ingress	of	partially	digested	food	from	the	stomach.	The	pancreas	is	among	the	most	important	digestive	organs	and	is	located	behind	the	stomach.	It	secretes	a	large	number	of	enzymes,	involved	in	the	digestion	of
carbohydrates,	fats,	and	proteins.	Its	proteases	are	secreted	in	their	inactive	form	and	initially	activated	through	a	membrane-bound	enzyme	in	the	duodenum	called	enteropeptidase.	A	few	molecules	of	an	activated	enzyme	can	then	create	a	cascade	of	active	proteases.	The	pancreas	also	secretes	amylases	that	digest	carbohydrates,	and	lipases,
phospholipases	and	cholesterol	esterases	that	are	involved	in	fat	digestion	and	metabolism.	Hormones	secreted	by	the	stomach	as	well	as	the	intestine	control	pancreatic	secretions.	Pancreas	Anatomy	The	small	intestine	is	divided	into	three	regions	based	on	their	function,	even	though	they	are	largely	similar	from	a	histological	standpoint.	The	first
part	of	the	small	intestine	is	called	the	duodenum	and	is	the	shortest	segment.	It	is	curved	and	surrounds	one	end	of	the	pancreas.	It	is	separated	from	the	stomach	by	the	pyloric	sphincter	and	receives	gastric	chyme	in	small	quantities	when	the	sphincter	opens.	The	common	bile	duct	and	pancreatic	ducts	open	into	the	duodenum,	where	the	final
stages	of	digestion	occur	–	both	due	to	pancreatic	enzymes	and	membrane-bound	intestinal	enzymes.	The	duodenum	also	contains	glands	that	produce	alkaline	secretions	that	neutralize	chyme,	along	with	bile.	The	second	section	of	the	small	intestine	is	called	the	jejunum	and	marks	the	site	where	absorption	of	digested	nutrients	begins.	The	jejunum
contains	both	villi	and	microvilli	that	increase	its	surface	area	for	absorption.	The	last	segment	of	the	small	intestine	is	the	ileum,	which	is	also	the	longest	and	can	be	nearly	3	meters	in	length.	This	is	the	site	for	the	absorption	of	vitamin	B12	and	reabsorption	of	bile	salts.	Small	Intestine	Anatomy	The	large	intestine	consisting	of	the	cecum,	colon	and
rectum	function	as	the	sites	for	water	absorption,	and	the	compaction	of	undigested	food	into	feces.	The	large	intestine	is	home	to	a	majority	of	the	gut	flora	of	the	GI	tract,	containing	over	700	species	of	bacteria.	The	diversity	of	species	depends	on	genetics,	environment,	and	diet,	with	some	studies	implying	that	vaginal	birth	and	breastfeeding	can
help	establish	a	healthy	microbiome.	These	microorganisms	help	the	body	synthesize	some	B	vitamins	and	vitamin	K.	There	is	also	some	evidence	to	suggest	that	the	gut	microbiome	can	influence	the	onset	of	autoimmune	disorders.	The	rectum	stores	feces	until	it	can	be	voided	through	the	anus.	Among	the	most	common	diseases	of	the	digestive
system	are	those	that	involve	infectious	pathogens.	A	variety	of	viruses	(ex:	rotavirus),	bacteria	(such	as	Campylobacter,	salmonella)	and	parasites	can	infect	the	stomach	intestines	and	cause	inflammation	and	diarrhea.	Alternatively,	the	disorders	could	be	chronic	conditions	due	to	autoimmune	disorders,	such	as	celiac	disease	or	irritable	bowel
syndrome.	Some	enzyme	deficiencies	can	lead	to	food	intolerance,	as	seen	with	the	inability	to	digest	lactose	or	milk	proteins.	The	most	serious	ailments	of	the	GI	tract	include	cancer,	with	tumors	that	could	start	in	the	oral	cavity,	esophagus,	stomach,	liver,	pancreas,	or	colon.	There	is	a	lot	of	evidence	linking	the	incidence	of	these	cancers	with	diet
and	lifestyle.	Foods	that	can	help	are	typically	plant-based	and	low	in	fat	and	protein.	Animals	maintain	work	and	energy	demands	on	their	body	through	nutrition.	They	obtain	their	nutrition	from	the	consumption	of	other	organisms.	Depending	on	their	diet,	animals	can	be	classified	into	the	following	categories:	plant	eaters	(herbivores),	meat	eaters
(carnivores),	and	those	that	eat	both	plants	and	animals	(omnivores).	The	nutrients	and	macromolecules	present	in	food	are	not	immediately	accessible	to	the	cells.	There	are	a	number	of	processes	that	modify	food	within	the	animal	body	in	order	to	make	the	nutrients	and	organic	molecules	accessible	for	cellular	function.	As	animals	evolved	in	the
complexity	of	form	and	function,	their	digestive	systems	have	also	evolved	to	accommodate	their	various	dietary	needs.	Herbivores	are	animals	whose	primary	food	source	is	plant-based.	Examples	of	herbivores,	as	shown	in	Figure	5.11	include	vertebrates	like	deer,	koalas,	and	some	bird	species,	as	well	as	invertebrates	such	as	crickets	and
