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Abstract	
	
The	enteric	nervous	system	(ENS)	is	largely	derived	from	vagal	neural	crest	cells	which	

migrate	 in	 a	 craniocaudal	 direction	 to	 colonise	 the	 bowel.	 Failure	 of	 migration	 or	

differentiation	of	enteric	nervous	system	progenitor	cells	(ENSPC)	during	development	

results	in	Hirschsprung’s	disease	(HSCR),	a	congenital	condition	characterised	by	a	lack	

of	ENS	in	the	lower	bowel	(aganglionosis).	Neonates	present	with	bowel	obstruction	and	

require	surgery	to	remove	the	affected	bowel.	Despite	recent	surgical	advances,	long-

term	outcomes	for	children	remain	poor.	Extensive	work	has	focussed	on	the	isolation	

of	ENSPC	from	the	ganglionic	region	of	bowel,	however,	ENSPC	which	can	be	derived	

from	 the	 aganglionic	 region	 offer	 a	 potential	 source	 of	 stem	 cells	 for	 autologous	

therapies.	Further	work	to	identify	the	source	and	behaviour	of	these	cells	is	required	

to	ascertain	whether	they	have	potential	to	be	used	for	transplantation	or	to	regenerate	

the	ENS	 in-situ.	This	thesis	 is	 therefore	aimed	at	 improving	our	understanding	of	 the	

source	 and	 properties	 of	 ENSPC	 derived	 from	 aganglionic	 bowel	 and	 mechanisms	

controlling	their	behaviour	when	they	are	brought	into	culture.	

	

My	initial	chapter	is	focussed	on	characterisation	of	the	thickened	nerve	fibre	bundles	

(TNB)	 present	 in	 the	 transition	 zone	 and	 aganglionic	 bowel	 in	 short	 segment	

Hirschsprung’s	 disease	 and	 reviewing	 the	 source	 of	 ENSPC	 from	 this	 region.	

Identification	of	hybrid	structures	 in	the	transition	zone	demonstrated	an	 interaction	

between	the	ENS	and	extrinsic	nerves.	PHOX2B	was	absent	 in	 the	aganglionic	 region	

whereas	some	cells	within	the	TNB	expressed	SOX10.	Our	findings,	together	with	work	

performed	by	others,	suggest	that	Schwann	cell	precursors	(SCP)	which	reside	on	the	

nerve	fibres	may	be	the	source	of	ENSPC	as	opposed	to	the	perineurium,	and	that	a	

reduction	 in	 vagal	 neural	 crest	 derived	 enteric	 neurons	 promotes	 SCP-derived	

neurogenesis	within	the	transition	zone.		

	

The	second	part	of	this	work	aimed	to	assess	whether	there	are	significant	differences	

in	 TNB	 diameter	 in	 proximal	 and	 distal	 aganglionic	 bowel	 of	 children	 with	 different	

Hirschsprung’s	phenotypes	using	 immunohistochemistry	of	archived	specimens.	Here	
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we	observed	the	presence	of	TNB	of	a	diameter	greater	than	40µm	in	the	submucosal	

region	 of	 distal	 aganglionic	 bowel	 more	 often	 in	 SS	 specimens	 than	 in	 LS	 and	 TCA	

specimens.	As	the	length	of	aganglionosis	increased,	there	appeared	to	be	more	distal	

aganglionic	samples	with	no	identifiable	extrinsic	nerve	fibres.	These	findings	could	be	

useful	to	predict	the	length	of	aganglionosis	and	to	tailor	clinical	management	following	

a	diagnosis	of	HSCR,	in	conjunction	with	clinical	and	radiological	findings.	The	differences	

in	 TNB	 diameter	 also	 suggest	 that	 the	 aetiology	 of	 total	 colonic	 and	 total	 intestinal	

disease	may	be	different	to	shorter	segment	disease	with	implications	on	isolation	of	

ENSPC	from	regions	devoid	of	extrinsic	nerve	fibres.		

	

With	the	next	part	of	my	work,	I	turned	to	optimising	culture	conditions	of	neurospheres	

from	control	and	Hirschsprung	bowel	and	characterisation	of	aganglionic	bowel	derived	

ENSPC	in	comparison	to	those	derived	from	ganglionic	bowel.	Whereas	two	different	

media	 have	 been	 used	 to	 culture	 neurospheres	 previously,	we	 found	 that	HSM	and	

adherent	conditions	favoured	culture	of	both	primary	ganglionic	and	aganglionic	bowel	

derived	 neurospheres	 in	 a	 consistent	manner.	 There	were	 no	 significant	 differences	

between	 the	 proportions	 of	 glial,	 neuronal	 and	neural	 progenitor	 cells	 derived	 from	

aganglionic	 and	 ganglionic	 HSCR	 bowel	 and	 co-expression	 of	 SOX10	 and	 TUJ	 within	

aganglionic	bowel	derived	neurospheres	strengthened	our	hypothesis	that	SCP	are	likely	

to	be	the	source	of	ENSCP	in	the	aganglionic	region.		

	

The	final	part	of	the	thesis	concentrates	on	the	Notch	signalling	pathway	and	whether	

ENSPC	 derived	 from	 the	 aganglionic	 region	 can	 be	manipulated	 in	 the	 same	way	 as	

ENSPC	from	the	ganglionic	region,	as	previously	described,	using	Notch	inhibition.	Here	

we	were	able	to	demonstrate	similar	effects	of	Notch	inhibition	in	vitro	using	the	Notch	

inhibitor	DAPT	in	aganglionic	bowel	derived	ENSPC,	with	a	reduction	in	proliferation	and	

an	apparent	increase	in	differentiation	to	neurons.	Although	these	preliminary	results	

are	promising,	further	work	using	siRNA	knockdown	specific	to	the	Notch	pathway	with	

a	larger	sample	size	and	larger	number	of	repeats	is	essential	to	confirm	these	results.		

	

Taken	together	the	work	in	this	thesis	furthers	our	understanding	of	the	role	of	extrinsic	

nerve	 fibres	 in	 HSCR,	 including	 the	 source	 and	 characteristics	 of	 ENSPC	 which	 are	
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present	within	the	aganglionic	region,	and	potential	mechanisms	by	which	they	may	be	

regulated.	 The	 similarities	 of	 these	 progenitor	 cells	 with	 those	 derived	 from	 the	

ganglionic	 region	 and	 our	 preliminary	 findings	 following	 Notch	 inhibition	 raise	 the	

potential	to	use	these	cells	in	autologous	therapies.	
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DAPT	 N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine	t-butyl	ester	
DMEM	 Dulbecco’s	Modified	Eagle	Medium	
EDN3	 Endothelin	3	
EDNRB	 Endothelin	receptor	type	B	
EGF	 Epidermal	growth	factor	
ENCC	 Enteric	neural	crest	cells	
ENS	 Enteric	nervous	system	
ENSPC	 Enteric	nervous	system	precursor	cells	
ESC	 Embryonic	stem	cells	
FACS	 Fluorescence-activated	cell	sorting	
GDNF	 Glial	derived	neurotrophic	factor	
GFAP	 Glial	fibrillary	acidic	protein	
GFR⍺1	 GDNF	family	receptor-⍺1	
GI	 Gastro-intestinal	
Glut-1	 Glucose	transporter	member	1	
H&E	 Haematoxylin	and	oesin	
HSCR	 Hirschsprung's	Disease	
IAS	 Internal	anal	sphincter	
IND	 Intestinal	neuronal	dysplasia	
iPSC	 Induced	pluripotent	stem	cells	
LS	 Long-segment	
NCC	 Neural	crest	cells	
NICD	 Notch	intracellular	domain	
NLB	 Neurosphere	like	body	
nNOS	 Neuronal	nitric	oxide	synthase	
NT-3	 Neurotrophin	
P75	 Nerve	growth	factor	receptor	
PHOX2B	 Paired-like	homeobox-2B	
qPCR	 Real-time	polymerase	chain	reaction	
RB	 Rectal	biopsy	



	

	 xi	

SCP	 Schwann	cell	precursors	
SOX10	 SRY-related	HMG-box	
SS	 Short-segment	
TCA	 Total	colonic	aganglionosis	
TH	 Tyrosine	hydroxylase	
TIA	 Total	intestinal	aganglionosis	
TNB	 Thickened	nerve	fibre	bundles	
Tuj1	 b-tubulin	III		
TZ	 Transition	zone	
uPA	 Urokinase-type	plasminogen	activator	
VIP	 Vasointestinal	peptide	
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Chapter	1:	Introduction	
	
1.1.	Overview	of	Hirschsprung’s	disease	
Hirschsprung’s	 disease	 (HSCR)	 is	 a	 congenital	 gastrointestinal	 motility	 disorder	

characterised	 by	 a	 variable	 lack	 of	 enteric	 nervous	 system	 (ENS),	 also	 known	 as	

aganglionosis,	in	the	distal	bowel	of	1	in	5000	newborns	(Bradnock	et	al.,	2017;	Kenny	

et	 al.,	 2010).	 Babies	 with	 HSCR	 present	 with	 a	 potentially	 lethal	 lower	 intestinal	

obstruction	 soon	 after	 birth	 which	 is	 usually	 characterised	 by	 a	 failure	 to	 pass	

meconium	within	the	first	24	hours	of	life,	abdominal	distension	and	bilious	vomiting.	

As	the	colon	proximal	to	site	of	obstruction	is	usually	found	to	be	dilated,	the	disease	

was	originally	described	as	‘congenital	megacolon’	(Corman,	1981;	Sergi,	2015).	

	

Short	 segment	 HSCR,	 in	 which	 the	 aganglionic	 segment	 is	 restricted	 to	 the	

rectosigmoid	region,	accounts	for	over	80%	of	cases.	More	extensive	long	segment	

HSCR	where	aganglionosis	extends	to	the	transverse	colon	affects	approximately	15%	

of	cases.	Complete	aganglionosis	affecting	the	entire	colon	resulting	in	total	colonic	

aganglionosis	 is	 rare,	however,	 in	some	 instances	the	entire	bowel	can	be	affected	

resulting	in	total	intestinal	aganglionosis	(Figure	1.1)	(Amiel	et	al.,	2008;	Kenny	et	al.,	

2010).	In	short	segment	disease,	boys	are	2	to	4	times	more	likely	to	be	affected	than	

girls	however	this	ratio	is	reduced	with	longer	segment	disease	(Badner	et	al.,	1990;	

Moore,	2015).		

	

Current	 treatment	 comprises	 a	 pull-through	 procedure	 to	 resect	 the	 aganglionic	

bowel	 and	bring	 down	healthy	 ganglionic	 bowel	 down	 to	 the	 anal	margin.	 Several	

different	 techniques	 have	 been	 described	 based	 on	 3	 original	 operations,	 namely	

Swenson,	Soave	and	Duhamel	procedures	(Boley,	1964;	Duhamel,	1964;	Soave,	1964;	

Swenson	 et	 al.,	 1949).	 However,	 despite	 modifications	 in	 surgery	 to	 remove	 the	

affected	segment	of	bowel,	up	to	75%	of	children	with	surgically	corrected	HSCR	suffer	

from	long-term	problems	of	constipation,	enterocolitis	or	incontinence,	and	10%	of	

children	 require	 a	 permanent	 colostomy	 (Allin	 et	 al.,	 2020;	 Conway	 et	 al.,	 2007;	
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Wester	and	Granstrom,	2017).	Children	with	a	longer	segment	of	aganglionosis	and	

syndromic	HSCR	tend	to	have	poorer	outcomes	overall	including	impaired	growth	and	

nutrition	(Wester	and	Granstrom,	2017).		

	

	

	

	

	

	

	

	

This	 postoperative	 morbidity	 may	 relate	 to	 dysfunction	 in	 the	 ‘normo-ganglionic’	

segment	and/or	abnormal	anal	sphincter	function	due	to	postoperative	retention	of	

aganglionic	distal	bowel	when	preserving	the	internal	anal	sphincter	(IAS)	(Laughlin	et	

al.,	 2012)	 or	 sequelae	 of	 proctectomy.	 Unsurprisingly,	 these	 problems	 have	 a	

significant	effect	on	the	child’s	social,	physical	and	psychological	wellbeing	in	addition	

to	the	impact	on	their	family	and	health	care	services.	Thus,	alternative	strategies	are	

required	to	improve	the	outcomes	of	children	with	HSCR.		

	

Ganglia 
Normoganglionic 

Short	segment 

Long	segment 

Total	colonic	
aganglionosis 

A 

B 

C 

D 

Aganglionic	
segment 

Figure	1.1:	Classification	of	HSCR	disease	based	
on	 length	 of	 aganglionosis.	 In	 healthy	 bowel,	
ganglia	can	be	seen	throughout	the	colon	(A).	In	
short	 segment	 disease,	 aganglionosis	 is	
restricted	 to	 the	 rectosigmoid	 region	 (B).	 Long	
segment	 disease	 is	 classified	 as	 aganglionosis	
beyond	the	sigmoid	colon	and	up	to	two	thirds	
of	 the	 transverse	 colon	 (C).	 In	 total	 colonic	
disease	 aganglionosis	 extends	 beyond	 the	
transverse	colon	and	may	include	up	to	30cm	of	
small	 bowel	 (D).	 Disease	 affecting	 more	 than	
30cm	 of	 small	 bowel	 is	 classified	 as	 total	
intestinal	 aganglionosis.	 The	 affected	 bowel	
usually	remains	tonically	contracted.		
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Although	the	aetiology	of	HSCR	is	not	yet	fully	understood,	clearly	it	involves	one	or	

more	defects	during	ENS	prenatal	development.	Understanding	normal	development	

of	 the	 ENS	 is	 therefore	 crucial	 in	 order	 to	 acknowledge	 the	 problems	 leading	 to	

abnormal	 ENS	 development	 in	 HSCR.	 Further	 insight	 into	 the	 biological	 and	

developmental	 basis	 of	 aganglionosis	 is	 essential	 for	 advancement	 of	 novel	

treatments	for	children	with	HSCR	and	consideration	of	prevention	of	HSCR.		

	

1.2.	The	Enteric	Nervous	System		

The	ENS	is	a	specialist	division	of	the	autonomic	nervous	system	which	regulates	many	

functions	 including	 gut	 motility,	 secretion,	 absorption	 and	 modulation	 of	

immunological	 and	 endocrine	 functions.	 The	 ENS	 is	 comprised	 of	 a	 network	 of	

neurons	and	glial	cells	 largely	located	within	the	myenteric	and	submucosal	ganglia	

throughout	the	entire	length	of	the	gastrointestinal	tract	(Burns	et	al.,	2009;	Gershon,	

2010;	Nagy	and	Goldstein,	2017).	It	contains	more	neurons	than	the	spinal	cord	and	

is	capable	of	mediating	 reflex	activity	 in	 the	absence	of	central	neural	 input	and	 is	

therefore	known	as	the	‘second	brain’	(Gershon	et	al.,	1993).	

	

1.2.1.	Enteric	nervous	system	development	

Our	 understanding	 of	 ENS	 development	 is	 largely	 informed	 through	 the	 study	 of	

zebrafish,	birds	and	rodents.	Neural	crest	cells	 (NCC),	multipotent	cells	which	arise	

from	the	dorsal	aspect	of	the	neural	tube,	are	the	progenitors	of	the	ENS.	Following	

delamination,	 NCC	 undergo	 an	 epithelial	 to	 mesenchymal	 transition	 in	 order	 to	

migrate	 from	 the	 neuroepithelium	 and	 contribute	 to	 a	 diverse	 range	 of	 cell	 types	

following	 extensive	migration	 along	 pathways	within	 the	 embryo.	 These	 cell	 types	

include	pigment	cells	of	the	skin,	chromaffin	cells	of	the	adrenal	gland,	mesenchymal	

cells	of	the	head	and	neuronal	and	glial	cells	of	the	autonomic	and	peripheral	nervous	

system	(Bronner	and	Simoes-Costa,	2016;	Shyamala	et	al.,	2015).		

	

	

	



	

	 4	

	

Yntema	and	Hammond,	1954,	were	the	first	group	to	describe	the	cellular	origin	of	

the	ENS	following	ablation	of	the	vagal	neural	tube	in	chick	embyros	which	resulted	in	

extensive	gut	aganglionosis	(Yntema	and	Hammond,	1954).	However,	the	precise	axial	

origin	of	enteric	neural	crest	cells	(ENCC)	was	identified	in	the	late	1960s	by	Le	Dourin	

using	a	lineage	tracing	technique	of	quail-chick	interspecies	grafting	(Le	Douarin	and	

Teillet,	1973b).	This	showed	that	the	majority	of	neural	crest	cells	arise	from	the	vagal	

neural	crest,	at	somite	levels	1-7,	and	migrate	via	stereotypical	pathways	along	the	

course	of	the	vagal	nerve,	with	accumulation	in	the	caudal	branchial	arches,	before	

entering	the	primordial	gut	at	week	4	of	gestation	(Burns,	2005;	Le	Douarin	and	Teillet,	

1973b).	Neural	crest	cells	are	referred	to	as	enteric	nervous	system	precursor	cells	

(ENSPC)	 once	 they	 enter	 the	 foregut	 mesenchyme.	 ENSPC	 then	 migrate	 caudally	

within	the	mesenchyme	of	the	gut	wall	to	reach	the	distal	hindgut	at	7	weeks	gestation	

in	humans	and	E15	in	mice	(Newgreen	and	Young,	2002).	To	populate	the	distal	colon,	

ENSPC	migrate	 through	 a	 trans-mesenteric	 pathway	 or	 through	 the	 caecum	 upon	

Figure	1.2.	Origin	of	neural	crest	cells	from	the	dorso-lateral	edge	of	the	closing	
neural	 folds.	 Picture	 depicting	 the	 epithelial	 to	 mesenchymal	 transition,	
delamination	 and	migration	of	 neural	 crest	 cells	 to	 form	different	 cell	 types.	
Obtained	 from	 Shyamala	 K	 et	 al.	 Neural	 crest:	 The	 fourth	 germ	 layer.	 J	 Oral	
Maxillofac	Pathol.	2015.	19:221-229J.		
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reaching	the	hindgut	(Druckenbrod	and	Epstein,	2005).	ENSPC	initially	settle	at	sites	

of	 future	 myenteric	 ganglia	 and	 later	 migrate	 radially	 to	 give	 rise	 to	 submucosal	

ganglia	 (Kapur	 et	 al.,	 1992;	 Pham	 et	 al.,	 1991).	 Due	 to	 gut	 lengthening	 occurring	

alongside	colonisation,	vagal	ENCC	migrate	 further	 than	any	other	neural	crest	cell	

population.		