caterpillars.	These	animals	have	evolved	digestive	systems	capable	of	handling	large	amounts	of	plant	material.	Herbivores	can	be	further	classified	into	frugivores	(fruit-eaters),	granivores	(seed	eaters),	nectivores	(nectar	feeders),	and	folivores	(leaf	eaters).	Figure	5.11.		Herbivores,	like	this	(a)	mule	deer	and	(b)	monarch	caterpillar,	eat	primarily
plant	material.	(credit	a:	modification	of	work	by	Bill	Ebbesen;	credit	b:	modification	of	work	by	Doug	Bowman)	Carnivores	are	animals	that	eat	other	animals.	The	word	carnivore	is	derived	from	Latin	and	literally	means	“meat	eater.”	Wild	cats	such	as	lions,	shown	in	Figure	5.12a	and	tigers	are	examples	of	vertebrate	carnivores,	as	are	snakes	and
sharks,	while	invertebrate	carnivores	include	sea	stars,	spiders,	and	ladybugs,	shown	in	Figure	5.12b.	Obligate	carnivores	are	those	that	rely	entirely	on	animal	flesh	to	obtain	their	nutrients;	examples	of	obligate	carnivores	are	members	of	the	cat	family,	such	as	lions	and	cheetahs.	Facultative	carnivores	are	those	that	also	eat	non-animal	food	in
addition	to	animal	food.	Note	that	there	is	no	clear	line	that	differentiates	facultative	carnivores	from	omnivores;	dogs	would	be	considered	facultative	carnivores.	Figure	5.12.		Carnivores	like	the	(a)	lion	eat	primarily	meat.	The	(b)	ladybug	is	also	a	carnivore	that	consumes	small	insects	called	aphids.	(credit	a:	modification	of	work	by	Kevin	Pluck;
credit	b:	modification	of	work	by	Jon	Sullivan)	Omnivores	are	animals	that	eat	both	plant-	and	animal-derived	food.	In	Latin,	omnivore	means	to	eat	everything.	Humans,	bears	(shown	in	Figure	5.13a),	and	chickens	are	examples	of	vertebrate	omnivores;	invertebrate	omnivores	include	cockroaches	and	crayfish	(shown	in	Figure	5.13b).	Figure	5.13.	
Omnivores	like	the	(a)	bear	and	(b)	crayfish	eat	both	plant	and	animal-based	food.	(credit	a:	modification	of	work	by	Dave	Menke;	credit	b:	modification	of	work	by	Jon	Sullivan)	Animals	have	evolved	different	types	of	digestive	systems	to	aid	in	the	digestion	of	the	different	foods	they	consume.	The	simplest	example	is	that	of	a	gastrovascular
cavity	and	is	found	in	organisms	with	only	one	opening	for	digestion.	Platyhelminthes	(flatworms),	Ctenophora	(comb	jellies),	and	Cnidaria	(coral,	jellyfish,	and	sea	anemones)	use	this	type	of	digestion.	Gastrovascular	cavities,	as	shown	in	Figure	5.14a,	are	typically	a	blind	tube	or	cavity	with	only	one	opening,	the	“mouth”,	which	also	serves	as	an
“anus”.	Ingested	material	enters	the	mouth	and	passes	through	a	hollow,	tubular	cavity.	Cells	within	the	cavity	secrete	digestive	enzymes	that	break	down	the	food.	The	food	particles	are	engulfed	by	the	cells	lining	the	gastrovascular	cavity.	The	alimentary	canal,	shown	in	Figure	5.14b,	is	a	more	advanced	system:	it	consists	of	one	tube	with	a	mouth
at	one	end	and	an	anus	at	the	other.	Earthworms	are	an	example	of	an	animal	with	an	alimentary	canal.	Once	the	food	is	ingested	through	the	mouth,	it	passes	through	the	esophagus	and	is	stored	in	an	organ	called	the	crop;	then	it	passes	into	the	gizzard	where	it	is	churned	and	digested.	From	the	gizzard,	the	food	passes	through	the	intestine,	the
nutrients	are	absorbed,	and	the	waste	is	eliminated	as	feces,	called	castings,	through	the	anus.	Figure	5.14.	(a)	A	gastrovascular	cavity	has	a	single	opening	through	which	food	is	ingested	and	waste	is	excreted,	as	shown	in	this	hydra	and	in	this	jellyfish	medusa.	(b)	An	alimentary	canal	has	two	openings:	a	mouth	for	ingesting	food,	and	an	anus	for
eliminating	waste,	as	shown	in	this	nematode.	Vertebrates	have	evolved	more	complex	digestive	systems	to	adapt	to	their	dietary	needs.	Some	animals	have	a	single	stomach,	while	others	have	multi-chambered	stomachs.	Birds	have	developed	a	digestive	system	adapted	to	eating	unmasticated	food.	As	the	word	monogastric	suggests,	this	type	of
digestive	system	consists	of	one	(“mono”)	stomach	chamber	(“gastric”).	Humans	and	many	animals	have	a	monogastric	digestive	system	as	illustrated	in	Figure	5.15.	The	process	of	digestion	begins	with	the	mouth	and	the	intake	of	food.	The	teeth	play	an	important	role	in	masticating	(chewing)	or	physically	breaking	down	food	into	smaller	particles.
The	enzymes	present	in	saliva	also	begin	to	chemically	break	down	food.	The	esophagus	is	a	long	tube	that	connects	the	mouth	to	the	stomach.	Using	peristalsis,	or	wave-like	smooth	muscle	contractions,	the	muscles	of	the	esophagus	push	the	food	towards	the	stomach.	In	order	to	speed	up	the	actions	of	enzymes	in	the	stomach,	the	stomach	is	an
extremely	acidic	environment,	with	a	pH	between	1.5	and	2.5.	The	gastric	juices,	which	include	enzymes	in	the	stomach,	act	on	the	food	particles	and	continue	the	process	of	digestion.	The	further	breakdown	of	food	takes	place	in	the	small	intestine	where	enzymes	produced	by	the	liver,	the	small	intestine,	and	the	pancreas	continue	the	process	of
digestion.	The	nutrients	are	absorbed	into	the	bloodstream	across	the	epithelial	cells	lining	the	walls	of	the	small	intestines.	The	waste	material	travels	on	to	the	large	intestine	where	water	is	absorbed	and	the	drier	waste	material	is	compacted	into	feces;	it	is	stored	until	it	is	excreted	through	the	rectum.	Figure	5.15.	(a)	Humans	and	herbivores,	such
as	the	(b)	rabbit,	have	a	monogastric	digestive	system.	However,	in	the	rabbit,	the	small	intestine	and	cecum	are	enlarged	to	allow	more	time	to	digest	plant	material.	The	enlarged	organ	provides	more	surface	area	for	absorption	of	nutrients.	Rabbits	digest	their	food	twice:	the	first	time	food	passes	through	the	digestive	system,	it	collects	in	the
cecum,	and	then	it	passes	as	soft	feces	called	cecotrophes.	The	rabbit	re-ingests	these	cecotrophes	to	further	digest	them.	Birds	face	special	challenges	when	it	comes	to	obtaining	nutrition	from	food.	They	do	not	have	teeth	and	so	their	digestive	system,	shown	in	Figure	5.16,	must	be	able	to	process	un-masticated	food.	Birds	have	evolved	a	variety	of
beak	types	that	reflect	the	vast	variety	in	their	diet,	ranging	from	seeds	and	insects	to	fruits	and	nuts.	Because	most	birds	fly,	their	metabolic	rates	are	high	in	order	to	efficiently	process	food	and	keep	their	body	weight	low.	The	stomach	of	birds	has	two	chambers:	the	proventriculus,	where	gastric	juices	are	produced	to	digest	the	food	before	it
enters	the	stomach,	and	the	gizzard,	where	the	food	is	stored,	soaked,	and	mechanically	ground.	The	undigested	material	forms	food	pellets	that	are	sometimes	regurgitated.	Most	of	the	chemical	digestion	and	absorption	happens	in	the	intestine	and	the	waste	is	excreted	through	the	cloaca.	Figure	5.16.		The	avian	esophagus	has	a	pouch,	called	a
crop,	which	stores	food.	Food	passes	from	the	crop	to	the	first	of	two	stomachs,	called	the	proventriculus,	which	contains	digestive	juices	that	break	down	food.	From	the	proventriculus,	the	food	enters	the	second	stomach,	called	the	gizzard,	which	grinds	food.	Some	birds	swallow	stones	or	grit,	which	are	stored	in	the	gizzard,	to	aid	the	grinding
process.	Birds	do	not	have	separate	openings	to	excrete	urine	and	feces.	Instead,	uric	acid	from	the	kidneys	is	secreted	into	the	large	intestine	and	combined	with	waste	from	the	digestive	process.	This	waste	is	excreted	through	an	opening	called	the	cloaca.	The	vertebrate	digestive	system	is	designed	to	facilitate	the	transformation	of	food	matter
into	the	nutrient	components	that	sustain	organisms.	The	oral	cavity,	or	mouth,	is	the	point	of	entry	of	food	into	the	digestive	system,	illustrated	in	Figure	5.17.	The	food	consumed	is	broken	into	smaller	particles	by	mastication,	the	chewing	action	of	the	teeth.	All	mammals	have	teeth	and	can	chew	their	food	The	extensive	chemical	process	of
digestion	begins	in	the	mouth.	As	food	is	being	chewed,	saliva,	produced	by	the	salivary	glands,	mixes	with	the	food.	Saliva	is	a	watery	substance	produced	in	the	mouths	of	many	animals.	There	are	three	major	glands	that	secrete	saliva—the	parotid,	the	submandibular,	and	the	sublingual.	Saliva	contains	mucus	that	moistens	food	and	buffers	the	pH
of	the	food.	Saliva	also	contains	immunoglobulins	and	lysozymes,	which	have	an	antibacterial	action	to	reduce	tooth	decay	by	inhibiting	the	growth	of	some	bacteria.	Saliva	also	contains	an	enzyme	called	salivary	amylase	that	begins	the	process	of	converting	starches	in	the	food	into	a	disaccharide	called	maltose.	Another	enzyme	called	lipase	is