	

In	addition	to	invading	the	foregut	and	migrating	along	the	entire	length	of	the	gut	to	

form	enteric	ganglia,	migratory	anterior	trunk	neural	crest	cells	of	the	posterior	vagal	

region	in	the	neck	contribute	to	a	small	proportion	of	the	precardial	ENS	and	also	give	

rise	to	part	of	the	cardiac	outflow	tract	(Le	Douarin,	1982).	

	

An	additional	contribution	 to	 the	colonic	ENS	subsequent	 to	vagal	neural	crest	cell	

colonisation	originates	from	the	truncal	and	sacral	NCC	(Burns	et	al.,	2000)	(Burns	and	

Le	Douarin,	2001;	Le	Douarin	and	Teillet,	1973a;	Le	Douarin	and	Teillet,	1973b).		

	

1.2.2.	Sacral	contribution	to	the	enteric	nervous	system	

Sacral	ENCC	only	contribute	up	to	twenty	percent	of	enteric	neurons	and	glia	in	the	

distal	midgut	and	hindgut	and	enter	the	gut	at	a	later	stage	than	vagal	ENCC	(Burns	

and	Douarin,	 1998;	 Kapur,	 2000).	 Sacral	 ENCC	 emigrate	 from	 the	 neural	 tube	 and	

arrive	at	the	cloacal	region	at	E11.5	in	mice.	Besides	the	ENS,	extrinsic	sensory	and	

visceromotor	neurons	from	vagal,	dorsal	root,	sympathetic	and	pelvic	ganglia	project	

fibres	 into	 the	 gut	 providing	 a	 subpopulation	 of	 ENCC	which	 contribute	 to	 enteric	

neurons	and	glial	cells	 (Nagy	et	al.,	2007;	Wang	et	al.,	2011).	More	recently,	 it	has	

been	 proposed	 that	 a	 subset	 of	 sacral	 ENCC	 are	 SOX10-expressing	 Schwann	 cell	

precursors	which	enter	the	gut	along	pelvic	extrinsic	nerves	also	contribute	to	the	ENS	

in	the	hindgut	(Uesaka	et	al.,	2015).	This	will	be	discussed	further	later	in	this	chapter.		

	

1.2.3.	Structure,	role	and	functionality	of	the	enteric	nervous	system	

The	ENS	contains	two	to	six	hundred	million	neurons	and	seven	times	as	many	glial	

cells	(Furness	et	al.,	2014).	Neurons	and	glia	are	organised	into	two	interconnected	

networks,	the	myenteric	and	submucosal	plexuses	which	extend	from	the	oesophagus	

to	 the	 anal	 verge	 (Figure	 1.3).	 The	myenteric	 plexus	 lies	 between	 the	 circular	 and	
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longitudinal	muscle	layers	and	contains	clusters	of	nerve	cells,	also	known	as	enteric	

ganglia.	The	submucosal	plexus	is	situated	between	the	circular	muscle	and	mucosa	

and	is	formed	of	smaller	ganglia.	Ganglia	within	the	submucosal	plexus	appear	to	be	

absent	in	the	oesophagus	and	in	the	stomach	(Brehmer,	2006;	Brehmer	et	al.,	2010).	

In	addition	 to	 these	ganglia,	 the	ENS	 is	comprises	neural	connections	between	the	

ganglia	and	nerve	 fibres	supplying	effector	 tissues	which	 include	muscle	of	 the	gut	

wall,	the	epithelial	lining,	gastroenteropancreatic	endocrine	cells	and	intrinsic	blood	

vessels	(Furness,	2006).		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

The	 ENS	 has	 diverse	 roles	 including	 control	 of	 gut	motility,	 gastric	 acid	 secretion,	

regulation	 of	 fluid	 across	 the	 epithelial	 lining,	 blood	 flow,	 handling	 nutrients	 and	

interaction	with	 the	 immune	and	endocrine	 systems	of	 the	gut	 (Furness,	2006).	 In	

addition,	 the	 ENS	 has	 a	 role	 in	maintaining	 the	 epithelial	 barrier	 between	 the	 gut	

lumen	and	tissues	within	the	gut	wall	(Savidge	et	al.,	2007).	

	

Figure	 1.3.	 Organisation	 of	 the	 enteric	 nervous	 system.	 The	 ENS	
consists	 of	 the	 myenteric	 plexus	 which	 is	 situated	 between	 the	
longitudinal	and	circular	muscle	 layers	and	 the	submucosal	plexus	
(SMP)	 which	 has	 outer	 and	 inner	 components.	 The	 ganglia	 are	
connected	 by	 nerve	 fibres	 which	 innervate	 the	 longitudinal	 and	
circular	muscle,	muscularis	mucosae,	intrinsic	arteries	and	mucosa.			
Innervation	 of	 gut-associated	 lymphoid	 tissue	 and	
gastroenteropancreatic	 endocrine	 cells	 is	 also	 present	 but	 not	
illustrated	 here.	 Obtained	 from	 Furness	 JB.	 The	 enteric	 nervous	
system	and	neurogastroenterology.	Nat	Rev	Gastroenterol	Hepatol.	
2012.	9:286-294.	
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Control	of	motility	of	 the	small	and	 large	 intestine	 is	 largely	performed	by	the	ENS	

however	 the	 propulsive	 reflexes	 of	 the	 distal	 colorectum	 are	 regulated	 by	 central	

control	centres	that	maintain	faecal	continence.	Defecation	is	under	the	control	of	the	

CNS	via	the	defecation	centres	in	the	lumbosacral	spinal	cord	(de	Groat	et	al.,	1981;	

Lynch	and	Frizelle,	2006).		

	

There	 is	 an	 array	 of	 neuronal	 subtypes	 and	 neurotransmitters	 which	 have	 been	

identified	within	the	ENS	in	addition	to	4	types	on	enteric	glial	cells	(Odenwald	and	

Turner,	 2017;	 Vanner	 et	 al.,	 2016)	 (See	 1.2.4).	 Intrinsic	 primary	 afferent	 neurons	

activate	reflexes	which	control	motility,	blood	flow	and	epithelial	function	in	response	

to	 stretch,	mucosal	 distortion	and	 chemical	 signals.	 Local	motility	 and	 coordinated	

motor	activity	such	as	peristalsis	and	the	migrating	motor	complex	over	long	distances	

is	 controlled	 by	 interneurons	 and	 motor	 neurons.	 During	 peristalsis	 there	 is	

contraction	of	circular	muscle	behind	the	food	bolus	and	relaxation	of	muscle	in	front,	

propelling	the	bolus	towards	the	anus.	Smooth	muscle	contraction	and	relaxation	is	

controlled	 by	 excitatory	 and	 inhibitory	 motor	 neurons	 respectively.	 Epithelial	

secretion	is	controlled	by	secretomotor	neurons.	Both	secretomotor	and	vasodilator	

neurons	increase	epithelial	secretion	and	blood	vessel	dilatation.	Motor	neurons	also	

have	 a	 role	 in	 innervation	 of	 enteroendocrine	 and	 lymphoid	 follicle	 cells	 and	

intestinofugal	neurons	project	 from	the	bowel	to	prevertebral	sympathetic	ganglia,	

pancreas,	gallbladder,	trachea	and	central	nervous	system	(CNS)	(Furness,	2000).	

	

Afferent	 and	 efferent	 innervation	 from	 vagal	 and	 pelvic	 parasympathetic	 ganglia,	

prevertebral	 and	 paravertebral	 sympathetic	 ganglia	 and	 hormone	 signals	 also	

contribute	 to	 regulation	 of	 intestinal	 function.	 The	 CNS	 and	 bowel	 influence	 each	

other’s	activity	as	sensory	and	motor	signals	travel	in	both	directions	along	the	brain-

gut	axis	(Furness,	2000;	Latorre	et	al.,	2016).		

	

Signals	from	the	ENS	affect	the	activity	of	intestinal	pacemaker	cells,	interstitial	cells	

of	Cajal,	and	smooth	muscle	to	generate	patterns	of	contraction	and	relaxation	that	

vary	by	bowel	region	and	with	luminal	contents	(Blair	et	al.,	2014).	
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Neuronal	type	 Primary	

transmitter	

Associated	
neurochemical	

markers	

	
References	

Excitatory	muscle	motor	
neurons	

Ach	 TK,	enchepalin,	
cRET	

(Brookes	et	al.,	1991b;	
Grider,	2003;	Holzer	and	
Holzer-Petsche,	1997)	

Inhibitory	muscle	motor	
neurons	

NO	 VIP,	TP,	PACAP,	
carbon	monoxide,	
opioids	

(Costa	et	al.,	1992;	
Fahrenkrug	et	al.,	1978;	
Sanders	and	Ward,	1992;	
Xue	et	al.,	2000)	

Ascending	interneurons	 ACh	 TK,	ATP,	cRET,	
encephalin	

(Brookes	et	al.,	1991a)	

ChAT,	nNOS	descending	
interneuron	

ATP,	Ach	 NO,	VIP	 (Brookes,	2001;	Young	et	
al.,	1995)	

ChAT,	5-HT	descending	
interneuron	

ACh	 5-HT,	ATP	 (Furness	and	Costa,	1982;	
Gwynne	and	Bornstein,	
2007;	Monro	et	al.,	2002)	

ChAT,	Somatostatin	
descending	interneuron	

ACh	 Somatostatin	 (Gwynne	and	Bornstein,	
2007;	Portbury	et	al.,	1995)	

Intrinsic	sensory	neuron	 Ach,	CGRP,	TK	 Calbindin,	cRET	 (Grider,	2003;	Johnson	and	
Bornstein,	2004;	Portbury	
et	al.,	1995)	

Interneurons	supplying	
secretomotor	neurons	

ACh	 ATP,	5-HT	 (Monro	et	al.,	2002;	
Surprenant,	1984)	

Non-cholinergic	
secretomotor	neurons	

VIP	 PACAP,	NYP	 (Banks	et	al.,	2005;	Cassuto	
et	al.,	1981)	

Cholinergic	secretomotor	
neurons	

ACh	 cRET	 (Keast	et	al.,	1985;	Young	et	
al.,	1995)	

Motor	neurons	to	gastrin	
cells	

GRP,	ACh	 NYP	 (Holst	et	al.,	1987;	Weigert	
et	al.,	1997)	

Motor	neurons	to	parietal	
cells	

Ach	 VIP	 (Nilsson	et	al.,	1972;	
Weigert	et	al.,	1997)	

Sympathetic	neurons:	
motility	inhibiting	

Noradrenaline	 NPY	 (Finkleman,	1930;	Macrae	
et	al.,	1986)	

Sympathetic	neurons:	
secretion	inhibiting	

Noradrenaline	
ATP	

-	 (Costa	and	Furness,	1984;	
Dresel	and	Wallentin,	1966)	

Sympathetic	neurons:	
vasoconstrictor	

Noradrenaline	
ATP	

NPY	 (Dresel	and	Wallentin,	
1966;	Furness,	1971;	
Furness	et	al.,	1983)	

Intestinofugal	neurons	to	
sympathetic	ganglia	

ACh	 VIP	 (Crowcroft	et	al.,	1971;	
Dalsgaard	et	al.,	1983;	Love	
and	Szurszewski,	1987)	

Table	1.1.	Common	neurotransmitters	in	the	gut.	Abbreviations:	Ach:	Acetylcholine,	ATP:	
adenosine	 triphosphate;	 CGRP:	 Calcitonin	 gene	 related	 peptide;	 GRP:	 Gastrin	 releasing	
peptide;	 NPY:	 Neuropeptide-Y;	 nNO:	 Neuronal	 nitric	 oxide;	 PACAP:	 pituitary	 adenylyl-
cyclase	activating	peptide;	TK:	Tachykinin;	5-HT:	5-Hydroxytrypamine;	VIP:	Vasointestinal	
peptide.	Adapted	from	Furness	JB.	The	enteric	nervous	system	and	neurogastroenterology.	
Nat	Rev	Gastroenterol	Hepatol.	2012.	9:286-294	
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1.2.4.	Cell	types	within	the	enteric	nervous	system	

The	ENS	is	organised	into	full	neural	circuits	comprised	of	a	multitude	of	different	cell	

types	 including	 intrinsic	sensory	neurons,	motor	neurons,	 interneurons	and	enteric	

glia.	 The	 four	main	 classes	of	neurons	within	 the	ENS	are	motor	neurons,	 intrinsic	

primary	 efferent	 neurons,	 intestinofugal	 neurons	 and	 interneurons	 with	 at	 least	

eighteen	functional	subtypes	(Furness,	2000)	(Table	1.1).	There	have	been	4	general	

types	of	glial	cells	described	in	the	gut.	These	consist	of	interganglionic	glia	(type	I),	

intraganglionic	 glia	 (type	 II),	mucosal	 glia	 (type	 III)	 and	 intramuscular	 glia	 (type	 IV)	

(Nagy	and	Goldstein,	2017).	In	order	to	become	this	very	diverse	range	of	neural	cells	

of	the	ENS,	NCC	must	migrate	within	the	gut,	proliferate	extensively,	differentiate	into	

specific	neuronal	subtypes	or	glial	cells	and	survive.	Specific	markers	label	these	cells	

at	 each	 stage	 (Figure	 1.4).	While	we	 now	 have	 a	 good	 understanding	 of	 how	 the	

cellular	 and	molecular	 processes	of	migration	 and	differentiation	of	NCC	 to	 a	 fully	

functional	ENS,	 there	are	still	 gaps	 in	our	understanding	of	 the	 regulation	of	 these	

steps,	which	remains	the	topic	of	extensive	research.	

	

	

	

	

	

	

	

Figure	 1.4.	 Commonly	 used	 markers	 for	 neural	 crest	 cells.	 From	 an	
undifferentiated	state	to	a	differentiated	enteric	neural	cell;	neural	crest	cell	
(NCC),	enteric	nervous	system	progenitor	cell	(ENSPC).	Neuronal	markers	are	
highlighted	in	orange	whereas	markers	which	are	retained	within	glial	lineages	
are	highlighted	in	green.	Adapted	from	Nagy	N,	Goldstein	AM.	Enteric	nervous	
system	development:	A	crest	cell's	journey	from	neural	tube	to	colon.	Semin	
Cell	Dev	Biol.	2017.	66:94-106.	

NCC

Vagal
NCC-derived	

cell ENSPC

Enteric	neuron

Enteric	gliaSox2/10

P75

P75

Sox2/10

Sox10
P75

S100B

Sox2/10

Phox2bTuj1HuC/D

Phox2b



	

	 10	

1.3.	Regulation	of	enteric	nervous	system	precursor	cells	

ENSPC	 must	 perform	 several	 key	 functions	 in	 order	 to	 form	 a	 structurally	 and	

functionally	 intact	 ENS	 which	 requires	 many	 essential	 processes.	 These	 processes	

include	coordinated	proliferation,	cell	survival,	directed	migration,	differentiation	of	

ENSPC	into	neuronal	and	glial	cells	and	ganglion	formation;	aganglionosis	of	the	distal	

gut	can	therefore	occur	if	any	of	these	processes	are	defective.	Regulation	of	these	

processes	 occurs	 via	 a	 number	 of	 transcription	 factors,	 cell	 surface	 receptors	 and	

neurotrophic	signals	(Gershon,	2010;	Nagy	and	Goldstein,	2017).	

	

1.3.1.	Molecular	and	cellular	mechanisms	of	ENS	development	and	maturation	

We	now	have	a	better	understanding	of	the	role	of	a	growing	number	of	intra-	and	

extracellular	 signalling	 factors	 and	 transcription	 factors	 which	 are	 involved	 in	 the	

migration,	proliferation	and	differentiation	of	ENSPC,	and	defects	in	several	of	these	

have	been	implicated	in	HSCR	(Gariepy,	2004;	Memic	et	al.,	2018).	There	are	3	main	

regulators	 expressed	 by	 the	 progenitor	 cells	 which	 are	 essential	 for	 normal	 ENS	

development.	 These	 are	 the	 homeo-domain	 transcription	 factor	 paired-like	

homeobox	2B	(PHOX2B),	transcription	factor	SOX10	and	the	RET	proto-oncogene.		

	

1.3.1.1.	PHOX2B	

PHOX2B	 is	 a	 transcription	 factor	 expressed	 by	 ENSPC	 once	 they	 enter	 the	 gut	

mesenchyme	 (Anderson	 et	 al.,	 2006).	 PHOX2B	 is	 essential	 for	 formation	 of	 all	

autonomic	ganglia,	 including	 the	enteric	ganglia,	by	promoting	ENSPC	proliferation	

and	 survival.	 In	 mice	 lacking	 PHOX2B,	 vagal-crest	 derived	 progenitors	 enter	 the	

foregut	at	E10.5	but	the	ENS	does	not	develop	(Pattyn	et	al.,	1999).	PHOX2B	mutations	

are	known	to	result	in	aganglionosis	(Nagashimada	et	al.,	2012;	Pattyn	et	al.,	1999),	

while	in	patients	heterozygosity	for	mutations	in	PHOX2B	is	associated	with	congenital	

central	hypoventilation	syndrome	(CCHS)	where	16%	of	 individuals	with	CCHS	have	

HSCR	(Amiel	et	al.,	2003).		
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1.3.1.2.	SOX10	

SOX10	is	a	transcription	factor	expressed	by	neural	crest	cells	as	they	delaminate	from	

the	neural	tube;	it	remains	expressed	in	migrating	ENSPC	where	it	is	required	for	their	

survival	 (Britsch	et	 al.,	 2001;	Kapur,	 1999).	 SOX10	expression	 is	maintained	 in	 glial	

lineages	of	the	enteric	nervous	system	and	peripheral	nervous	systems	(Aoki	et	al.,	

2003;	Young	et	al.,	2004).	SOX10	haploinsufficiency	causes	colonic	hypoganglionosis	

and	megacolon	 in	mice	and	 in	humans	SOX10	haploinsufficiency	 is	associated	with	

Waardenburg-Shah	syndrome	(Pingault	et	al.,	1998).		

	

Both	 SOX10	 and	 PHOX2B	 are	 expressed	 by	 undifferentiated	 neural	 crest	 derived	

ENSPC.	These	two	transcription	factors	suppress	each	other,	and	this	is	an	important	

mechanism	for	maintaining	the	proper	balance	of	neurons	versus	glial	cells	in	the	gut.	