produced	by	the	cells	in	the	tongue.	Lipases	are	a	class	of	enzymes	that	can	break	down	triglycerides.	The	lingual	lipase	begins	the	breakdown	of	fat	components	in	the	food.	The	chewing	and	wetting	action	provided	by	the	teeth	and	saliva	prepare	the	food	into	a	mass	called	the	bolus	for	swallowing.	The	tongue	helps	in	swallowing—moving	the	bolus
from	the	mouth	into	the	pharynx.	The	pharynx	opens	to	two	passageways:	the	trachea,	which	leads	to	the	lungs,	and	the	esophagus,	which	leads	to	the	stomach.	The	trachea	has	an	opening	called	the	glottis,	which	is	covered	by	a	cartilaginous	flap	called	the	epiglottis.	When	swallowing,	the	epiglottis	closes	the	glottis	and	food	passes	into	the
esophagus	and	not	the	trachea.	This	arrangement	allows	food	to	be	kept	out	of	the	trachea.	Figure	5.17.	Digestion	of	food	begins	in	the	(a)	oral	cavity.	Food	is	masticated	by	teeth	and	moistened	by	saliva	secreted	from	the	(b)	salivary	glands.	Enzymes	in	the	saliva	begin	to	digest	starches	and	fats.	With	the	help	of	the	tongue,	the	resulting	bolus	is
moved	into	the	esophagus	by	swallowing.	(credit:	modification	of	work	by	the	National	Cancer	Institute)	The	esophagus	is	a	tubular	organ	that	connects	the	mouth	to	the	stomach.	The	chewed	and	softened	food	passes	through	the	esophagus	after	being	swallowed.	The	smooth	muscles	of	the	esophagus	undergo	a	series	of	wave-like	movements
called	peristalsis	that	push	the	food	toward	the	stomach,	as	illustrated	in	Figure	5.18.	The	peristalsis	wave	is	unidirectional—it	moves	food	from	the	mouth	to	the	stomach,	and	reverse	movement	is	not	possible.	The	peristaltic	movement	of	the	esophagus	is	an	involuntary	reflex;	it	takes	place	in	response	to	the	act	of	swallowing.	Figure	5.18.		The
esophagus	transfers	food	from	the	mouth	to	the	stomach	through	peristaltic	movements.	A	ring-like	muscle	called	a	sphincter	forms	valves	in	the	digestive	system.	The	gastro-esophageal	sphincter	is	located	at	the	stomach	end	of	the	esophagus.	In	response	to	swallowing	and	the	pressure	exerted	by	the	bolus	of	food,	this	sphincter	opens,	and	the
bolus	enters	the	stomach.	When	there	is	no	swallowing	action,	this	sphincter	is	shut	and	prevents	the	contents	of	the	stomach	from	traveling	up	the	esophagus.	Many	animals	have	a	true	sphincter;	however,	in	humans,	there	is	no	true	sphincter,	but	the	esophagus	remains	closed	when	there	is	no	swallowing	action.	Acid	reflux	or	“heartburn”	occurs
when	the	acidic	digestive	juices	escape	into	the	esophagus.	A	large	part	of	digestion	occurs	in	the	stomach,	shown	in	Figure	5.19.	The	stomach	is	a	sac-like	organ	that	secretes	gastric	digestive	juices.	The	pH	in	the	stomach	is	between	1.5	and	2.5.	This	highly	acidic	environment	is	required	for	the	chemical	breakdown	of	food	and	the	extraction	of
nutrients.	When	empty,	the	stomach	is	a	rather	small	organ;	however,	it	can	expand	to	up	to	20	times	its	resting	size	when	filled	with	food.	This	characteristic	is	particularly	useful	for	animals	that	need	to	eat	when	food	is	available.	Figure	5.19.		The	human	stomach	has	an	extremely	acidic	environment	where	most	of	the	protein	gets	digested.	(credit:
modification	of	work	by	Mariana	Ruiz	Villareal)	Question	5.4	Which	of	the	following	statements	about	the	digestive	system	is	false?	a.	Chyme	is	a	mixture	of	food	and	digestive	juices	that	is	produced	in	the	stomach.	b.	Food	enters	the	large	intestine	before	the	small	intestine.	c.	In	the	small	intestine,	chyme	mixes	with	bile,	which	emulsifies	fats.	d.	The
stomach	is	separated	from	the	small	intestine	by	the	pyloric	sphincter.	The	stomach	is	also	the	major	site	for	protein	digestion	in	animals	other	than	ruminants.	Protein	digestion	is	mediated	by	an	enzyme	called	pepsin	in	the	stomach	chamber.	Pepsin	is	secreted	by	the	chief	cells	in	the	stomach	in	an	inactive	form	called	pepsinogen.	Pepsin	breaks
peptide	bonds	and	cleaves	proteins	into	smaller	polypeptides;	it	also	helps	activate	more	pepsinogen,	starting	a	positive	feedback	mechanism	that	generates	more	pepsin.	Another	cell	type—parietal	cells—secrete	hydrogen	and	chloride	ions,	which	combine	in	the	lumen	to	form	hydrochloric	acid,	the	primary	acidic	component	of	the	stomach	juices.
Hydrochloric	acid	helps	to	convert	the	inactive	pepsinogen	to	pepsin.	The	highly	acidic	environment	also	kills	many	microorganisms	in	the	food	and,	combined	with	the	action	of	the	enzyme	pepsin,	results	in	the	hydrolysis	of	protein	in	the	food.	Chemical	digestion	is	facilitated	by	the	churning	action	of	the	stomach.	Contraction	and	relaxation	of
smooth	muscles	mix	the	stomach	contents	about	every	20	minutes.	The	partially	digested	food	and	gastric	juice	mixture	are	called	chyme.	Chyme	passes	from	the	stomach	to	the	small	intestine.	Further	protein	digestion	takes	place	in	the	small	intestine.	Gastric	emptying	occurs	within	two	to	six	hours	after	a	meal.	Only	a	small	amount	of	chyme	is
released	into	the	small	intestine	at	a	time.	The	movement	of	chyme	from	the	stomach	into	the	small	intestine	is	regulated	by	the	pyloric	sphincter.	When	digesting	protein	and	some	fats,	the	stomach	lining	must	be	protected	from	getting	digested	by	pepsin.	There	are	two	points	to	consider	when	describing	how	the	stomach	lining	is	protected.	First,	as
previously	mentioned,	the	enzyme	pepsin	is	synthesized	in	the	inactive	form.	This	protects	the	chief	cells	because	pepsinogen	does	not	have	the	same	enzyme	functionality	of	pepsin.	Second,	the	stomach	has	a	thick	mucus	lining	that	protects	the	underlying	tissue	from	the	action	of	the	digestive	juices.	When	this	mucus	lining	is	ruptured,	ulcers	can
form	in	the	stomach.	Ulcers	are	open	wounds	in	or	on	an	organ	caused	by	bacteria	(Helicobacter	pylori)	when	the	mucus	lining	is	ruptured	and	fails	to	reform.	Chyme	moves	from	the	stomach	to	the	small	intestine.	The	small	intestine	is	the	organ	where	the	digestion	of	protein,	fats,	and	carbohydrates	is	completed.	The	small	intestine	is	a	long	tube-
like	organ	with	a	highly	folded	surface	containing	finger-like	projections	called	the	villi.	The	apical	surface	of	each	villus	has	many	microscopic	projections	called	microvilli.	These	structures,	illustrated	in	Figure	5.20,	are	lined	with	epithelial	cells	on	the	luminal	side	and	allow	for	the	nutrients	to	be	absorbed	from	the	digested	food	and	absorbed	into
the	blood	stream	on	the	other	side.	The	villi	and	microvilli,	with	their	many	folds,	increase	the	surface	area	of	the	intestine	and	increase	absorption	efficiency	of	the	nutrients.	Absorbed	nutrients	in	the	blood	are	carried	into	the	hepatic	portal	vein,	which	leads	to	the	liver.	There,	the	liver	regulates	the	distribution	of	nutrients	to	the	rest	of	the	body	and
removes	toxic	substances,	including	drugs,	alcohol,	and	some	pathogens.	Figure	5.20.	Villi	are	folds	on	the	small	intestine	lining	that	increase	the	surface	area	to	facilitate	the	absorption	of	nutrients.	Question	5.5	Which	of	the	following	statements	about	the	small	intestine	is	false?	a.	Absorptive	cells	that	line	the	small	intestine	have	microvilli,	small
projections	that	increase	surface	area	and	aid	in	the	absorption	of	food.	b.	The	inside	of	the	small	intestine	has	many	folds,	called	villi.	c.	Microvilli	are	lined	with	blood	vessels	as	well	as	lymphatic	vessels.	d.	The	inside	of	the	small	intestine	is	called	the	lumen.	The	human	small	intestine	is	over	6m	long	and	is	divided	into	three	parts:	the	duodenum,
the	jejunum,	and	the	ileum.	The	“C-shaped,”	fixed	part	of	the	small	intestine	is	called	the	duodenum	and	is	shown	in	Figure	5.19.	The	duodenum	is	separated	from	the	stomach	by	the	pyloric	sphincter	which	opens	to	allow	chyme	to	move	from	the	stomach	to	the	duodenum.	In	the	duodenum,	chyme	is	mixed	with	pancreatic	juices	in	an	alkaline
solution	rich	in	bicarbonate	that	neutralizes	the	acidity	of	chyme	and	acts	as	a	buffer.	Pancreatic	juices	also	contain	several	digestive	enzymes.	Digestive	juices	from	the	pancreas,	liver,	and	gallbladder,	as	well	as	from	gland	cells	of	the	intestinal	wall	itself,	enter	the	duodenum.	Bile	is	produced	in	the	liver	and	stored	and	concentrated	in	the