Whilst	neural	 crest	progenitor	 cells	which	differentiate	 into	neurons	downregulate	

SOX10,	PHOX2B	is	downregulated	in	glial	cells	(Nagashimada	et	al.,	2012;	Pattyn	et	al.,	

1999).		

	

1.3.1.3.	RET	

RET	is	a	tyrosine	kinase	transmembrane	receptor	and	oncogene	expressed	by	ENSPC.	

RET	promotes	migration,	proliferation	and	survival	of	ENSPC	and	requires	both	SOX10	

and	PHOX2B	for	expression.	Loss	of	either	of	these	therefore	leads	to	total	intestinal	

aganglionosis	(Pattyn	et	al.,	1999;	Southard-Smith	et	al.,	1998).	RET	is	a	signalling	co-

receptor	 for	 the	 glial-derived	 neurotrophic	 factor	 (GDNF)	 family	 of	 ligands	 and	 is	

essential	for	ENS	development.	RET	is	activated	by	GDNF,	a	factor	expressed	in	the	gut	

mesenchyme.	An	 important	role	of	GDNF	signalling	through	RET	and	one	of	 its	co-

receptors,	GDNF	family	receptor-a1	(GFRa1)	is	to	guide	enteric	neural-crest-derived	

progenitors	into	and	along	the	developing	gut,	at	least	as	far	as	the	caecum,	where	

GDNF	accumulates	(Heuckeroth	et	al.,	1998;	Taraviras	et	al.,	1999).	In	RET	knockout	

mice,	the	GI	tract	beyond	the	stomach	is	almost	entirely	aganglionic	(D’Agati	1995)	

whereas	milder	mutations	lead	to	distal	aganglionosis.	Heterozygous	loss-of	function	

mutations	in	RET	are	the	most	common	known	mutations	associated	with	familial	and	

sporadic	forms	of	HSCR	in	humans	(Schuchardt	et	al.,	1994).		
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1.3.1.4.	EDN3	and	EDNRB	

Additionally,	 genes	 coding	 for	 the	 endothelin	 3	 (EDN3)	 ligand	 and	 its	 receptor	

Endothelin	Receptor	 Type	B	 (EDNRB)	 regulate	ENSPC	 colonisation	of	 the	distal	 gut	

(Heanue	and	Pachnis,	2007).	A	critical	role	of	endothelin	signalling	in	abnormal	ENS	

development	 is	 supported	 by	 the	 identification	 of	 coding	 mutations	 in	 EDN3	 and	

EDNRB	in	up	to	5%	of	HSCR	patients,	reduced	EDN3	expression	levels	in	sporadic	HSCR	

cases,	and	mice	with	colonic	aganglionosis	 (Kenny	et	al.,	2000).	Naturally	occurring	

mice	with	an	EDNRB	mutation,	Piebald	lethal,	or	EDN3	mutation,	also	known	as	lethal	

spotting,	 also	 demonstrate	 pigmentary	 anomalies	 and	 sensorineural	 deafness.	

Penetration	of	heterozygous	mutations	appears	 to	be	 incomplete	 in	HSCR	patients	

and	 short	 segment	HSCR	 is	 largely	 predominant	 (Amiel	 et	 al.,	 1996;	 Bidaud	 et	 al.,	

1997).		

	

1.3.2.	The	Notch	Signalling	Pathway		

1.3.2.1.	The	Canonical	Notch	Signalling	Pathway	

The	 Canonical	 Notch	 signalling	 pathway	 (CNSP)	 has	 a	 significant	 role	 in	 the	

homeostasis	and	development	of	many	tissues	and	has	been	evolutionarily	conserved	

amongst	 invertebrates	 and	 mammals	 (Andersson	 et	 al.,	 2011).	 Many	 biological	

processes	 including	 cell	 proliferation,	 apoptosis,	 migration,	 self-renewal	 and	

differentiation	 are	 regulated	 by	 the	 CNSP	 (Bazzoni	 and	 Bentivegna,	 2019).	 Thus,	

dysregulation	of	Notch	signalling	has	been	implicated	in	developmental	abnormalities	

and	 cancer	 (D'Souza	 et	 al.,	 2010).	 In	mammals,	 Notch	 signalling	 is	 composed	 of	 4	

receptors,	Notch	receptor	1	to	4,	and	5	ligands;	Delta-like	1,	3	and	4,	and	Jagged	1	and	

2	(D'Souza	et	al.,	2010).		

	

Notch	 signalling	 is	 initiated	 by	 the	 engagement	 of	 ligand-expressing	 and	 receptor-

expressing	cells	(Figure	1.5).	The	Notch	intracellular	domain	(NICD),	the	intracellular	

signalling	fragment	of	the	receptor,	is	released	through	a	series	of	proteolytic	cleavage	

events	via	the	γ-secretase	complex.	The	cell	surface	sheddase,	ADAM10,	a	disintegrin	

and	metalloproteinase	10	(Tsai	et	al.,	2014),	aids	in	cleaving	the	extracellular	receptor	

domain.	Following	its	release,	the	NICD	translocates	to	the	nucleus	and	interacts	with	
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the	DNA-binding	protein	RBPJk.	This	transcriptional	repressor	complex	is	converted	

into	an	activator	complex	via	recruitment	of	co-activators	such	as	Mastermind.	In	this	

way,	transcription	of	Notch	target	genes,	such	as	those	in	the	hairy	enhancer	of	split	

(Hes)	family,	are	activated	(Andersson	and	Lendahl,	2014;	Demitrack	and	Samuelson,	

2016).	Pofut	1,	protein	O-fucosyltrasferase	1,	functions	upstream	of	NICD	and	is	an	

essential	 component	 of	 Notch	 signalling.	 Pofut	 1	 transfers	O-fucose	 to	Notch	 EGF	

repeats,	forming	the	substrate	of	Fringe	which	regulates	Notch-Delta	interactions	and	

trafficking	of	the	receptor	(Okamura	and	Saga,	2008).	In	addition	to	Fringe	modulation	

of	 Notch	 receptor	 signalling,	O-Fucose	 is	 required	 for	 signalling	 by	 urokinase-type	

plasminogen	 activator	 (uPA)	 through	 the	 uPA	 receptor,	 and	 for	 Cripto	 to	mediate	

Nodal	 Signalling	 (Shi	 and	 Stanley,	 2003).	 It	 is	 therefore	 not	 specific	 to	 the	 Notch	

Signalling	pathway.	

	

	

1.3.2.2.	Role	of	Notch	signalling	within	the	nervous	system	

The	 Notch	 signalling	 pathway	 has	 also	 been	 implicated	with	 roles	 throughout	 the	

development	of	the	nervous	system.	Notch	signalling	is	involved	in	different	aspects	

of	 neurogenesis.	 The	 canonical	 Notch	 signalling	 pathway	 (CNSP)	 can	 regulate	 the	

proliferation	 and	 differentiation	 of	 a	 variety	 of	 neural	 progenitor	 cells	 and	 it	 is	

essential	for	the	maintenance	of	neural	stem	cells	in	the	central	nervous	system	(CNS)	

(Hitoshi	 et	 al.,	 2002;	 Morrison	 et	 al.,	 2000)	 and	 peripheral	 nervous	 system	 (PNS)	

(Wakamatsu	et	al.,	2000).	In	addition,	Notch	signalling	regulates	sympathetic	neuron	

Figure	 1.5:	 Schematic	 demonstrating	 Notch	
signalling.	Once	the	Notch	receptor	is	activated	via	
a	 ligand	 on	 an	 adjacent	 cell	 membrane,	 the	 in	
Notch	 intracellular	 domain	 (NICD)	 is	 released	
through	membrane	proteolysis,	via	the	y-secretase	
complex	and	a	series	of	cleavage	events.	Following	
interaction	 with	 CSL	 (CBF1/Suppressor	 of	
Hairless/LAG-1:	 also	 known	 as	 RBP-JK)	 and	
Mastermind-like	 protein	 (MAML),	 forming	 the	
transactivation	 complex,	 transcription	 of	 target	
genes	 such	 as	 Hes1	 is	 initiated.	 Adapted	 from	
Andersson	ER,	Lendahl	U.	Therapeutic	modulation	
of	 Notch	 signalling	 –	 are	 we	 there	 yet?	Nat	 Rev	
Drug	Discov.	2014	13:357	-378	
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development	(Tsarovina	et	al.,	2008),	cardiac	neural	crest	differentiation	(High	et	al.,	

2007),	melanocyte	development	(Moriyama	et	al.,	2006)	and	mesencephalic	neural	

crest	differentiation	(Ijuin	et	al.,	2008).	

	

1.3.2.3.	Notch	signalling	within	the	enteric	nervous	system	

There	is	evidence	for	the	need	for	Notch	signalling	during	ENS	development,	in	the	

maintenance	of	ENSPC	and	in	gliogenesis	(Jia	et	al.,	2012;	Liu	and	Ngan,	2014;	Ngan	

et	al.,	2011;	Okamura	and	Saga,	2008).	Okamura	and	Saga,	2008,	demonstrated	that	

elimination	of	the	Pofut1	gene,	a	core	component	of	Notch	signalling,	in	neural	crest	

cells	 in	Pofut1	 conditional	knockout	embryos	 showed	a	 reduction	 in	enteric	neural	

crest	cells	and	premature	neurogenesis.	This	was	accompanied	by	the	loss	of	SOX10	

expression	 and	 by	 an	 increase	 in	 the	 number	 of	Mash1-positive	 ENSPC,	 known	 to	

repress	SOX10,	highlighting	that	Notch	signalling	is	required	for	maintenance	of	ENS	

progenitors	(Okamura	and	Saga,	2008).	We	have	also	previously	demonstrated	that	

self-renewal	and	differentiation	of	ENSPC	derived	from	both	embryonic	and	postnatal	

gut	is	determined	by	the	Notch	signalling	pathway	in	vitro	(Theocharatos	et	al.,	2013).	

Theocharatos	et	al.,	2013,	have	shown	that	 inhibition	of	Notch	signalling	using	a	g-

secretase	 inhibitor,	 N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine	 t-butyl	

ester	(DAPT),	decreases	proliferation	of	cells	whilst	increasing	the	number	of	b-tubulin	

III	 (Tuj1)	 positive	 neural	 cells	 in	 dissociated	 human	 and	 mouse	 ganglionic	 bowel	

derived	neurospheres	(Theocharatos	et	al.,	2013).	This	supports	that	Notch	signalling	

is	 important	 for	 maintaining	 proliferation	 of	 cells	 and	 preventing	 premature	

differentiation.	This	effect	was	confirmed	using	siRNA	knock-down	of	RBPJk,	a	core	

component	of	the	CNSP	(Theocharatos	et	al.,	2013).	

	

1.3.3.	Other	important	signalling	pathways	

There	 are	 also	 many	 other	 important	 signalling	 pathways	 involved	 in	 ENS	

development	 which	 include	 Neuroregulin	 1	 activation	 of	 receptor	 tyrosine	 kinase	

ERBB3,	endothelin	3	activation	of	endothelin	type	receptor	B,	Hedgehog,	retinoids,	

bone	 morphogenic	 proteins	 and	 the	 nuclear	 orphan	 receptor	 NR2F1,	 which	 all	

modulate	enteric	progenitor	cell	proliferation	and	differentiation	to	alter	the	balance		
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Pathway	
	

Role	 Ligand	 Receptors	 Associated	
pathways	

References	

RET		
signalling	

ENCC	proliferation,	
survival	and	migration	

Glial-derived	
neurotrophic	
factor	(GDNF)	

Receptor	
complex		
RET	and	
Co-receptor	
GDNF	
(GFR⍺1)	

RAS/MAPK,	
JNK,	PI3K,	
SOX10,	
PHOX2B,	RA	
(retinoic	
acid)	

(Barlow	et	al.,	
2003;	
Chalazonitis	et	
al.,	1998;	Nagy	
and	Goldstein,	
2017)	

EDNRB	signalling	 Proliferation	of	ENCC	
and	maintenance	of	
progenitor	state	

Endothelin-3	
(EDN3)	

Endothelin	
receptor	B	
(EDNRB)	

SOX10	 (Barlow	et	al.,	
2003;	Nagy	and	
Goldstein,	2017;	
Wu	et	al.,	1999)	

NT-3	 Survival	and	
differentiation	of	
neurons	and	glia	

Neurotrophin	
(NT-3)	

TrkC	 RET,	GDNF,	
Ciliary	
neurotrophic	
factor	

(Belkind-Gerson	
et	al.,	2006;	
Chalazonitis,	
2004;	Gershon	
and	Ratcliffe,	
2004)	

SOX10	 Progenitor	
maintenance	and	
regulates	RET	
expression	

	 	 RET-GDNF,	
EN3-EDNRB,	
PAX3	

(Kapur,	1999;	
Lang	et	al.,	2000;	
Southard-Smith	
et	al.,	1998)	

PHOX2B	 Promotes	ENSPC	
survival	and	regulates	
RET	expression	

	 	 RET	 (Corpening	et	al.,	
2008;	Garcia-
Barcelo	et	al.,	
2003;	Pattyn	et	
al.,	1999)	

MASH1	(ASCL1)	 Promotes	neuronal	
survival	and	mature	
differentiation	

	 	 SOX10,	
Notch	

(Blaugrund	et	al.,	
1996;	Guillemot	
and	Joyner,	
1993)	

HAND2	 Later	stages	of	
neurogenesis	and	
neurotransmitter	
specification	

	 	 	 (D'Autreaux	et	
al.,	2007;	Lei	and	
Howard,	2011)	

Notch	signalling	
(canonical	and	
non-canonical)	

Maintains	progenitors	
in	a	proliferative	
progenitor	state	

Delta-like	1,3	
and	4	
Jagged	1-2	

Notch	1	to	
4	

Sonic	
Hedgehog,	
Tyrosine	
kinase,	
JAKSTAT,	
Wnt	

(Ngan	et	al.,	
2011;	Okamura	
and	Saga,	2008)	
	

5-HT	 Promotion	of	adult	
neurogenesis	

Serotonin	(5-
HT)	

5-HT4	
receptor	

	 (Belkind-Gerson	
et	al.,	2015)	
	

Sonic	hedgehog	
(SHH)	
Indian	hedgehog	
(IHH)	

Proliferation	and	
differentiation	of	
mesenchyme,	
establishing	
concentric	patterning	
along	the	radial	axis	

	 	 BMP4,	
FOXF1,	
FOXF2,		
PTC-1	

(Ngan	et	al.,	
2011;	Ramalho-
Santos	et	al.,	
2000;	Roberts	et	
al.,	1995;	
Sukegawa	et	al.,	
2000)	

Bone	
morphogenic	
proteins	BMP2	
and	BMP4	

ENCC	migration	and	
enteric	neuronal	and	
glial	differentiation	
and	neurotransmitter	
specification	

	 	 NOGGIN,	
NCAM,	
PHOX2B,	
ASCL1,	
HAND2,	TrKC	

(Chalazonitis	and	
Kessler,	2012;	
Goldstein	et	al.,	
2005)	
	

Wnt	signalling	
(canonical	and	
non-canonical)	

Induction	of	neural	
crest	cell	formation	

Wnt1,	Wnt3a,	
Wnt4,	Wnt5a,	
Wnt8,	Wnt11	

Frizzled	
receptors	

B-catenin,	
TCF4,	BMP,	
FGF	

(Schmidt	et	al.,	
2008;	Zhang	et	
al.,	2017)	

	Table	1.2.	Important	signalling	pathways	associated	with	NCC	formation,	proliferation,	
differentiation	and	migration.		
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of	 neurons	 and	 glia	 in	 the	 ENS	 (Rao	 and	 Gershon,	 2018).	 Table	 1.2	 outlines	 the	

important	pathways	involved	in	NCC	development.	

	
1.4.	Abnormal	enteric	nervous	system	development	in	Hirschsprung’s	
disease	
	

1.4.1.	Genetics	of	Hirschsprung’s	disease	

Hirschsprung’s	disease	has	a	complex	pattern	of	inheritance.	Approximately	20%	of	

cases	 are	 familial	with	 the	 remainder	 being	 sporadic	 (Amiel	 et	 al.,	 2008).	 Through	

association	 studies	 and	 genome	 wide	 sequencing,	 genes	 associated	 with	 disease	

development	have	been	identified	(Alves	et	al.,	2013).	Familial	and	syndromic	cases	

exhibit	 both	 dominant	 and	 recessive	 Mendelian	 modes	 of	 inheritance	 whereas	

sporadic	cases	have	a	more	complex	non-Mendelian	mode	of	inheritance	(Badner	et	

al.,	1990).	Overall,	penetrance	of	mutations	is	generally	low	and	there	appears	to	be	

a	sex	difference	in	the	penetrance	and	expression	of	mutations.	The	penetrance	of	a	

gene	mutation	is	reflected	by	the	extent	of	aganglionosis	of	affected	family	members.	

However,	having	a	mutation	does	not	predict	that	an	individual	will	have	HSCR,	rather	

it	increases	their	susceptibility.		

	

There	are	two	main	signalling	pathways	among	the	identified	gene	mutations;	the	RET	

/	GDNF	pathway	and	 the	EDNRB	/	EDN3	pathway	which	have	been	described.	The	

Receptor	 tyrosine	 kinase	 receptor	 (RET)	 proto-oncogene	 gene	 mapped	 to	 locus	

10q11.2	 is	the	major	susceptibility	gene	(Amiel	et	al.,	2008).	RET	 is	also	 involved	in	

MEN2A	and	familial	medullary	thyroid	carcinoma	which	can	be	found	as	an	association	

with	HSCR	in	some	families.	Mutations	in	RET	are	found	in	up	to	50%	of	familial	cases	

and	15	to	20%	of	sporadic	cases	(Amiel	et	al.,	2008;	Kenny	et	al.,	2010).	The	length	of	

aganglionic	segment	is	thought	to	be	influenced	by	the	severity	of	the	mutation,	its	

dosage	and	presence	of	modifying	factors	(Basel-Vanagaite	et	al.,	2007;	Edery	et	al.,	

1994).	

	

Other	important	genetic	associations	include	linkage	of	SOX10	mutation	with	Shah-

Waardenburg	 and	 PHOX2B	 mutations	 with	 neuroblastoma	 and	 congenital	 central	
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hypoventilation	 syndrome.	 Given	 that	 HSCR	 involves	 defects	 in	 neural	 crest	 cell	

development,	it	is	unsurprising	that	it	is	also	linked	with	other	neurocristopathies	such	

as	Mowat-Wilson	and	Smith	Lemli-Opitz	syndrome	(Amiel	et	al.,	2008).	