gallbladder.	Bile	contains	bile	salts	which	emulsify	lipids	while	the	pancreas	produces	enzymes	that	catabolize	starches,	disaccharides,	proteins,	and	fats.	These	digestive	juices	break	down	the	food	particles	in	the	chyme	into	glucose,	triglycerides,	and	amino	acids.	Some	chemical	digestion	of	food	takes	place	in	the	duodenum.	Absorption	of	fatty
acids	also	takes	place	in	the	duodenum.	The	second	part	of	the	small	intestine	is	called	the	jejunum,	shown	in	Figure	5.19.	Here,	hydrolysis	of	nutrients	is	continued	while	most	of	the	carbohydrates	and	amino	acids	are	absorbed	through	the	intestinal	lining.	The	bulk	of	chemical	digestion	and	nutrient	absorption	occurs	in	the	jejunum.	The	ileum,	also
illustrated	in	Figure	5.19	is	the	last	part	of	the	small	intestine	and	here	the	bile	salts	and	vitamins	are	absorbed	into	bloodstream.	The	undigested	food	is	sent	to	the	colon	from	the	ileum	via	peristaltic	movements	of	the	muscle.	The	ileum	ends	and	the	large	intestine	begins	at	the	ileocecal	valve.	The	vermiform,	“worm-like,”	appendix	is	located	at	the
ileocecal	valve.	The	appendix	of	humans	secretes	no	enzymes	and	has	an	insignificant	role	in	immunity.	The	large	intestine,	illustrated	in	Figure	5.21,	reabsorbs	the	water	from	the	undigested	food	material	and	processes	the	waste	material.	The	human	large	intestine	is	much	smaller	in	length	compared	to	the	small	intestine	but	larger	in	diameter.	It
has	three	parts:	the	cecum,	the	colon,	and	the	rectum.	The	cecum	joins	the	ileum	to	the	colon	and	is	the	receiving	pouch	for	the	waste	matter.	The	colon	is	home	to	many	bacteria	or	“intestinal	flora”	that	aid	in	the	digestive	processes.	The	colon	can	be	divided	into	four	regions,	the	ascending	colon,	the	transverse	colon,	the	descending	colon	and	the
sigmoid	colon.	The	main	functions	of	the	colon	are	to	extract	the	water	and	mineral	salts	from	undigested	food,	and	to	store	waste	material.	Carnivorous	mammals	have	a	shorter	large	intestine	compared	to	herbivorous	mammals	due	to	their	diet.	The	rectum	is	the	terminal	end	of	the	large	intestine,	as	shown	in	Figure	5.21.	The	primary	role	of	the
rectum	is	to	store	the	feces	until	defecation.	The	feces	are	propelled	using	peristaltic	movements	during	elimination.	The	anus	is	an	opening	at	the	far-end	of	the	digestive	tract	and	is	the	exit	point	for	the	waste	material.	Two	sphincters	between	the	rectum	and	anus	control	elimination:	the	inner	sphincter	is	involuntary	and	the	outer	sphincter	is
voluntary.	The	organs	discussed	above	are	the	organs	of	the	digestive	tract	through	which	food	passes.	Accessory	organs	are	organs	that	add	secretions	(enzymes)	that	catabolize	food	into	nutrients.	Accessory	organs	include	salivary	glands,	the	liver,	the	pancreas,	and	the	gallbladder.	The	liver,	pancreas,	and	gallbladder	are	regulated	by	hormones	in
response	to	the	food	consumed.	The	liver	is	the	largest	internal	organ	in	humans	and	it	plays	a	very	important	role	in	the	digestion	of	fats	and	detoxifying	blood.	The	liver	produces	bile,	a	digestive	juice	that	is	required	for	the	breakdown	of	fatty	components	of	the	food	in	the	duodenum.	The	liver	also	processes	the	vitamins	and	fats	and	synthesizes
many	plasma	proteins.	The	pancreas	is	another	important	gland	that	secretes	digestive	juices.	The	chyme	produced	from	the	stomach	is	highly	acidic	in	nature;	the	pancreatic	juices	contain	high	levels	of	bicarbonate,	an	alkali	that	neutralizes	the	acidic	chyme.	Additionally,	the	pancreatic	juices	contain	a	large	variety	of	enzymes	that	are	required	for