	

Short	segment	HSCR	is	largely	sporadic	and	male	dominant,	with	males	being	affected	

2	to	4	times	more	commonly	than	females.	There	appears	to	be	a	higher	proportion	

of	 familial	cases	 for	 longer	segment	HSCR	with	a	reduction	 in	the	gender	bias	with	

more	extensive	aganglionosis	(Kenny	et	al.,	2010;	Mc	Laughlin	and	Puri,	2015).	The	

overall	recurrence	risk	in	siblings	of	probands	with	HSCR	is	4%	with	a	relative	risk	of	

200.	 In	 isolated	HSCR	the	recurrence	risk	 is	2	to	33%	with	the	highest	risk	for	male	

siblings	of	a	female	proband	with	long	segment	HSCR	(Amiel	et	al.,	2008).		

	

1.4.2.	Extrinsic	innervation	of	the	gut		

Healthy	bowel	receives	both	intrinsic	and	extrinsic	innervation,	forming	the	neuronal	

circuitry	 within	 the	 myenteric	 and	 submucosal	 plexuses.	 Extrinsic	 innervation	 is	

comprised	of	sympathetic,	vagal	and	visceral	afferent	innervation	(Figure	1.6)(Uesaka	

et	al.,	2016).		

	

	

	

	

Cell	 bodies	 within	 the	 prevertebral	 sympathetic	 ganglia,	 the	 coeliac,	 superior	

mesenteric	and	inferior	mesenteric	ganglia,	supply	the	noradrenergic	fibres	within	the	

Figure	 1.6:	 Schematic	
diagram	 demonstrating	
postganglionic	 sympathetic	
neurons	 (blue),	
parasympathetic	 extrinsic	
neurons	 (pink),	 vagal	 and	
spinal	 afferent	 neurons	
(green)	 projecting	 into	 the	
gut.	 Obtained	 from	 Uesaka	
et	 al.	 Development	 of	 the	
intrinsic	 and	 extrinsic	
innervation	 of	 the	 gut.	 Dev	
Biol.	2016.	417	158-167	
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wall	of	the	gastro-intestinal	(GI)	tract.	The	inferior	mesenteric	ganglia	provide	fibres	

to	the	large	intestine	with	remaining	noradrenergic	fibres	to	the	rectum	originating	

from	 the	 pelvic	 ganglia.	 Thus,	 smooth	 muscle	 wall,	 ganglia	 of	 the	 myenteric	 and	

submucosal	plexuses	and	arteries	of	the	GI	tract	receive	an	extensive	network	of	fibres	

from	 prevertebral	 ganglia	 noradrenergic	 innervation	 with	 axons	 from	 sympathetic	

neurons	growing	towards	their	targets	along	arteries	(Furness	and	Costa,	1974).		

	

The	 vagus	 nerve	 supplies	 both	 afferent	 and	 efferent	 fibres.	 Neurites	 from	 vagal	

afferents	form	extensive	networks	of	endings	in	the	smooth	muscle,	myenteric	plexus	

and	mucosa.	Vagal	motor	 innervation	of	 the	GI	 tract	 is	 restricted	 to	 the	myenteric	

plexus	where	individual	efferent	fibres	collateralise	extensively	throughout	the	plexus,	

with	 terminal	 swellings	 in	 close	 approximation	 with	 individual	 myenteric	 neurons	

(Holst	et	al.,	1997;	Powley	et	al.,	1994).		

	

Primary	 afferent	 sensory	 fibres	 originating	 from	 cell	 bodies	 in	 dorsal	 root	 ganglia	

project	along	the	mesenteric	arteries	to	enter	the	GI	tract	and	provide	a	perivascular	

network	 of	 fibres	 to	 the	 arterial	 system,	 around	 neurons	 in	 the	 ganglia	 of	 the	

myenteric	and	submucosal	plexuses,	and	within	the	villi	of	mucosa.	The	role	of	the	

dorsal	root	afferents	in	the	control	of	GI	function	echoes	this	pattern	of	innervation,	

and	includes	blood	flow,	neuronal	excitability,	motility,	and	secretion	(Chiocchetti	et	

al.,	2006;	Sternini	and	Anderson,	1992).	Spinal	afferents	arise	from	trunk	and	sacral	

level	neural	crest	cells	and	project	to	the	gut	via	the	thoracic	and	lumbar	splanchnic	

nerves,	 then	 via	mesenteric	 nerves,	whereas,	 sacral	 afferents	 project	 to	 the	 distal	

colon	via	the	pudendal	and	pelvic	nerves	(Costa	et	al.,	2004).		

	

Morphological	 differences	 exist	 between	 extrinsic	 and	 intrinsic	 nerves.	 Extrinsic	

nerves	exhibit	a	compact	arrangement	and	are	intermixed	with	endoneurial	collagen.	

In	 addition,	 extrinsic	 nerves	 are	 surrounded	 by	 perineural	 sheaths	 that	 express	

glucose	transporter	1	(Glut-1),	nerve	growth	factor	receptor	(P75)	and	glial	fibrillary	

acidic	 protein	 (GFAP),	which	 are	 not	 present	 around	 intrinsic	 nerves	 (Kakita	 et	 al.,	

2000;	Kapur	and	Kennedy,	2013;	Kawana	et	al.,	1988).		
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Extrinsic	nerve	fibres	present	 in	healthy	colon	appear	to	be	more	prominent	 in	the	

rectum	 compared	 to	 proximal	 sections	 and	 are	 also	 more	 prominent	 in	 the	

submucosal	plexus	than	 in	the	myenteric	plexus.	 (Kakita	et	al.,	2000).	 Interestingly,	

these	 fibres	 are	 found	 in	 the	 distal	 rectum	 at	 all	 ages,	 but	 not	 identified	 in	 colon	

proximal	to	the	rectum	in	infants	less	than	one	year	of	age.	Similarly,	in	older	controls,	

the	density	and	maximal	nerve	caliber	of	these	nerves	is	significantly	greater	in	the	

rectum	 versus	 the	 pre-rectal	 colon.	 In	 the	 distal	 rectum,	 the	 density	 and	maximal	

nerve	diameter	of	submucosal	nerves	is	significantly	greater	in	controls	older	than	one	

year	versus	under	one	year	of	age	(Kapur	and	Kennedy,	2013).		

	

1.4.3.	Abnormal	extrinsic	innervation	of	the	gut	in	Hirschsprung’s	disease	

In	short	segment	HSCR,	ganglia,	consisting	of	enteric	neurons	and	glia,	which	comprise	

the	intrinsic	innervation,	are	absent	from	the	distal	aganglionic	segment	of	bowel	and	

extrinsic	innervation	is	conversely	exaggerated	(Tam	and	Boyd,	1990;	Watanabe	et	al.,	

1998).	 Histologically,	 numerous	 thickened	 nerve	 fibre	 bundles	 (TNB)	 are	 identified	

throughout	the	myenteric	and	submucosal	plexuses	in	the	distal	aganglionic	rectum	

and	caudally	into	the	transition	zone.	Projections	from	autonomic	and	sensory	ganglia	

are	 the	 source	 of	 extrinsic	 innervation	 to	 the	 rectum	 and	 colon,	 predominantly	

cholinergic	 parasympathetic	 ganglion	 cells.	 These	 extrinsic	 nerves	 consist	 of	 nerve	

fibres	 ensheathed	 by	 non-myelinating	 Schwann	 cells,	 endoneurial	 collagen	 and	 a	

perineurium	 (Kakita	 et	 al.,	 2000;	 Kapur,	 2009;	 Kawana	 et	 al.,	 1988;	 Uesaka	 et	 al.,	

2016).	In	normal	colon,	extrinsic	nerve	fibres	follow	the	direction	of	the	muscle	fibres	

whereas	in	aganglionic	bowel,	nerve	fibres	are	disorganised	(Tam	and	Boyd,	1990).	

	

It	is	the	number	and	diameter	of	these	fibres	that	increase	in	HSCR,	giving	rise	to	the	

TNB	that	are	frequently	seen	(Kapur,	2009;	Monforte-Munoz	et	al.,	1998),	however,	

some	studies	have	suggested	that	the	nerve	bundle	diameter	is	reduced	or	absent	in	

the	aganglionic	bowel	of	patients	with	longer	segment	disease	(Natarajan	et	al.,	1999;	

Solari	et	al.,	2003).	It	has	been	noted	that	the	calibre	and	number	of	TNB	reduces	in	

more	proximal	 bowel	 in	HSCR,	 particularly	 in	 the	 transition	 zone	 (Doi	 et	 al.,	 2005;	

Kakita	et	al.,	2000;	Kapur	and	Kennedy,	2013).	
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Current	hypotheses	for	aganglionosis	of	the	distal	bowel	in	HSCR	include;	a	failure	of	

migration	of	ENCC	into	the	distal	bowel	due	to	reduced	proliferation	(Simpson	et	al.,	

2007),	premature	differentiation	and	therefore	inadequate	colonisation	of	the	distal	

gut	(Hearn	et	al.,	1998;	Wu	et	al.,	1999)	and	a	delay	or	 failure	of	differentiation	of	

ENCC	into	neurons	and	glial	cells	once	ENCC	have	reached	the	distal	bowel	(Nagy	and	

Goldstein,	2017).	Given	that	there	may	be	an	additional	contribution	of	ENS	cells	to	

the	colon	which	are	derived	from	Schwann	cell	precursors	associated	with	extrinsic	

nerve	fibres	(Uesaka	et	al.,	2015),	the	role	of	extrinsic	nerve	fibres	in	HSCR	remains	

unclear.	Whether	the	TNB	are	a	cause	or	consequence	of	aganglionosis	is	yet	to	be	

determined.	Thus,	a	greater	understanding	of	the	 interaction	between	the	 intrinsic	

and	 extrinsic	 innervation	 in	 HSCR	 in	 comparison	 to	 normoganglionic	 bowel	 may	

provide	further	insight	into	the	aetiology	of	HSCR.		

	

1.4.4.	The	transition	zone		

The	transition	zone	(TZ)	is	a	region	between	ganglionic	and	aganglionic	segments	of	

bowel	 with	 features	 of	 subcircumferential	 aganglionosis,	 hypoganglionosis	 of	 the	

myenteric	 plexus,	 abnormal	 extrinsic	 ‘hypertrophic’	 innervation	 and	hyperplasia	 of	

the	submucosal	plexus	in	some	cases	(Kapur,	2009;	Kapur	and	Kennedy,	2013;	Meier-

Ruge	et	al.,	1972).	It	is	the	projections	from	extrinsic	ganglia,	which	usually	penetrate	

the	muscularis	externa	and	innervate	the	myenteric	and	submucosal	plexuses,	which	

appear	to	be	hypertrophied	in	the	transition	zone	(Kapur	and	Kennedy,	2013).	The	TZ	

may	extend	proximally	for	relatively	long	distances	(>10cm)	before	a	normal	density	

of	 ganglion	 cells	 is	 established	 and	 is	 usually	 irregular	 along	 aspects	 of	 the	 bowel	

circumference	(Coyle	et	al.,	2019;	Kapur,	2009;	Thakkar	et	al.,	2020).		

	

Coyle	 et	 al.,	 2016,	 have	 demonstrated	 differences	 in	 the	 expression	 of	 key	

neurotransmitters	 between	 ganglionic	 HSCR	 bowel,	 the	 transition	 zone	 and	

aganglionic	 HSCR	 bowel	 using	 immunofluorescence	 and	 Western	 blot	 analysis.	 In	

particular,	 they	have	found	that	ChAT	expression	 is	high	 in	 the	transition	zone	and	

aganglionic	bowel	and	reduced	in	ganglionic	bowel	in	comparison	to	controls.	This	is	

the	opposite	to	nNOS	expression	which	appears	to	be	markedly	reduced	in	aganglionic	
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bowel	but	is	highly	expressed	in	ganglionic	bowel.	The	transition	zone	is	anatomically	

important	 when	 performing	 surgery	 to	 remove	 the	 aganglionic	 bowel	 and	 these	

differences	 may	 therefore	 account	 for	 the	 symptoms	 which	 children	 experience	

following	pull-through	 surgery.	However,	 like	 the	 aganglionic	 region,	 the	biological	

and	developmental	basis	of	 the	transition	zone	 is	not	yet	 fully	understood.	Little	 is	

known	regarding	the	interaction	between	the	intrinsic	and	extrinsic	innervation	within	

the	TZ;	 thus,	 improving	our	understanding	of	 this	 relationship	may	provide	 further	

insight	into	the	aetiological	mechanisms	involved	in	HSCR.		

	

1.4.5.	Schwann	cell	precursors	associated	with	extrinsic	nerve	fibres	

Whilst	we	know	that	extrinsic	parasympathetic	nerve	fibres	are	characteristic	of	the	

aganglionic	 region	of	bowel	 in	Hirschsprung’s	disease	 (Watanabe	et	 al.,	 1998),	 the	

exact	source	of	ENSPC	in	this	region	is	not	well	recognised.	A	recent	genetic	lineage	

tracing	study,	using	desert	hedgehog	(Dhh):Cre	driver	which	 is	active	 in	developing	

Schwann	cells	but	not	 in	 vagal	neural	 crest	derived	 cells,	 has	demonstrated	 that	 a	

subset	of	Schwann	cell	precursors	(SCP)	gives	rise	to	enteric	neurons	in	mice.	Perinatal	

SCP	neurogenesis	was	observed	 in	vitro	and	 in	vivo.	These	SCP	contribute	to	5%	of	

submucosal	neurons	in	the	small	intestine	and	approximately	20%	of	neurons	in	the	

large	 intestine	 (Uesaka	et	al.,	2015).	SCP	which	populated	 the	 large	 intestine	were	

initially	observed	along	extrinsic	nerves.	In	addition,	there	appear	to	be	two	distinct	

populations	of	cells	which	arise	from	sacral	neural	crest	derived	cells	which	enter	the	

hindgut.	 One	 population	 expresses	 dopamine	 b-hydroxylase	 and	 PHOX2B	 which	

enters	the	hindgut	after	E13.5	but	before	E15.5	(Anderson	et	al.,	2006;	Uesaka	et	al.,	

2015).	The	second	population	appears	to	be	phenotypical	SCP	as	they	express	glial	

markers	 such	as	SOX10	but	not	PHOX2B.	These	enter	 the	hindgut	along	 the	pelvic	

nerves	after	E16.5.	Interestingly,	SCP	specific	RET	inactivation	resulted	in	significant	

reduction	of	enteric	neurons	in	the	terminal	portion	of	the	colon	in	4	month	old	mice,	

indicating	that	SCP-derived	neurogenesis	is	required	for	the	postnatal	maintenance	of	

structural	integrity	of	the	ENS	(Uesaka	et	al.,	2015).		
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Schwann	cells,	the	glial	cells	of	peripheral	nerves,	arise	from	neural	crest	cells	via	two	

intermediate	 stages;	 Schwann	cell	 precursors	which	are	 formed	when	neural	 crest	

cells	 form	 intimate	 relationships	 with	 axons	 of	 nascent	 embryonic	 nerves	 and	

immature	Schwann	cells	 in	 late	embryonic	and	perinatal	nerves.	 It	 is	 the	 immature	

Schwann	cells	which	form	myelin	and	non-myelin	Schwann	cells	of	adult	nerves	via	

axon-associated	signal	induction	(Jessen	and	Mirsky,	2019).		

	

1.5.	Regenerative	medicine	and	cell-based	therapy	

Considerable	 progress	 in	 regenerative	 medicine	 offers	 cell-based	 solutions	 to	

dysfunction	 of	 the	 enteric	 nervous	 system.	 Beyond	 HSCR,	 this	 extends	 into	 other	

enteric	 neuropathies	 such	 as	 oesophageal	 achalasia,	 gastroparesis,	 hypertrophic	

pyloric	 stenosis	 and	 intestinal	 pseudo-obstruction	 (Burns	 et	 al.,	 2016;	 Burns	 and	

Thapar,	2014;	Cooper	et	al.,	2016).	The	aims	of	novel	HSCR	treatment	strategies	would	

be	 to	 avoid	 the	 adverse	 conventional	 treatment	 sequelae	 and	 to	 restore	 the	

physiological	ENS	development	and	 function.	Critical	 steps	remain	to	be	addressed	

prior	 to	 translation	 of	 cell-based	 therapies	 to	 humans	 however.	 These	 include	 the	

optimal	source	of	stem	cells,	ideal	culture,	amplification	and	differentiation	strategies	

prior	 to	 transplantation,	 methods	 of	 cell	 delivery,	 cell	 fate	 and	 safety	 after	

transplantation.		

	

1.5.1.	Source	of	stem	cells	

Stem	cells	which	have	regenerative	capacity	are	currently	being	used	to	repopulate	

the	ENS	and	CNS.	These	range	from	pluripotent	cells	such	as	embryonic	stem	cells	or	

induced	pluripotent	stem	cells	to	more	committed	neuronal	precursors	such	as	adult	

stem	cells	or	those	sourced	from	relevant	tissue	including	the	gut.		

	

1.5.1.1.	Embryonic	stem	cells	

Mouse	embryonic	stem	cells	 (ESC)	and	human	ESC	are	pluripotent	cells	capable	of	

forming	many	 neuronal	 cell	 types	 including	 enteric	 neurons	 (Evans	 and	 Kaufman,	

1981;	Thomson	et	al.,	 1998).	 The	main	 source	of	ESC	 is	 the	 inner	 cell	mass	of	 the	

blastocyst	which	form	at	a	very	early	stage,	day	4	to	5	in	humans	(Davies	et	al.,	2015).	
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Neural	 crest	 progenitors	 derived	 from	 mouse	 ESC	 have	 been	 found	 to	 colonise	

explants	 of	 aneural	 hindgut	 of	 mouse	 embryos	 with	 differentiated	 neural	 cells	

(Kawaguchi	 et	 al.,	 2010).	 Human	 ESC	 also	 have	 the	 capacity	 to	 give	 rise	 to	 neural	

progenitors	which	appear	to	generate	neural	crest-like	cells.	These	progenitor	cells	

have	been	shown	to	migrate	along	normal	neural	crest	migratory	pathways	in	quail	

embryos	in	vivo	and	colonise	explants	of	embryonic	mouse	gut	in	vitro	(Hotta	et	al.,	

2009).	 The	 main	 limitations	 of	 ESC	 include	 potential	 uncontrolled	 proliferation,	

tumour	 formation	 and	 requirement	 for	 immunosuppression	 due	 to	 ESC-mediated	

immune	modulation	(Pearl	et	al.,	2012).		