the	digestion	of	protein	and	carbohydrates.	The	gallbladder	is	a	small	organ	that	aids	the	liver	by	storing	bile	and	concentrating	bile	salts.	When	chyme	containing	fatty	acids	enters	the	duodenum,	the	bile	is	secreted	from	the	gallbladder	into	the	duodenum.	Question	5.6	Compare	and	contrast	components	of	the	digestive	system	among	nematodes,
rabbit,	and	chicken?	Question	5.7	If	a	structure	contains	thin	epithelium,	hydrogen	pump,	and	many	folds,	what	could	it	be	good	for	during	digestion?	Explain	your	reasoning.	Question	5.8	How	do	plants	obtain	nutrients?	Abnormal	motor	function	usually	manifests	as	decreased	motility.	Segmental	resistance	is	usually	reduced,	and	transit	rate
increases.	Motility	depends	on	stimulation	via	the	sympathetic	and	parasympathetic	nervous	systems	(and	thus	on	the	activity	of	the	central	and	peripheral	parts	of	these	systems)	and	on	the	GI	musculature	and	its	intrinsic	nerve	plexuses.	Debility,	accompanied	by	weakness	of	the	musculature,	acute	peritonitis,	and	hypokalemia,	produces	atony	of
the	gut	wall	(paralytic	ileus).	The	intestines	distend	with	fluid	and	gas,	and	fecal	output	is	reduced.	In	addition,	chronic	stasis	of	the	small	intestine	may	predispose	to	abnormal	proliferation	of	microflora.	Such	bacterial	overgrowth	may	cause	malabsorption	by	injuring	mucosal	cells,	by	competing	for	nutrients,	and	by	deconjugating	bile	salts	and
hydroxylating	fatty	acids.Vomiting	is	a	neural	reflex	act	that	results	in	ejection	of	food	and	fluid	from	the	stomach	through	the	oral	cavity.	It	is	always	associated	with	antecedent	events	such	as	premonition,	nausea,	salivation,	or	shivering	and	is	accompanied	by	repeated	contractions	of	the	abdominal	muscles.Regurgitation	is	characterized	by	passive,
retrograde	reflux	of	previously	swallowed	material	from	the	esophagus,	stomach,	or	rumen.	In	diseases	of	the	esophagus,	swallowed	material	may	not	reach	the	stomach.One	of	the	major	consequences	of	subnormal	motility	is	distention	with	fluid	and	gas.	Much	of	the	accumulated	fluid	is	saliva	and	gastric	and	intestinal	juices	secreted	during	normal
digestion.	Distention	causes	pain	and	reflex	spasm	of	adjoining	gut	segments.	It	also	stimulates	further	secretion	of	fluid	into	the	lumen	of	the	gut,	which	exacerbates	the	condition.	When	the	distention	exceeds	a	critical	point,	the	ability	of	the	musculature	of	the	wall	to	respond	diminishes,	the	initial	pain	disappears,	and	paralytic	ileus	develops	in
which	all	GI	muscle	tone	is	lost.Dehydration,	acid-base	and	electrolyte	imbalance,	and	circulatory	failure	are	major	consequences	of	GI	distention.	Accumulation	of	gut	fluids	stimulates	additional	secretion	of	fluids	and	electrolytes	in	the	anterior	segments	of	the	intestine,	which	can	worsen	the	abnormalities	and	lead	to	shock.Abdominal	pain
associated	with	GI	disease	usually	is	caused	by	stretching	of	the	intestinal	wall.	Contraction	of	the	gut	causes	pain	by	direct	and	reflex	distention	of	neighboring	segments.	Spasm,	an	exaggerated	segmenting	contraction	of	one	section	of	intestine,	results	in	distention	of	the	immediately	anterior	segment	when	a	peristaltic	wave	arrives.	Other	factors
that	may	cause	abdominal	pain	include	edema	and	failure	of	local	blood	supply	(eg,	local	embolism	or	twisting	of	the	mesentery).Specific	diseases	cause	diarrhea	by	varied	and	characteristic	mechanisms,	the	recognition	of	which	is	useful	in	understanding,	diagnosing,	and	managing	GI	diseases.	The	major	mechanisms	of	diarrhea	are	increased
permeability,	hypersecretion,	and	osmosis.	Disorders	of	motility	are	often	secondary	and	contribute	to	diarrhea.	In	healthy	animals,	water	and	electrolytes	continuously	transfer	across	the	intestinal	mucosa.	Secretions	(from	blood	to	gut)	and	absorptions	(from	gut	to	blood)	occur	simultaneously.	In	clinically	healthy	animals,	absorption	exceeds