	

1.5.1.2.	Induced	pluripotent	stem	cells	

In	order	 to	avoid	 some	of	 the	 immunological	and	bioethical	 issues	associated	with	

embryonic	 stem	 cells,	 human	 somatic	 cells	 have	 been	 reprogrammed	 into	 a	

pluripotent	 state	 to	 produce	 induced	 pluripotent	 stem	 cells	 (iPSC)	 (Takahashi	 and	

Yamanaka,	 2006).	 These	 iPSC	 have	 been	 derived	 from	 many	 sources	 including	

fibroblasts,	 stomach,	 liver	and	blood.	Reprogramming	 is	 carried	out	by	 introducing	

transcriptional	factors,	small	molecules	or	drugs	including	synthetic	mRNA	which	have	

known	 effects	 on	 various	 signalling	 pathways	 (Jung	 et	 al.,	 2014;	 Rabinovich	 and	

Weissman,	2013).	Human	iPSC	have	been	found	to	form	3D	intestinal	organoids	and	

gut	like	structures	with	distinct	layers,	neuronal	networks	and	interstitial	cells	of	Cajal,	

and	display	spontaneous	contractions	(Workman	et	al.,	2017).	Fattahi	et	al.,	2016,	and	

Li	et	al.,	2016,	have	shown	that	enteric	neural	precursors	generated	from	human	iPSC	

can	be	 transplanted	 into	 the	 colon	of	 adult	mice	where	 they	have	been	 shown	 to	

migrate	over	the	entire	length	of	the	colon	and	generate	enteric	neurons	(Fattahi	et	

al.,	 2016;	 Li	 et	 al.,	 2016).	 Moreover,	 after	 transplantation	 of	 human	 iPSC-derived	

enteric	neuron	precursors	into	the	colon	of	a	homozygous	EDNRB	negative	mice,	in	

addition	 to	 administration	 of	 systemic	 immunosuppression,	 gastrointestinal	 transit	

time	appeared	to	be	improved	and	mice	survived	beyond	the	usual	mortality	period	

of	4	to	6	weeks	in	comparison	to	controls.	Human	cells	were	found	to	localise	within	

the	myenteric	and	submucosal	regions	6	weeks	and	3	months	post	transplantation	

with	a	preference	towards	the	submucosal	region	(Fattahi	et	al.,	2016).		
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1.5.1.3.	Neural	stem	cells	

A	population	of	self-renewing	multipotent	neural	progenitors	also	exist	within	the	CNS	

and	have	been	considered	for	ENS	therapy	due	to	their	properties	(Micci	and	Pasricha,	

2007).	 These	 neural	 progenitors	 give	 rise	 to	 nNOS	 expressing	 neurons	 when	

transplanted	into	the	pyloric	wall	of	an	animal	model	of	gastroparesis,	thus	improving	

gastric	emptying	(Micci	et	al.,	2005).	Neural	stem	cells	derived	from	the	foetal	cerebral	

cortex	have	also	been	demonstrated	to	restore	the	rectoanal	inhibitory	reflex	in	adult	

rats	 following	 transplantation	 into	 the	 rectum	 with	 formation	 of	 nNOS	 and	 ChAT	

expressing	neurons	(Dong	et	al.,	2008).	In	addition,	cells	derived	from	rodent	neural	

tube	 ‘neuroepithelial	 stem	 cells’	 have	 been	 shown	 to	 give	 rise	 to	 nNOS	 and	 ChAT	

expressing	neurons	capable	of	improving	colonic	motility	(Liu	et	al.,	2007).	

	

1.5.1.4.	Enteric	neural	crest	stem	cells		

Tissue	specific	multipotent	progenitor	cells	are	present	within	the	ENS.	These	neural	

crest	progenitors	arise	within	the	gut	during	development	and	persist	in	postnatal	life	

and	 have	 the	 ability	 to	 form	 the	 ENS	 when	 transplanted	 into	 uncolonised,	 or	

aganglionic	 gut	 (Bixby	 et	 al.,	 2002;	 Kruger	 et	 al.,	 2002;	 Natarajan	 et	 al.,	 1999;	

Sidebotham	et	al.,	2002).		

	

Isolation	 of	 enteric	 nervous	 system	 progenitor	 cells	 (ENSPC)	 from	 the	 gut	 was	

originally	described	following	dissociation	of	embryonic	chick	and	quail	and	foetal	rat	

and	mouse	bowel	through	immunoselection,	using	antibodies	to	RET,	P75,	NC-1	and	

laminin	binding	protein	(Lo	and	Anderson,	1995;	Natarajan	et	al.,	1999;	Pomeranz	et	

al.,	 1993).	 Subsequently,	 similar	 techniques	 such	 as	 flow	 cytometry	 to	 isolate	 cells	

expressing	the	neural	crest	marker	P75	and	a4	integrin	have	been	utilised	to	culture	

ENSPC	from	dissociated	postnatal	and	adult	rodent	bowel	(Bixby	et	al.,	2002;	Iwashita	

et	al.,	2003;	Kruger	et	al.,	2002).		

	

Neurosphere-like	bodies	(NLB),	3-D	spherical	structures,	were	identified	in	cultures	of	

dissociated	 foetal	 and	 postnatal	 mouse	 gut	 cultures	 and	 found	 to	 contain	 large	

numbers	of	mature	neurons	and	glial	cells	including	proliferating	progenitors.	These	

cells	demonstrated	self-renewal	in	culture,	and	when	cultured	at	clonal	densities,	gave	
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rise	to	neurons	with	many	neuronal	subtypes	and	glial	cells	present	in	the	mammalian	

enteric	nervous	system	(Bondurand	et	al.,	2003).		

	

ENSPC	have	since	been	isolated	from	the	ganglionic	region	of	gut	from	HSCR	mouse	

models	(Bondurand	et	al.,	2003;	Hotta	et	al.,	2016)	and	from	both	human	ganglionic	

and	aganglionic	Hirschsprung	bowel	(Almond	et	al.,	2007;	Lindley	et	al.,	2008;	Metzger	

et	al.,	2009;	Rauch	et	al.,	2006;	Wilkinson	et	al.,	2015).	These	cells	are	cultured	in	a	

similar	way	to	CNS	stem	cells	by	dissociation	of	gut	to	give	rise	to	neurospheres	or	NLB	

(Bondurand	et	al.,	2003;	Hotta	et	al.,	2011).	These	enteric	spheroids	can	be	expanded	

and	differentiated	depending	on	the	cell	culture	conditions	(Zhang	and	Hu,	2013).	In	

addition,	enterospheres	can	be	subcultured	into	secondary	and	tertiary	neurospheres	

and	maintained	in	culture	for	several	weeks	in	vitro	(Lindley	et	al.,	2009;	Metzger	et	

al.,	2009).		

	

Various	methods	of	 ENSPC	 isolation	and	neurosphere	 culture	 from	embryonic	 and	

postnatal	murine	 and	 human	 bowel	 have	 been	 described.	 These	methods	 involve	

enzymatic	 digestion	of	 dissected	bowel	 or	muscle	 layers	 and	 regular	 trituration	 to	

achieve	a	single	cell	suspension.	Cells	are	filtered	through	a	nylon	mesh	and	cultured	

under	adherent	(Bondurand	et	al.,	2003;	Pomeranz	et	al.,	1993),	low	adherent	or	non-

adherent	conditions	 (Almond	et	al.,	2007;	Lindley	et	al.,	2008;	Theocharatos	et	al.,	

2013;	Wieck	et	al.,	2016).	A	hanging	drop	culture	method	has	also	been	described	to	

culture	central	nervous	system	and	enteric	nervous	system	neurospheres	(Dixon	et	

al.,	2018;	Vogler	et	al.,	2018).	In	addition,	cells	can	be	sorted	by	flow	cytometry	prior	

to	culture	to	isolate	ENSPC	(Bixby	et	al.,	2002;	Kruger	et	al.,	2002).	Generally,	a	larger	

number	of	neural	crest	progenitors	are	isolated	from	the	muscle	layers	and	myenteric	

plexus	of	the	gut	than	the	submucosal	layer	and	epithelium	(Becker	et	al.,	2012).	Table	

1.3	 summarises	 the	 different	 methods	 used	 to	 culture	 embryonic	 and	 postnatal	

mouse	 and	 human	 bowel.	 In	 most	 cases,	 NLB	 from	 dissociated	 embryonic	 and	

postnatal	mouse	gut	appear	to	form	quicker	than	those	from	human	bowel.			
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Table	1.3.	Summary	of	different	methods	of	neurosphere	culture	
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1.5.1.5.	Autologous	and	allogenic	stem	cell	sources	

Stem	cells	can	be	grouped	as	autologous	or	allogeneic	depending	on	their	source.		

	

Autologous	stem	cells	are	derived	directly	form	the	patient	and	are	therefore	both	

collected	from	and	administered	to	the	same	person.	Advantages	of	autologous	cells	

are	 that	 they	 are	 easier	 to	 obtain	 as	 a	 HLA-matched	 donor	 does	 not	 need	 to	 be	

identified	and	they	lack	immune	rejection	following	administration,	with	avoidance	of	

graft	versus	host	disease.	Thus,	immunosuppression	and	associated	problems	can	be	

avoided.	However,	 autologous	 cells	may	 require	 a	 few	weeks	 for	 isolation,	 in-vitro	

expansion	 and	 release.	 it	 is	 also	 advised	 that	 for	 patients	with	 cancer	 and	 genetic	

conditions,	 allogeneic	 stem	cell	 transplantation	 is	 favourable	due	 to	 the	 risk	of	 re-

transmission	 into	the	patient	 (Alexandrescu	et	al.,	2013;	Champlain,	2003;	Li	et	al.,	

2021).	

	

Allogeneic	stem	cells,	on	the	other	hand,	are	derived	from	another	person	who	is	not	

the	patient.	The	most	common	example	of	allogeneic	stem	cells	which	are	used	 in	

therapies	are	hematopoietic	stem	cells	such	as	bone	marrow,	peripheral	blood	and	

umbilical	cord	blood	cells.	Advantages	of	autologous	stem	cells	are	donor	selection,	

various	sources,	off-the-shelf	availability	and	in	some	cases,	low	immunogenicity	and	

induction	of	 an	 immune	 response	under	 certain	 conditions.	 Immunosuppression	 is	

required	when	allogeneic	cells	are	administered	which	make	the	patient	vulnerable	to	

infections.	These	infections	can	often	be	difficult	to	treat	(Nauta	et	al.,	2006;	Zangi	et	

al.,	2009).	There	is	a	chance	that	the	cells	may	be	rejected	by	the	patient	and	up	to	

60%	of	patients	experiencing	graft-versus-host	disease	whereby	an	immune	response	

attacks	the	patient	(Li	et	al.,	2021;	Ramachandran	et	al.,	2019).		

	

1.5.2.	Application	of	enteric	nervous	system	progenitor	cells	

Perhaps	the	most	promising	application	of	ENSPC	is	autologous	transplantation	with	

the	avoidance	of	 immunologic	 rejection.	Although	there	are	 limitations	 in	 terms	of	

restricted	harvesting	and	self-renewal	potential,	these	cells	are	less	likely	to	undergo	

uncontrolled	growth	and	neural	cells	are	programmed	to	give	rise	to	neurons	and	glial	
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cells.	There	have	been	significant	advances	in	the	applications	of	ENSPC	over	the	last	

decade.		

	

1.5.2.1.	Transplantation	of	ganglionic	bowel	derived	ENSPC	

Neurospheres	 obtained	 from	 postnatal	 mouse	 gut	 have	 been	 transplanted	 into	

ganglionic	 hindgut	 of	wildtype	 littermates	 and	 aganglionic	 hindgut	 of	 homozygous	

EDNRB	negative	mice.	Specifically,	ENSPC	derived	from	the	neurospheres	were	found	

to	 proliferate	 and	 differentiate	 into	 enteric	 neurons	 and	 glia	 within	 recipient	

ganglionic	 gut	 with	 branching	 networks	 visible	 along	 the	 endogenous	 myenteric	

plexus	and	neural	networks	of	the	transition	zone	(Cooper	et	al.,	2016).	

	

ENSPC	obtained	from	the	ganglionic	bowel	of	postnatal	homozygous	EDNRB	negative	

mice,	human	HSCR	and	non-HSCR	ganglionic	colon	have	also	been	transplanted	into	

the	aganglionic	gut	of	a	homozygous	EDNRB	HSCR	mouse	model	and	have	been	shown	

to	proliferate,	migrate	and	undergo	neuronal	differentiation.	These	cells	gave	rise	to	

glial	cells,	neurons	and	enteric	subtypes	within	aganglionic	bowel	(Cheng	et	al.,	2017;	

Hotta	et	al.,	2016).	In	addition,	transplanted	cells	were	found	to	express	neuronal	and	

glial	markers	Hu,	TUJ	and	S100	(Cheng	et	al.,	2017).	In	a	similar	fashion,	P75	positive	

ENSPC	derived	from	human	HSCR	ganglionic	colon	have	been	co-cultured	with	aneural	

smooth	muscle	fragments	derived	from	aganglionic	HSCR	gut.	Ganglion-like	clusters	

of	P75	positive	cells	were	observed	within	the	muscle	fragments	and	stained	positively	

for	Hu,	TUJ,	SOX10	and	S100.	Cells	also	appeared	to	migrate	distally	form	the	implant	

site	(Rollo	et	al.,	2016).	

	

Almond	 et	 al.,	 2007,	 have	 demonstrated	 ENSPC	migration	 and	 differentiation	 into	

neuronal	 and	 glial	 phenotypes	 following	 transplantation	 of	 neurospheres	 derived	

from	ganglionic	HSCR	bowel	into	mouse	embryonic	aganglionic	gut	explants	(Almond	

et	 al.,	 2007).	 Furthermore,	 Lindley	 and	 colleagues	 demonstrated	 that	 the	 high	

contraction	 frequency	 of	 aganglionic	 bowel	 was	 restored	 to	 the	 lower	 rate	 of	

ganglionic	bowel	 following	 transplantation	with	neurospheres	derived	 from	human	

ganglionic	bowel	(Lindley	et	al.,	2008).		
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1.5.2.2.	Isolation	and	transplantation	of	aganglionic	bowel	derived	ENSPC	

Significantly,	 ENSPC	 have	 been	 isolated	 from	 aganglionic	 bowel,	 where	 the	 ENS	 is	

absent,	 and	 shown	 to	differentiate	 into	neurons	 and	glial	 cells	 in	 culture.	 Through	

passage	and	reculture,	Wilkinson	et	al.,	2015,	were	able	to	demonstrate	an	increase	

in	the	proportion	of	cells	expressing	P75	in	dissociated	cells	from	primary	through	to	

tertiary	neurospheres	with	a	concurrent	increase	in	the	proportion	of	calretinin,	TUJ	

and	GFAP	positive	cells	showing	differentiation	of	ENSPC	into	neuronal	and	glial	cells.	

A	proportion	of	cells	dissociated	from	tertiary	neurospheres	demonstrated	a	distinct	

neuronal	morphology	with	elongated	neuronal	processes	and	expressed	nNOS	and	

VIP.	In	addition,	Wilkinson	et	al.,	2015,	hypothesised	that	the	neural	crest	cells	arose	

from	the	perineurium	of	extrinsic	thickened	nerve	fibres	as	P75	expressing	cells	were	

present	 in	both	ganglionic	and	aganglionic	bowel	derived	neurospheres.	Thickened	

nerve	 trunks	 of	 aganglionic	 gut	 displayed	 P75	 immunoreactivity	 with	 very	 strong	

immunofluorescence	in	the	perineurium	and	lower	levels	of	immunoreactivity	in	the	

endoneurium	(Wilkinson	et	al.,	2015).		

	

Cells	 from	 aganglionic	 bowel	 derived	 neurospheres	 transplanted	 into	 aganglionic	

bowel	 explants	 were	 also	 shown	 to	 migrate	 and	 differentiate	 into	 neuronal	 cells	

expressing	TUJ	and	to	reduce	the	contraction	frequency	of	the	bowel	(Wilkinson	et	al.,	

2015).	This	raises	important	questions	regarding	the	nature	and	source	of	these	cells	

and	whether	these	cells	behave	in	a	similar	fashion	to	ganglionic	bowel	derived	ENSPC.	

Additionally,	do	they	have	the	capacity	to	regenerate	the	ENS?	

	

1.5.3.	Application	of	ENSPC	for	novel	treatments	

1.5.3.1.	Adverse	treatment	sequelae		
	

Despite	modifications	to	the	original	pull-through	procedures	and	advancements	 in	

surgical	 techniques	 over	 time,	 surgery	 for	 children	 with	 Hirschsprung’s	 disease	

continues	 	 to	 be	 associated	 with	 significant	 morbidity.	 A	 recent	 national	 study	

assessing	the	outcomes	of	children	with	HSCR	aged	5	to	8	years	has	demonstrated	

that	57%	of	children	are	incontinent	of	faeces	and	69%	of	children	have	constipation	

following	pull-through	surgery.	In	addition,	1	in	5	children	require	enemas	or	rectal	or	

colonic	washouts	 to	maintain	 voluntary	 bowel	movements	 (Allin	 et	 al.,	 2020).	 The	
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incidence	of	reported	faecal	incontinence	in	adolescents	and	adults	varies	between	8	

and	71%	with	constipation	affecting	up	to	50%	of	adults	compared	to	age	and	gender	

matched	controls	(Conway	et	al.,	2007;	Heikkinen	M,	1995;	Jarvi	et	al.,	2010).	

	

Removal	 of	 the	 rectum	 itself	 leads	 to	 loss	 of	 the	 rectal	 reservoir.	 In	 the	 Swenson	

procedure,	 full-thickness	 dissection	 of	 the	 rectum	 is	 performed	 which	 can	 be	

associated	with	pelvic	nerve	damage	and	incontinence.	 In	the	Soave	procedure,	on	

the	other	hand,	an	aganglionic	bowel	rectal	muscle	sleeve	is	retained	which	can	lead	

to	 functional	 obstruction	 or	 constipation.	 Constipation	 is	 also	 common	 after	 the	

Duhamel	procedure	due	to	the	anterior	aganglionic	rectal	wall	being	left	in	situ	and	

this	can	form	a	blind	pouch.	In	all	cases,	the	internal	anal	sphincter	is	preserved	which	

remains	 aganglionic.	 Internal	 anal	 sphincter	 achalasia,	 due	 to	 loss	 of	 the	 recto-

inhibitory	 reflex,	 can	 therefore	 occur	 resulting	 in	 obstructive	 symptoms.	 Any	

iatrogenic	damage	to	the	anal	canal	and	internal	anal	sphincter	during	surgery	may	

also	result	in	incontinence,	however,	this	is	more	likely	to	occur	following	transanal	

surgery	alone	as	opposed	to	laparoscopic	assisted	procedures	(Bischoff	et	al.,	2017;	

Langer,	2004;	Stensrud	et	al.,	2015;	Wester	and	Granstrom,	2017).	

	

1.5.3.2.	Potential	for	neurogenesis	and	regenerative	therapy	

Current	 research	 focussing	 on	 the	 isolation,	 expansion	 and	 transplantation	 of	

progenitor	cells,	which	exist	postnatally	in	vivo	and	retain	the	ability	to	differentiate	

in	to	both	enteric	glia	and	neurons,	could	be	beneficial	in	the	development	of	de	novo	

and	 adjunctive	 cell-based	 therapies	 to	 address	 some	 of	 these	 adverse	 treatment	

sequelae.	 If	 sufficient	 numbers	 of	 ENSPC	 were	 generated	 for	 transplantation,	 to	

restore	the	defective	ENS	and	improve	function	of	the	bowel,	then	surgery	could	be	

avoided.	A	more	practical	approach,	however,	would	be	transplantation	of	ENSPC	in	

to	the	internal	anal	sphincter	or	remaining	aganglionic	bowel,	as	an	adjunct	to	surgery,	

to	 relieve	obstructive	 symptoms.	An	alternative	 to	 transplantation	of	 ENSPC	 is	 the	

potential	 to	 induce	 neurogenesis	 in	 situ	 with	 autologous	 ENSPC	which	 have	 been	

found	to	be	present	within	aganglionic	human	HSCR	bowel	(Wilkinson	et	al.,	2015)	to	

regenerate	the	missing	ENS.	This	would	avoid	the	requirement	for	in	vitro	expansion	

and	culture	of	ENSPC	and	potential	 risks	of	ENSPC	 transplantation.	Although	 these	
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treatments	would	be	most	effective	in	treating	obstructive	symptoms,	incontinence	

post	surgery	is	much	more	difficult	to	treat.		

	

There	 has	 been	 extensive	 work	 in	 neurosphere	 and	 ENSPC	 characterisation	 and	

optimisation	to	date,	however,	a	majority	of	this	work	has	been	focused	on	ganglionic	

bowel	 derived	 ENSPC	 in	 vitro.	 Further	 work	 is	 therefore	 required	 to	 identify	 a	

reproducible	method	of	culturing	ENSPC	derived	from	the	aganglionic	region,	in	order	

to	 characterise	 the	 cells	 in	 more	 detail,	 and	 to	 understand	 their	 behaviour	 and	

regulatory	 mechanisms.	 Furthermore,	 optimisation	 of	 the	 neurogenic	 potential	 of	

these	cells	can	then	be	established.		

	

In	 addition	 to	 inhibition	 of	 Notch	 signalling	 using	 a	 Notch	 pathway	 inhibitor	

(Theocharatos	 et	 al.,	 2013),	 other	 factors	 which	 have	 been	 used	 to	 promote	

neurogenesis	 in	 murine	 and	 human	 ganglionic	 bowel	 derived	 ENSPC	 include	 glial	

derived	 neurotrophic	 factor	 (GDNF)	 (Cheng	 et	 al.,	 2016;	 McKeown	 et	 al.,	 2017),	

endothelin-3	 (Cheng	et	al.,	2016),	 retinoic	acid	 (McKeown	et	al.,	2017),	 insulin-like	

growth	factor	(Liu	et	al.,	2018)	and	serotonin	(5HT-4)	(Cheng	et	al.,	2016;	Goto	et	al.,	

2016;	Hotta	et	al.,	2016;	Takaki	et	al.,	2015;	Yu	et	al.,	2017).	These	factors	have	not	

yet	been	shown	to	regulate	the	behaviour	of	aganglionic	bowel	derived	ENSPC.	

	

Laranjeira	 et	 al.,	 2011,	 have	 shown	 that	 SOX10-expressing	 glial	 progenitors	 can	

reactivate	their	neurogenic	potential	and	differentiate	 into	mature	enteric	neurons	

(Laranjeira	et	al.,	 2011).	 Following	application	of	Benzalkonium	chloride	 (BAC)	 to	a	

small	area	of	the	small	intestine	of	adult	mice	formation	of	new	neurons	was	identified	

from	yellow	 fluorescent	protein	 (YFP)	 labelled	glial	 cells	within	enteric	ganglia	at	3	

months.	 The	 percentage	 of	 YFP	 positive	 enteric	 neurons	 detected	 within	 enteric	

ganglia	was	 inversely	 proportional	 to	 their	 distance	 from	 the	 treated	area,	 ranging	

from	0.5%	to	9%	(Laranjeira	et	al.,	2011).	

	

There	is	also	evidence	that	colitis	promotes	enteric	neurogenesis	in	the	adult	colon	

through	a	serotonin-dependent	mechanism	that	drives	glial	cells	to	transdifferentiate	

into	neurons	(Belkind-Gerson	et	al.,	2015).	
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1.6.	Fundamental	questions	arising	from	recent	work	

With	the	hypothesis	that	SCP	of	neural	crest	origin	are	the	potential	source	of	ENSPC	

in	 the	 aganglionic	 region	 (Uesaka	 et	 al.,	 2015;	 Wilkinson	 et	 al.,	 2015),	 further	

characterisation	 of	 these	 cells	 is	 required	 to	 understand	 their	 behaviour	 and	

differentiation	potential	both	in	vitro	and	in	vivo.	

	

However,	it	remains	unclear	if	ENSPC	obtained	from	the	aganglionic	region	have	the	

same	developmental	potential	as	the	vagal	neural	crest-derived	cells	that	give	rise	to	

the	ENS	during	normal	development.	The	answer	to	this	question	is	important	in	order	

to	assess	the	potential	of	cells	from	the	aganglionic	gut	of	HSCR	patients	to	be	used	as	

autologous	therapy	to	compensate	for	the	lacking	ENS	in	that	region.	

	

Identification	of	the	source	and	characterisation	of	aganglionic	gut-derived	ENSPC	can	

be	used	to	assess	their	feasibility	for	transplants,	or	more	excitingly,	to	stimulate	the	

glial	cells	of	aganglionic	Hirschsprung	bowel	in	situ	to	generate	a	native	ENS.	Before	

any	such	therapy	can	be	introduced,	we	need	to	understand	in	more	detail	the	in	vivo	

mechanisms	which	regulate	proliferation	and	differentiation	of	ENSPC,	to	ensure	the	

absence	 of	 uncontrolled	 growth	 and	 to	 enhance	 the	 production	 of	 appropriate	

neuronal	phenotypes	to	correct	gut	contractility.	

	

1.7.	Aims	of	the	thesis	

The	thesis	therefore	has	the	following	aims:		

1. To	 assess	 the	 expression	 and	 distribution	 of	 neuronal,	 glial	 and	 neural	 crest	

progenitor	 cell	 markers	 in	 the	 aganglionic	 region	 and	 transition	 zone	 in	 short	

segment	Hirschsprung’s	disease	in	comparison	to	the	ganglionic	region.		

2. To	assess	whether	presence	of	thickened	extrinsic	nerve	fibres	in	the	aganglionic	

region	correlate	with	disease	phenotype.		

3. To	optimise	 culture	of	 ENSPC	associated	with	 thickened	nerve	 fibre	bundles	 in	

aganglionic	bowel	and	ENSPC	derived	from	ganglionic	Hirschsprung	bowel,	in	the	

form	of	neurospheres,	in	order	to	allow	a	direct	comparison	of	characteristics	of	

cell	phenotypes	and	their	potential.		
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4. To	 identify	 the	 presence	 and	 distribution	 of	 Notch	 receptors	 in	 aganglionic	

Hirschsprung	 bowel	 in	 comparison	 to	 ganglionic	 bowel	 and	 to	 assess	 whether	

manipulation	of	Notch	signalling	can	regulate	ENSPC	behaviour.		
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Chapter	2:	Materials	and	Methods	
	
2.1.	Standard	sample	isolation	techniques	

2.1.1.	Postnatal	human	bowel	

Ethical	approval	was	obtained	from	the	North	West	3	Research	Ethics	Committee	to	

collect	human	colonic	samples	during	elective	surgical	procedures	(Ref:10/H1002/77).	

Individual	consent	was	obtained	from	parents	for	each	child	recruited	to	the	study.	All	

samples	were	anonymised	prior	to	processing	and	all	human	tissue	was	stored	and	

destroyed	 according	 to	 guidelines	 set	 down	 in	 the	 Human	 Tissue	 Act	 2004.	 A	

substantial	 amendment	 to	 the	 study	protocol	was	 submitted	and	approved	by	 the	

Research	Ethics	Committee	in	October	2016	for	analysis	of	archived	bowel	specimens.		

	

A	 sample	 of	 bowel	 was	 obtained	 from	 the	 ganglionic	 and	 aganglionic	 regions	 of	

resected	colon	following	confirmation	of	aganglionosis	from	intra-operative	biopsies	

by	a	consultant	paediatric	histopathologist.	In	addition,	a	small	section	was	obtained	

from	both	regions	for	freezing.	These	samples	were	washed	with	saline	and	placed	in	

4%	(w/v)	paraformaldehyde	(Thermo	Scientific).	Samples	were	transported	to	the	lab	

in	sterile	saline	soaked	gauze	on	ice	within	2	hours.	

	

2.1.2.	Serial	segments	for	transition	zone	characterisation		

Three	distal	 bowel	 specimens	were	obtained	during	pull-through	 surgery	 for	 short	

segment	 Hirschsprung’s	 disease.	 Bowel	 specimens	were	 divided	 into	 four	 sections	

based	on	macroscopic	appearance	and	histological	analysis	of	intra-operative	frozen	

sections	obtained:	Ganglionic	region,	upper	transition	zone,	lower	transition	zone	and	

aganglionic	region	(Figure	2.1).	The	ganglionic	region	(A)	is	identified	intra-operatively	

by	confirmatory	seromuscular	biopsies	obtained	 intra-operatively	which	 indicate	to	

the	surgeon	that	ganglion	cells	are	present	on	frozen	section	H&E	immunostaining.	

The	transition	zone	was	identified	as	the	portion	of	bowel	between	the	ganglionic	and	

aganglionic	regions	and	was	equally	divided	 into	two	halves.	The	proximal	half	was	

labelled	as	the	‘upper	transition	zone’	and	the	distal	half	was	labelled	as	the	‘lower	

transition	zone’	based	on	anatomical	location.	The	initial	dilated	portion	(C)	represents	

the	 lower	 transition	 zone	and	 the	 region	 immediately	 above	 represents	 the	upper	
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transition	zone	(B).	The	most	distal	aganglionic	region	was	identified	visually	based	on	

macroscopic	appearance	as	it	is	narrowed	compared	to	the	remaining	colon	(D).	Small	

2x2cm	segments	were	obtained	from	each	region	for	immunohistochemical	analysis.	

Whilst	attempts	were	made	to	be	as	accurate	as	possible	when	dividing	the	bowel	in	

to	 respective	 regions,	 these	 are	 representative	 samples	 as	 only	 circumferential	

biopsies	can	identify	the	exact	ganglionic	and	aganglionic	bowel	regions,	given	that	

the	length	of	transition	zone	is	variable.	Nonetheless,	the	transition	from	ganglionic	

to	aganglionic	bowel	is	represented	by	the	samples	obtained.	Additionally,	3	control	

sigmoid	bowel	 samples	were	obtained	 from	patients	with	anorectal	malformations	

undergoing	closure	of	colostomy.	

	

	

	

	

	

	

	

	

	

	

	

2.2.	Standard	buffers	and	tissue	culture	media	

2.2.1.	Neurosphere	medium	(NM)	

DMEM	low	(1%	w/v)	glucose,	supplemented	with:	

• 2%	v/v	chicken	embryo	extract	(Sera	Laboratories	West	Sussex,	UK)	

• 1%	v/v	fetal	calf	serum	(Sigma-Aldrich)	

• 2mM	final	concentration	L-glutamine	(Invitrogen)	

Figure	 2.1.	 Schematic	 of	 bowel	 regions	 used	 to	
obtain	serial	segments.	Photograph	of	‘pull-through’	
bowel	obtained	following	surgical	resection	of	bowel	
for	short	segment	Hirschsprung’s	disease.	Schematic	
demonstrates	 estimated	 regions	 of	 bowel	 based	 on	
macroscopic	appearance	of	bowel.	
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• 100	Units/ml	Penicillin	/	100µg/ml	streptomycin	(Life	Technologies)	

• 0.05mM	final	concentration	mercaptoethanol	(Thermo	Scientific)	

• 20ng/ml	final	concentration	fibroblast	growth	factor	II	(Sigma-Aldrich)	

• 20ng/ml	final	concentration	Epidermal	growth	factor	(Sigma-Aldrich)	

	

2.2.2.	Horse	Serum	Medium	(HSM)	

DMEM	high	glucose	(4.5%	w/v),	supplemented	with:	

• 20%	v/v	Medium	199	(Thermo	Scientific)	

• 7%	v/v	Heat	inactivated	horse	serum	(Thermo	Scientific)	

• 100	Units/ml	Penicillin	/	100µg/ml	streptomycin		

• 2mM	final	concentration	L-glutamine	

	

2.2.3.	Immunofluorescence	blocking	buffer	(IBB)	

PBS	(CaCl2	/MgCl2	free)	supplemented	with:	

• 20%	v/v	Goat	serum	(Sigma-Aldrich)	

• 0.1%	w/v	NaN3	

• 0.1%	v/v	Triton	X100	

• 1%	w/v	Bovine	serum	albumin	(Merck)	

For	 staining	 of	 cell	 surface	 receptors	 0.1%	 triton	was	 replaced	with	 0.1%	 Saponin	

(Sigma-Aldrich)	to	preserve	the	architecture	of	the	cell	membrane	

	

2.3.	Cell	culture	techniques	

2.3.1.	Ganglionic	and	aganglionic	bowel	dissociation		

The	techniques	for	human	bowel	dissociation	to	obtain	a	single	cell	suspension	were	

based	on	previously	published	work	from	our	group	(Almond	et	al.,	2007;	Lindley	et	

al.,	2008;	Wilkinson,	2014;	Wilkinson	et	al.,	2015).	All	procedures	were	carried	out	

under	aseptic	conditions.		

	

Samples	were	washed	twice	with	PBS	(supplemented	with	gentamicin	at	50µg/ml)	at	

room	temperature.	The	mucosa	and	submucosa	were	removed	using	the	dissecting	

microscope	 and	 the	 serosal	 surface	 was	 cleaned	 of	 any	 residual	 blood	 vessels	 of	
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mesentery.	 The	 residual	 tissue	 (longitudinal	 /	 circular	 muscle	 including	 myenteric	

plexus)	was	cut	into	1mm	x	1mm	pieces.	Approximately	1ml	aliquots	of	the	sample	

were	placed	in	15cm	falcon	tubes	with	addition	of	1.5ml	of	collagenase	(Gibco)	and	

dispase	 (Gibco)	 (both	 1%	 w/v).	 Collagenase	 was	 supplemented	 with	 CaCl2	 to	 aid	

activation.	The	samples	were	then	incubated	in	a	water	bath	at	370C	for	1	hour.	During	

this	time,	the	aliquoted	samples	were	triturated	after	30	minutes	of	incubation	to	aid	

enzymatic	digestion.	After	the	first	30	minutes	of	incubation,	samples	were	vortexed	

briefly	 and	 inspected	macro	and	microscopically	every	15	minutes.	 Incubation	was	

stopped	when	a	single	cell	suspension	was	obtained.	If	within	an	hour,	this	was	not	

achieved,	the	samples	were	then	centrifuged	at	300g	for	5	minutes,	the	supernatant	

removed	and	fresh	enzymes	added	to	the	samples.	The	samples	were	vortexed	briefly	

and	 inspected	 macro	 and	 microscopically	 every	 15	 minutes	 until	 a	 single	 cell	

suspension	 was	 achieved.	 A	 majority	 of	 samples	 required	 1	 hour	 of	 incubation.	

Following	incubation,	the	sample	was	centrifuged	at	300g	for	5	minutes,	washed	twice	

with	PBS	 and	 re-suspended	 in	2ml	of	HSM.	 The	 cells	were	 then	 filtered	 through	a	

40µm	cell	strainer	(Falconã,	BD	Biosciences,	UK),	centrifuged	one	further	time	at	300g,	

the	supernatant	removed	and	the	cells	re-suspended	in	1ml	HSM	in	order	to	count	

the	number	of	cells.		

	

2.3.2.	Culture	of	primary	ganglionic	and	aganglionic	bowel	derived	neurospheres			

Cells	were	counted	using	a	haemocytometer	and	approximately	1	million	cells	were	

placed	into	a	60mm	adherent	dish	(NuncTM,	Thermo	Scientific)	with	additional	HSM	to	

make	 a	 total	 volume	 of	 6ml.	 Amphotericin	 (0.5µg/ml)	 (Life	 Technologies)	 and	

Gentamicin	 (50µg/ml)	 (Thermo	 Scientific)	were	 added	 to	 the	medium	 for	 the	 first	

week	in	culture.	Neurospheres	were	seen	to	form	between	14	and	20	days	of	culture.		

	

2.4.	Tissue	section	preparation	

2.4.1.	Full	thickness	colonic	frozen	sections		

Bowel	samples	were	washed	with	PBS	and	placed	 into	4%	(w/v)	paraformaldehyde	

(PFA)	for	6	hours	at	room	temperature	following	bowel	resection.	The	samples	were	

then	washed	twice	with	PBS	and	placed	in	20%	sucrose	(Sigma)	overnight	at	40C	for	
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cryoprotection.	Specimens	were	transferred	into	Peel-A-WayÓ	moulds	and	embedded	

in	400µl	Shandon	Cryomatrix	the	following	day	and	stored	at	-800C	until	sectioning.	

Full	thickness	sections	of	7µm	diameter	were	obtained	using	the	HM505N	cryostat	at	

-220C	using	a	MX35	microtome	blade	(Thermo	Scientific).	Sections	were	mounted	on	

to	Superfrost	Plus	microscope	slides	(Thermo	Scientific).	Slides	were	stored	at	-800C.	