secretion	resulting	in	a	net	absorption.	Inflammation	in	the	intestines	can	be	accompanied	by	an	increase	in	“pore	size”	in	the	mucosa,	permitting	increased	flow	through	the	membrane	(“leak”)	down	the	pressure	gradient	from	blood	to	the	intestinal	lumen.	If	the	amount	exuded	exceeds	the	absorptive	capacity	of	the	intestines,	diarrhea	results.	The
size	of	the	material	that	leaks	through	the	mucosa	varies,	depending	on	the	magnitude	of	the	increase	in	pore	size.	Large	increases	in	pore	size	permit	exudation	of	plasma	protein,	resulting	in	protein-losing	enteropathies	(eg,	lymphangiectasia	in	dogs,	paratuberculosis	in	cattle,	nematode	infections).	Greater	increases	in	pore	size	result	in	the	loss	of
RBCs,	producing	hemorrhagic	diarrhea	(eg,	acute	hemorrhagic	diarrhea	syndrome,	parvovirus	infection,	severe	hookworm	infection).Hypersecretion	is	a	net	intestinal	loss	of	fluid	and	electrolytes	that	is	independent	of	changes	in	permeability,	absorptive	capacity,	or	exogenously	generated	osmotic	gradients.	Enterotoxic	colibacillosis	is	an	example	of
diarrheal	disease	due	to	intestinal	hypersecretion;	enterotoxigenic	Escherichia	coli	produce	enterotoxin	that	stimulates	the	crypt	epithelium	to	secrete	fluid	beyond	the	absorptive	capacity	of	the	intestines.	The	villi,	along	with	their	digestive	and	absorptive	capabilities,	remain	intact.	The	fluid	secreted	is	isotonic,	alkaline,	and	free	of	exudates.	The
intact	villi	are	beneficial	because	a	fluid	(administered	PO)	that	contains	glucose,	amino	acids,	and	sodium	is	absorbed,	even	with	hypersecretion.Osmotic	diarrhea	is	seen	when	inadequate	digestion	or	absorption	results	in	a	collection	of	solutes	in	the	gut	lumen,	which	cause	water	to	be	retained	by	their	osmotic	activity.	It	develops	in	any	condition
that	results	in	nutrient	malabsorption	or	maldigestion	(eg,	exocrine	pancreatic	insufficiency).Malabsorption	(	See	also	page	Malassimilation	Syndromes	in	Large	Animals)	is	failure	of	absorption	due	to	decreased	absorptive	capacity,	enterocyte	damage,	or	mucosal	infiltration.	Several	epitheliotropic	viruses	directly	infect	and	destroy	the	villous
absorptive	epithelial	cells	or	their	precursors	(eg,	coronavirus,	transmissible	gastroenteritis	virus	of	piglets,	and	rotavirus	of	calves).	Feline	panleukopenia	virus	and	canine	parvovirus	destroy	the	crypt	epithelium,	which	results	in	failure	of	renewal	of	villous	absorptive	cells	and	collapse	of	the	villi;	regeneration	is	a	longer	process	after	parvoviral
infection	than	after	viral	infections	of	villous	tip	epithelium	(eg,	coronavirus,	rotavirus).	Intestinal	malabsorption	also	may	be	caused	by	any	defect	that	impairs	absorptive	capacity,	such	as	diffuse	inflammatory	disorders	(eg,	inflammatory	bowel	disease,	histoplasmosis)	or	neoplasia	(eg,	lymphosarcoma).The	ability	of	the	GI	tract	to	digest	food	depends
on	its	motor	and	secretory	functions	and,	in	herbivores,	on	the	activity	of	the	microflora	of	the	forestomachs	of	ruminants,	or	of	the	cecum	and	colon	of	horses	and	pigs.	The	flora	of	ruminants	can	digest	cellulose;	ferment	carbohydrates	to	volatile	fatty	acids;	and	convert	nitrogenous	substances	to	ammonia,	amino	acids,	and	protein.	In	certain
circumstances,	the	activity	of	the	flora	can	be	suppressed	to	the	point	that	digestion	becomes	abnormal	or	ceases.	Incorrect	diet,	prolonged	starvation	or	inappetence,	and	hyperacidity	(as	occurs	in	engorgement	on	grain)	all	impair	microbial	digestion.	The	bacteria,	yeasts,	and	protozoa	also	may	be	adversely	affected	by	the	oral	administration	of
drugs	that	are	antimicrobial	or	that	drastically	alter	the	pH	of	rumen	contents.