	

2.4.2.	Neurosphere	frozen	sections	

Neurospheres	were	removed	from	culture	and	washed	with	PBS	prior	to	fixing	with	

4%	PFA	for	a	duration	of	15	minutes	at	room	temperature.	Following	two	further	PBS	

washes,	 neurospheres	were	 transferred	 to	 Peel-A-WayÓ	moulds	 and	 embedded	 in	

200µl	Shandon	Cryomatrix	freezing	medium	(Thermo	Scientific).	Neurospheres	were	

gently	centrifuged	at	150g	for	3	minutes	to	ensure	placement	at	the	bottom	of	the	

mould	and	 stored	at	 -800C	until	 sectioning.	7µm	sections	were	obtained	using	 the	

cryostat	as	outlined	in	2.4.1.		

		

2.5.	Dissociated	neurosphere	preparations	

To	allow	determination	of	expression	at	single	cell	level,	neurospheres	in	culture	were	

dissociated	with	0.025%	 trypsin	with	 EDTA	 (Life	 Technologies)	 at	 370C	 and	 seeded	

onto	coated	glass	chamber	slides.	

	

2.5.1.	Chamber	slide	preparation	

To	improve	cell	adherence,	Falcon	8-well	culture	slides	(Corning)	were	coated	under	

aseptic	 conditions	 with	 Poly-D-Lysine	 (Sigma-Aldrich)	 and	 Fibronectin	 (Merck	

Millipore).	Each	chamber	was	first	coated	with	50µg	Poly-D-Lysine	in	200µl	PBS,	for	4	

hours	at	room	temperature.	Slides	were	washed	twice	with	distilled	water	and	then	

coated	with	1µg	of	Fibronectin	in	200µl	PBS.	This	was	left	at	370C	for	a	further	hour	

before	washing	once	with	sterile	PBS.		

	

2.5.2.	Cell	centrifugation	for	single	cell	analysis	

Neurospheres	were	placed	into	a	15ml	falcon	tube	and	centrifuged	at	1500rpm	for	3	

minutes.	The	supernatant	was	removed	and	the	pellet	of	neurospheres	was	washed	
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gently	with	PBS.	2ml	of	0.05%	trypsin	with	EDTA	was	added	to	the	pellet	and	the	pellet	

was	gently	triturated.	The	falcon	tube	was	then	placed	in	the	water	bath	at	370C	for	2	

to	 3	 minutes.	 Cells	 were	 placed	 into	 a	 sterile	 petri	 dish	 and	 reviewed	 under	 the	

microscope	until	a	single	cell	suspension	had	formed.	The	same	volume	of	media	as	

trypsin	was	added	to	the	petri	dish	and	the	cell	suspension	was	placed	into	a	15ml	

falcon	tube.	The	cells	were	centrifuged	at	1500rpm	for	3	minutes	and	the	supernatant	

removed.	The	pellet	was	then	gently	washed	with	PBS	and	resuspended	 in	1	ml	of	

media.	Cell	concentration	was	determined	using	a	haemocytometer.		

	

2.5.3.	Chamber	slide	immunostaining	

10	to	20	000	cells	were	added	to	each	chamber	well	and	the	volume	was	made	up	to	

500µl	with	conditioned	media	previously	removed	from	the	neurospheres.	Cells	were	

incubated	overnight	at	370C	to	allow	them	to	attach	to	the	chamber	slide.	The	media	

was	gently	removed	from	each	well,	cells	were	gently	washed	with	PBS	and	4%	PFA	

was	applied	to	the	cells	for	10	minutes	at	room	temperature	to	fix	the	cells.	Cells	were	

washed	with	PBS	(x2),	the	chamber	was	removed	from	the	slide	and	the	slide	was	left	

to	dry	at	 room	temperature	 for	a	 few	minutes.	Standard	 immunofluorescence	was	

performed	as	per	2.6.1.		

	

2.6.	Staining	protocols	

2.6.1.	Standard	immunofluorescence	

Slides	were	washed	with	PBS	 (x3)	 and	 regions	of	 interest	were	marked	out	with	 a	

hydrophobic	 PAP	 marker	 pen	 (DAKO,	 Cambridgeshire,	 UK).	 Immunofluorescence	

blocking	buffer	was	applied	to	the	area	of	interest	for	1	hour	at	room	temperature	to	

block	 and	 permeabilise	 the	 cells.	 Primary	 antibodies	 diluted	 to	 the	 required	

concentration	 in	 IBB	 were	 applied	 to	 the	 tissue	 and	 slides	 were	 incubated	 at	 40C	

overnight.	 Slides	 were	 washed	 with	 PBS	 (x3)	 the	 following	 day	 and	 secondary	

antibodies	diluted	to	the	required	concentration	were	applied	to	the	tissue	for	1	hour.	

Slides	were	kept	at	room	temperature	in	the	dark.	Slides	were	washed	further	with	

PBS	 (x3)	 prior	 to	 applying	 Fluoroshield	mounting	medium	with	 DAPI	 (Abcam)	 and	
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applying	a	coverslip.	Clear	nail	varnish	was	used	to	seal	the	coverslip	on	to	the	slide.	

Slides	remained	in	the	dark	to	dry	and	stored	at	40C.	

	

2.6.2.	Primary	antibodies	

Antibody	 Host	 Supplier	 Dilution	

Calretinin	(ab702)	 Rabbit	monoclonal	IgG1	 Abcam	 1:50	

ChAT	(ab181023)	 Rabbit	monoclonal	IgG	 Abcam	 1:100	

GFAP	(G3893)	 Mouse	monoclonal	IgG1	 Sigma	Aldrich	 1:250	

GLUT-1	(ab15309)	 Rabbit	polyclonal	IgG	 Abcam	 1:100	

HuD+HuC	(ab184267)	 Rabbit	monoclonal	IgG	 Abcam	 1:1000	

nNOS	(ab63602)	 Rabbit	monoclonal	IgG	 Abcam	 1:500	

Notch	1	(ab52627)	 Rabbit	polyclonal	IgG	 Abcam	 1:100	

Notch	2	(ab6929)	 Rabbit	polyclonal	IgG	 Abcam	 1:500	

Notch	3	(N5163)	 Rabbit	polyclonal	IgG	 Sigma-Aldrich	 1:500	

Notch	4	(N5163)	 Rabbit	polyclonal	IgG	 Sigma-Aldrich	 1:100	

P75	(ab3125)	 Mouse	monoclonal	IgG1	 Abcam	 1:500	

PHOX2B	(AF4940)	 Goat	polyclonal	IgG	 R&D	Systems	 1:100	

S100	(ab868)	 Rabbit	polyclonal	IgG	 Abcam	 1:500	

SMA	(ab7817)	 Mouse	monoclonal	IgG2a	 Abcam	 1:200	

SOX10	(NBP2-59050)	 Mouse	monoclonal	IgG1	 Novus	 1:50	

TUJ	(801201)	 Mouse	monoclonal	IgG2a	 Biolegend	 1:3000	

VIP	(ab30680)	 Mouse	monoclonal	IgG1	 Abcam	 1:100	

	
	

	
	
	
	
	
	

Table	2.1.	Primary	antibodies	used	in	immunofluorescence	assays		
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2.6.3.	Secondary	antibodies	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
2.6.4.	Assessment	of	proliferation	

A	5-Ethynyl-2’-deoxyuridine	(EdU)	ClickITTM	imaging	kit	(Life	Technologies)	was	used	

to	identify	proliferating	cells	within	a	cultured	population.	Cells	were	incubated	with	

20mM	 EdU	 at	 40C	 for	 the	 desired	 length	 of	 time	 according	 to	 the	 individual	

experimental	design.	Generally,	this	was	24	to	48	hours.	Samples	were	then	fixed	and	

permeabilised	 using	 the	 standard	 protocol.	 Incorporated	 EdU	 was	 detected	 using	

according	to	the	ClickITTM	manufacturer’s	instructions.		

	

2.6.5.	Immunohistochemistry	for	thickened	nerve	fibre	bundle	(TNB)	analysis	

Previous	haematoxylin	and	eosin	stained	rectal	biopsies,	intra-operative	biopsies	and	

pull-through	specimens	were	reviewed	with	Dr	Shukla,	consultant	histopathologist,	to	

identify	 the	 most	 distal	 and	 proximal	 aganglionic	 segments	 of	 bowel	 within	 each	

specimen.	Archived	paraffin	embedded	specimens	corresponding	to	the	proximal	and	

distal	aganglionic	regions	of	bowel	were	then	retrieved	by	the	Histopathology	Team.	

Antibody	 Host	 Supplier	 Dilution	

Alexa	Fluor	594	–	Anti-rabbit	IgG	 Goat	IgG	 ThermoFisher	
Scientific	 1:1000	

Alexa	Fluor	488	–	Anti-rabbit	IgG	 Goat	IgG	 ThermoFisher	
Scientific	 1:1000	

Alexa	Fluor	594	–	Anti-mouse	IgG2a	 Goat	IgG	 ThermoFisher	
Scientific	 1:1000	

Alexa	Fluor	594	–	Anti-mouse	IgG1	 Goat	IgG	 ThermoFisher	
Scientific	 1:1000	

Alexa	Fluor	488	–	Anti-mouse	IgG	 Goat	IgG	 ThermoFisher	
Scientific	 1:1000	

Alexa	Fluor	488	–	Anti-mouse	IgG2a	 Goat	IgG	 ThermoFisher	
Scientific	 1:1000	

Alexa	Fluor	488	–	Anti-mouse	IgG1	 Goat	IgG	 ThermoFisher	
Scientific	 1:1000	

Alexa	Fluor	488	–	Anti-goat	IgG	 Donkey	IgG	 ThermoFisher	
Scientific	 1:1000	

Table	2.2.	Secondary	antibodies	used	in	immunofluorescence	assays		
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Four	micrometre	microtome	sections	were	obtained	and	heat	antigen	retrieval	was	

performed.	 Immunohistochemistry	 of	 specimens	 was	 carried	 out	 using	 the	 Leica	

Autostainer	XL.	Three	adjacent	sections	of	each	specimen	were	 individually	stained	

with	anti-Glut-1,	anti-P75	and	anti-calretinin	primary	antibodies.	Table	2.3.	outlines	

the	 primary	 antibodies	 used.	 Nuclei	 were	 stained	 with	 haematoxylin.	 Secondary	

antibodies	 linked	 to	 horseradish	 peroxidase	 (HRP)	 were	 visualised	 via	 DAB	 (3,3ʹ-

Diaminobenzidine).	 Slides	were	 treated	with	ethanol	 and	 xylene	prior	 to	mounting	

with	Pertex	and	application	of	coverslip.	

	

	

	

	

	
2.7.	Notch	inhibition		

The	 gamma	 secretase	 inhibitor	 N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-

phenylglycine	 t-butyl	 ester	 (DAPT,	 Sigma-Aldrich)	 was	 used	 to	 inhibit	 the	 Notch	

signalling	pathway	based	on	previously	published	work	from	our	group	(Theocharatos	

et	al.,	2013).	This	was	dissolved	in	dimethyl	sulfoxide	(DMSO,	Sigma-Aldrich)	to	obtain	

a	 10mM	 concentration,	 before	 adding	 it	 to	 the	 required	 culture	 dish	 at	 a	 final	

concentration	of	20µM	for	4	days.	An	equal	volume	of	DMSO	was	applied	to	control	

dishes	for	the	same	duration.	Culture	dishes	were	incubated	at	370C.	

	

2.8.	Image	acquisition	and	analysis	

2.8.1.	Microscopy	

Phase	 contrast	 microscopy	 for	 cell	 imaging	 was	 performed	 using	 a	 Leica	 inverted	

microscope.	 Bright	 field	 microscopy	 was	 undertaken	 using	 an	 upright	 Leica	

Antibody	 Host	 Supplier	 Dilution	

Glut-1	(RB-9052-PO)	 Rabbit	polyclonal	IgG	 Thermo	
Scientific	 1:700	

P75	(ab3125)	 Mouse	monoclonal	IgG1	 Abcam	 1:100	

Calretinin	(M7245)	 Mouse	IgG1	 Dako	 1:400	

Table	2.3:	Primary	antibodies	used	to	label	paraffin	sections	following	heat	
antigen	retrieval	
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microscope	 (DM	 2500)	 for	 review	 and	 imaging	 of	 histopathology	 slides	 for	 TNB	

analysis.	A	Leica	upright	immunofluorescence	microscope	was	used	for	imaging	and	

analysis	 of	 all	 immunofluorescence	 stained	 single	 cells,	 neurosphere	 sections	 and	

bowel	sections.	Confocal	microscopy	was	performed	using	a	Zeiss	LSM	800	Aryscan	

Confocal	light	microscope.	

	

2.8.2.	Image	analysis	software	

ImageJ	 Version	 2.0.0	 was	 used	 for	 measuring	 the	 diameter	 of	 neurospheres	 and	

thickened	nerve	fibre	bundles.	ImageJ	Version	2.0.0	and	Adobe	Photoshop	CS3	version	

10.0.	were	used	for	merging,	resizing	and	cropping	images.	

	

2.8.3.	Calculation	of	TNB	diameter	

Images	were	obtained	of	the	five	largest	individual	TNB	per	region	per	section	at	x400	

magnification.	Further	analysis	was	performed	using	ImageJ.	One	measurement	along	

the	widest	section	of	the	short	axis	of	each	TNB	was	obtained	to	calculate	the	TNB	

diameter	 (Figure	 2.2),	 and	 subsequently,	 mean	 TNB	 diameter	 per	 region	 was	

calculated.	Both	submucosal	and	myenteric	regions	of	bowel	were	examined	for	each	

distal	and	proximal	specimen	where	possible.		

	

	

	

2.8.4.	Percentage	of	marker	expression	within	neurosphere	sections	

Percentage	of	marker	expression	per	neurosphere	section	was	quantified	by	counting	

the	number	of	positively	 stained	nuclei	 and	dividing	by	 the	 total	number	of	nuclei	

stained	 with	 DAPI	 where	 cell	 staining	 was	 nuclear.	 The	 central	 portion	 of	 each	

neurosphere	was	obtained	for	analysis	and	a	mean	percentage	of	the	total	number	of	

Figure	 2.2:	 Schematic	 demonstrating	 calculation	 of	
thickened	 nerve	 fibre	 bundle	 diameter.	 One	
measurement	of	the	diameter	of	the	TNB,	perpendicular	
to	 the	 long	 axis,	 was	 obtained	 and	 a	mean	diameter	 is	
then	 calculated	 for	 the	 five	 largest	 TNB.	 Arrow	
demonstrates	 measurement	 of	 diameter.	 	 Scale	 bar	 =	
50µm 
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neurosphere	sections	per	specimen	was	calculated.	In	cases	where	cell	staining	was	

not	localised	to	the	nucleus,	proportions	of	marker	expression	per	neurosphere	were	

estimated.	

	

2.8.5.	Quantification	of	marker	expression	of	dissociated	single	cells	

Percentage	of	expression	per	marker	was	quantified	by	obtaining	a	mean	percentage	

of	positively	stained	cells	in	five	adjacent	fields	of	view	at	x400	magnification.	

	

2.9.	Statistical	Analysis	

All	analyses	were	performed	using	GraphPad	Prism	Version	8.4.3	(GraphPad	Software	

Corp.,	 California,	 USA).	 The	 Kolmogorov-Smirnov	 test	 was	 used	 to	 assess	 data	 for	

normal	distribution.	A	one-way	ANOVA	analysis	with	Tukey’s	multiple	comparisons	test	

was	 used	 for	 parametric	 grouped	 data	 and	 a	 paired	 two-tailed	 students	 t-test	 for	

parametric	data.	A	Fisher’s	exact	test	was	used	for	categorical	data	with	a	small	sample	

size.	P	<	0.05	was	taken	as	significant.	
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Chapter	 3:	 Characterisation	 of	 extrinsic	
thickened	nerve	 fibre	bundles	present	 in	 the	
transition	zone	and	aganglionic	bowel	in	short	
segment	Hirschsprung’s	disease	
	
3.1.	Introduction	

3.1.1.	Background	

Much	 work	 on	 the	 transition	 zone	 has	 been	 focussed	 on	 abnormal	 intrinsic	 and	

extrinsic	innervation	and	neurotransmitter	expression	in	order	to	accurately	diagnose	

HSCR	and	avoid	a	‘transition	zone’	pull-through	(Alexandrescu	et	al.,	2013;	Coyle	et	

al.,	 2016;	 Kannaiyan	 et	 al.,	 2013;	 Kapur	 and	 Kennedy,	 2013).	 However,	 there	 is	

currently	a	lack	of	understanding	of	how	the	aganglionic	and	ganglionic	regions	are	

developmentally	linked	via	the	transition	zone.		

	

Our	group	have	previously	isolated	enteric	nervous	system	progenitor	cells	(ENSPC)	

from	 the	 aganglionic	 region	 of	 postnatal	 human	 Hirschsprung	 bowel	 and	

demonstrated	that	these	progenitor	cells	are	able	to	differentiate	into	neuronal	cells	

in	 culture	 (Wilkinson	et	al.,	 2015).	 Interestingly,	when	 the	ENSPC	were	 sorted	 into	

groups	of	cells	which	were	either	positive	and	negative	for	the	neural	crest	cell	marker	

P75	 using	 fluorescence-activated	 cell	 sorting,	 only	 P75	 positive	 cells	 grew	 into	

neurospheres	in	vitro.	It	was	therefore	originally	postulated	that	the	source	of	these	

cells	 was	 likely	 to	 be	 the	 perineurium	 of	 the	 thickened	 nerve	 fibre	 bundles	 (TNB)	

where	 P75	 is	 highly	 expressed	 (Wilkinson	 et	 al.,	 2015).	 Extrinsic	 nerves,	 like	 all	

peripheral	nerves,	have	crest-derived	Schwann	cells	which	are	SOX10	positive,	albeit	

arising	from	different	parts	of	the	neural	crest	than	the	ENS	(Uesaka	et	al.,	2015).		

	

SOX10	is	a	transcription	factor	expressed	by	neural	crest	cells	as	they	delaminate	from	

the	 neural	 tube	 and	 remains	 expressed	 in	migrating	 ENSPC.	 It	 is	 required	 for	 the	

survival	 of	 ENSPC	 (Kapur,	 1999).	 SOX10	 expression	 is	 maintained	 in	 glial	 lineages	
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including	the	enteric	nervous	system	and	peripheral	nervous	system	(Aoki	et	al.,	2003;	

Young	et	al.,	2004).		

	

Nerve	fibre	bundles	within	extrinsic	nerves	are	surrounded	by	endoneurial	collagen	

and	a	perineural	sheath,	neither	of	which	are	contained	within	ganglia.	The	perineural	

sheath	of	extrinsic	nerves	and	TNB	strongly	expresses	Glucose	transporter-1	(Glut-1),	

nerve	growth	factor	receptor	(P75)	and	glial	fibrillary	acidic	protein	(GFAP)	(Kakita	et	

al.,	2000;	Kapur	and	Kennedy,	2013;	Kawana	et	al.,	1988).	Although	cells	within	ganglia	

express	both	P75	and	GFAP,	there	is	minimal	expression	of	Glut-1	and	morphologically	

the	staining	is	very	different	in	appearance	to	staining	of	the	sheath	of	extrinsic	nerves	

and	TNB.	

	

What	 is	currently	unknown:	Are	ENSPC	present	 in	the	transition	zone	and	are	they	

present	 within	 TNB?	 Is	 the	 perineurium	 the	 true	 source	 of	 ENSPC?	 Is	 there	 an	

interaction	 between	 intrinsic	 and	 extrinsic	 innervation	 in	 the	 transition	 zone?	

Understanding	the	characteristics	of	the	transition	zone	may	provide	an	insight	into	

the	aetiology	of	Hirschsprung’s	disease	or	whether	the	increased	presence	of	TNB	is	a	

cause	 or	 consequence	 of	 aganglionosis.	 Furthermore,	 information	 regarding	 the	

properties	 of	 ENSPC	 in	 the	 aganglionic	 region,	 in	 relation	 to	 TNB,	 is	 essential	 to	

understand	the	potential	application	of	these	cells	in	future	therapies	for	children	with	

Hirschsprung’s	disease.		

	
	
3.1.2.	Aims	
	
The	finding	of	ENSPC	in	the	aganglionic	region	raises	important	questions	regarding	

the	source	and	potential	of	these	cells.	There	is	limited	understanding	regarding	the	

interaction	 between	 the	 intrinsic	 and	 extrinsic	 nervous	 system	 in	 Hirschsprung’s	

disease	or	whether	neural	crest	derived	progenitor	cells	exist	in	the	transition	zone.		

	

The	aim	of	this	chapter	therefore	is	to	characterise	the	TNB	in	the	aganglionic	region	

and	 transition	 zone	 in	 comparison	 to	 the	enteric	 nervous	 system	 in	 the	 ganglionic	

region	using	neuronal,	glial	and	neural	crest	cell	markers	and	to	assess	whether	there	
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is	 an	 interaction	 between	 intrinsic	 and	 extrinsic	 innervation	 in	 short-segment	

Hirschsprung’s	disease.	

	

3.1.3.	Attribution	of	work	in	this	chapter	

Immunofluorescence	 staining	 and	 images	 for	 Figures	 3.2,	 3.3,	 3.6	 and	 3.7	 were	

contributed	by	my	colleague	Megan	Smith,	a	current	PhD	student	in	the	lab.		

	

3.2.	Results	

In	order	to	provide	a	comprehensive	analysis	with	emphasis	on	the	transition	zone,	I	

performed	 immunofluorescence	staining	of	 frozen	sections	obtained	 from	the	 four	

regions	of	bowel	as	described	in	Chapter	2.7.	Details	of	the	control	and	Hirschsprung	

specimens	 which	 were	 used	 for	 staining	 are	 provided	 in	 Table	 3.1.	 Antibodies	 to	

identify	neuronal,	glial	and	neural	crest	derived	progenitor	cells	are	outline	in	Table	

3.2.	

	
	

Specimen	 Background	
Length	of	
aganglionosis	 Length	of	transition	zone	

HSCR	1	
(048)	

Short	segment	
2.5	months	
Female	

8cm	 Abrupt	transition	to	normal	
innervation	

HSCR	2	
(061)	

Short	segment	
2	months	
Female	

3.3cm	 Abrupt	transition	to	normal	
innervation	

HSCR	3	
(066)	

Short	segment	
5	months	
Male	

10cm	 3cm	

Control	1	
(056)	

ARM,	closure	of	stoma	
9	months	
Female	

n/a	 n/a	

Control	2	
(058)	

ARM,	closure	of	stoma	
4	years	
Female	

n/a	 n/a	

Control	3	
(071)	

ARM,	closure	of	stoma	
1	year	
Female	

n/a	 n/a	

Table	 3.1.	 Specimens	 used	 for	 immunofluorescence	 staining.	 Table	 demonstrating	
demographics	of	patients	undergoing	surgery	at	the	time	of	specimen	collection	and	length	
of	transition	zone	and	aganglionic	region	where	applicable. 
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Marker	 Protein	type	 Cell	types	 Distribution	

P75	 Nerve	growth	factor	
receptor	

Neural	crest	derived	cells	
Glial	cells	
Perineurium	
Endothelium	of	blood	vessels	

Cell	membrane	

Calretinin	 Calcium-binding	
protein	

Neuronal	cells	
Mast	cells	

Cytoplasm	and	
nucleus	

Hu	 RNA-binding	protein	 Neuronal	cells	 Nucleus	

Glut-1	 Glucose	transporter	
receptor	

Perineurium	
Red	Blood	cells	

Cell	membrane	

S100	 Calcium-binding	
protein	

Enteric	glial	cells	
Schwann	cells	

Cytoplasm	and	
nucleus	

PHOX2B	 Paired	homeobox	2B	
transcription	factor	

Neural	crest	derived	cells	
Neuronal	cells	

Nucleus	

SOX10	 HMG	box-containing	
transcription	factor	

Neural	crest	derived	cells	
Glial	cells	

Nucleus	

	
	
3.2.1.	P75	is	present	throughout	the	distal	bowel	in	relation	the	submucosal	and	
myenteric	plexuses	
	

P75,	nerve	growth	factor	receptor,	was	initially	used	to	identify	ENS	components	and	

neural	crest	derived	cells	within	the	bowel,	due	to	its	strength	as	a	marker	of	ganglia	

and	 TNB	 and	 as	 an	 ENSPC	 marker	 (Kakita	 et	 al.,	 2000;	 Kruger	 et	 al.,	 2002).	 P75	

expression	has	not	previously	been	detailed	in	the	transition	zone.		

	
Staining	with	P75	revealed	 its	expression	within	the	ganglia	of	 the	submucosal	and	

myenteric	plexuses	in	control	bowel	and	in	the	ganglionic	region	(Figure	3.1A	to	D).	

These	 ganglia	 did	 not	 have	 a	 perineural	 sheath	 and	 P75	 staining	 appeared	 to	 be	

expressed	by	a	majority	of	cells	within	the	ganglia.	Within	the	transition	zone,	where	

there	were	fewer	ganglia	(Figure	3.1E	to	H),	the	ganglia	occasionally	had	a	perineurium	

(arrow,	 Figure	 3.1E)	 which	 was	 characteristic	 of	 the	 outer	 sheath	 of	 TNB	 in	 the	

aganglionic	bowel.	Although	P75	was	moderately	expressed	by	cells	in	the	region	of	

the	 thickened	 nerve	 fibres	 within	 the	 TNB	 in	 the	 aganglionic	 bowel,	 it	 was	 highly	

Table	3.2.	Markers	used	in	immunofluorescence	staining	of	the	bowel		
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expressed	in	the	perineurium	(Figure	I	&	J).	My	data	show	that	P75,	which	is	widely	

used	 as	 a	 neural	 crest	 progenitor	 marker,	 is	 present	 throughout	 the	 distal	 bowel	

where	 it	 delineates	 the	 changes	 in	 ganglia	 to	 TNB.	 Therefore,	 P75	was	 used	 in	 all	

subsequent	analysis	of	marker	expression.		

	

		

	

	

	
	
	
	
	
	
	
	
	
	
	
	
	

	
	

Figure	 3.1:	 P75	 expression	 in	 the	
distal	 colon	 in	 short	 segment	
Hirschsprung’s	 disease.	 P75	
expression	(red)	is	seen	in	all	regions	
of	 bowel.	 There	 is	 generalised	
expression	 in	 the	 ganglia	 in	 control	
bowel	(A	&	B),	the	ganglionic	region	
and	 upper	 transition	 zone	 (C	 to	 F).	
Within	the	lower	transition	zone	and	
aganglionic	 region	 there	 are	
thickened	nerve	bundles	with	strong	
expression	 within	 the	 outer	 sheath	
(perineurium)	 (G	 to	 J)	 and	 weaker	
expression	 within	 the	 fibres	
themselves.	 Arrow	 highlights	 a	
ganglia	 type	 structure	 with	 a	
perineural	 sheath	 in	 the	 upper	
transition	 zone.	 Nuclei	 are	
counterstained	 with	 dapi	 (blue).	
Scale	bars	=	50µm.		
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3.2.2.	Neuronal	marker	expression	is	reduced	in	the	transition	zone	and	is	absent	
in	the	aganglionic	region	
	

In	order	to	identify	neuronal	structures	within	the	intrinsic	nervous	system,	sections	

from	serial	segments	were	stained	with	calretinin	and	Hu	antibodies	(Figures	3.2,	3.3,	

3.4,	3.5	and	3.6).	

	

Calretinin	 expression	 in	 the	 distal	 bowel	 is	 currently	 used	 in	 the	 diagnosis	 of	

Hirschsprung’s	disease	since	calretinin	antibody	staining	is	absent	in	aganglionic	bowel	

(Alexandrescu	et	al.,	2013;	Kannaiyan	et	al.,	2013;	Morris	et	al.,	2013).	My	analysis	

confirmed	that	calretinin	was	highly	expressed	within	ganglia	in	control	bowel	and	in	

the	ganglionic	region	of	Hirschsprung’s	bowel,	and	absent	in	the	aganglionic	region.	

There	was	a	distinct	difference	in	the	expression	of	calretinin	in	the	upper	transition	

zone	 and	 lower	 transition	 zone	 due	 to	 a	 reduction	 in	 ganglia	 and	 increase	 in	

appearance	of	TNB	(Figure	3.2	and	Figure	3.3).	Occasional	faint,	granular,	nerve	fibre	

axonal	 reactivity	 was	 observed	 in	 TNB	 (Arrow	 in	 Figure	 3.3H),	 which	 has	 been	

described	in	the	literature	(Kapur	et	al.,	2009).	Interestingly,	in	the	submucosal	and	

myenteric	 regions	 of	 the	 upper	 transition	 zone	 there	 appeared	 to	 be	 occasional	

ganglia-type	structures	with	a	perineural	sheath	as	opposed	to	thickened	nerve	fibres	

within	 a	 perineural	 sheath	 in	 the	 aganglionic	 region	 (Figure	 3.4A).	 These	 hybrid	

structures	with	 characteristics	of	both	ganglia	and	 thickened	nerve	bundles,	which	

were	 identified	 in	 the	transition	zone	 in	all	3	HSCR	specimens,	have	not	previously	

been	described	in	the	transition	zone.		
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Figure	3.2:	Expression	of	calretinin	in	comparison	to	P75	in	healthy	control	sigmoid	colon	
and	the	distal	colon	in	short	segment	Hirschsprung’s	disease.	Calretinin	(green)	and	P75	
(red)	 expression	 in	 healthy	 control	 sigmoid	 colon	 and	 the	distal	 colon	 in	 short	 segment	
Hirschsprung’s	disease.	Nuclei	are	counterstained	with	dapi	(blue).	There	is	clear	calretinin	
expression	 within	 the	 submucosal	 and	 myenteric	 ganglia	 of	 control	 bowel	 (A	 to	 D).	 In	
Hirschsprung	bowel,	there	is	calretinin	expression	of	a	similar	intensity	within	the	ganglia	
of	ganglionic	bowel	and	upper	transition	zone	(E	to	H,	K	and	L).	Calretinin	expression	is	also	
noted	along	the	fibres	of	the	hybrid	structures	 in	the	upper	and	lower	transition	zones	(I	
and	J,	M	to	P).	No	calretinin	expression	is	seen	in	the	aganglionic	region	of	bowel	(Q	to	T).	
Scale	bars	=	50µm.	
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Figure	 3.3.	 Confocal	 analysis	 of	
expression	 of	 calretinin	 in	
comparison	 with	 P75	 in	 healthy	
control	 sigmoid	 colon	 and	 the	
distal	 colon	 in	 short	 segment	
Hirschsprung’s	 disease.	 High	
power	 confocal	 images	
demonstrated	 calretinin	 (green)	
and	P75	(red)	expression	in	control	
healthy	 bowel	 (A	 and	 B)	 and	 the	
distal	 bowel	 in	 short	 segment	
Hirschsprung’s	 disease	 (C	 to	 N).	
Calretinin	 expression	 within	 the	
ganglia	 in	 the	 ganglionic	 region	of	
bowel	(C	and	D	&	K	and	L)	is	similar	
to	 expression	 in	 control	 bowel	 (A	
and	 B).	 Note	 the	 expression	 of	
calretinin	 in	 the	 upper	 transition	
zone	 (E	 and	 F)	 and	 absence	 of	
calretinin	 expression	 in	 the	 lower	
transition	 zone	 and	 aganglionic	
bowel	(G	to	J,	M	and	N).	Arrow	in	H	
represents	 faint	 granular	 axonal	
expression	of	calretinin.	Nuclei	are	
counterstained	 with	 dapi	 (blue).	
Scale	bars	=	10µm.	
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Similarly	to	calretinin,	co-staining	of	Hu,	a	neuronal	cell	marker,	with	P75	was	used	to	

highlight	the	presence	of	neuronal	bodies	in	the	distal	bowel	in	relation	to	the	ganglia	

and	thickened	nerve	bundles	(Figure	3.5	and	Figure	3.6).	Hu	staining	is	localised	to	the	

nucleus	 and	 therefore	 has	 a	 different	 cellular	 distribution	 to	 calretinin.	 A	 similar	

pattern	to	calretinin	expression	was	demonstrated	throughout	ganglionic,	transition	

zones	 and	 aganglionic	 regions,	 with	 strong	 neuronal	 expression	 in	 the	 ganglionic	

region,	absence	of	Hu	protein	in	the	aganglionic	region,	and	the	co-existence	of	hybrid	

structures	and	normal-appearing	ganglia	detected	in	the	upper	transition	zone.	Note	

the	presence	of	one	Hu-positive	cell	 in	a	hybrid	structure	highlighted	by	the	arrow	

head	 in	 Figure	 3.5K.	 In	 the	 specimen	 shown	here,	 there	was	 a	 clear	 cut-off	 of	Hu	

expression	in	the	upper	transition	zone	and	no	expression	in	the	lower	transition	zone.		

	

	

Figure	3.4:		Hybrid	structures	are	identified	within	the	transition	zone.	
Within	the	submucosal	region	of	 the	 transition	zone,	a	structure	which	
has	characteristics	of	both	a	ganglia	and	TNB	is	 identified	(A).	Calretinin	
(green)	 and	 P75	 (red)	 are	 both	 expressed	 and	 the	 structure	 contains	 a	
perineural	 sheath.	 In	 contrast,	 a	 ganglia	 in	 the	 myenteric	 region	 (B)	
expresses	 calretinin	and	P75	but	 does	not	possess	a	 perineural	 sheath.	
Nuclei	are	counterstained	with	dapi	(blue).	Scale	bars	=	20µm.	
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Figure	3.5.	Expression	of	Hu	in	comparison	to	P75	in	healthy	control	sigmoid	colon	and	the	
distal	 colon	 in	 short	 segment	 Hirschsprung’s	 disease.	 Hu	 (green)	 and	 P75	 (red)	 were	
expressed	 in	 the	 submucosal	 and	 myenteric	 regions	 of	 distal	 bowel	 in	 healthy	 control	
sigmoid	colon	and	the	distal	colon	in	short-segment	Hirschsprung’s	disease.	Dapi	(blue)	was	
used	to	counterstain	nuclei.	Strong	expression	of	Hu	was	observed	in	the	neuronal	bodies	
within	the	ganglia	in	control	and	ganglionic	Hirschsprung’s	bowel	(A	to	H).	This	continued	in	
the	ganglia	of	the	upper	transition	zone	(I	to	L),	where	a	hybrid	structures	with	Hu	positive	
cells	 and	 a	 perineurium	were	 also	 observed	 (white	 arrow	 head,	 K).	 Hu	 protein	 was	 not	
detected	in	the	thickened	nerve	bundles	within	the	distal	transition	zone	and	aganglionic	
regions	(M	to	T).	Scale	bars	=	50µm.	



	

	 55	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 3.6.	 Confocal	 analysis	 of	
expression	 of	 Hu	 in	 comparison	 to	
P75	in	healthy	control	sigmoid	colon	
and	the	distal	colon	in	short	segment	
Hirschsprung’s	 disease.	 High	 power	
confocal	 images	 demonstrated	 Hu	
(green)	 and	 P75	 (red)	 expression	 in	
control	 healthy	 bowel	 (A	 and	 B)	 and	
the	 distal	 bowel	 in	 short	 segment	
Hirschsprung’s	 disease	 (C	 to	 J).	 Dapi	
(blue)	was	used	to	counterstain	nuclei.	
Strong	Hu	expression	was	observed	in	
the	 neuronal	 cell	 bodies	 within	 the	
ganglia	 of	 control	 and	 ganglionic	
bowel	(A	to	D).	In	the	upper	transition	
zone	Hu	was	also	expressed	in	several	
neuronal	 cell	 bodies	 within	 a	 ganglia	
like	 structure	 (white	 arrow	 head,	 E),	
whereas	 there	was	 no	Hu	 expression	
in	 the	 thickened	 nerve	 bundles	
observed	 in	 the	 remaining	 distal	
bowel	(F	to	J).	Scale	bar	=	40µm.		
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3.2.3.	 Glut-1	 highlights	 the	 perineurium	 of	 thickened	 nerve	 bundles	 in	 the	
aganglionic	region	and	transition	zone	
	

In	 order	 to	 characterise	 further	 the	 hybrid	 structures	 between	 the	 ganglia	 and	

thickened	nerve	bundles	in	the	transition	zones,	the	glucose	transporter	marker	Glut-

1	was	 used	 as	 it	 is	 predominantly	 expressed	 in	 the	 perineural	 sheath	 surrounding	

thickened	 nerve	 bundles	 (Figure	 3.7	 and	 Figure	 3.8).	 Overall,	 the	 distribution	 and	

expression	of	Glut-1	was	very	similar	to	P75	in	the	aganglionic	region	and	transition	

zone	with	strong	expression	of	Glut-1	in	the	perineurium.	There	was,	however,	much	

weaker	 staining	 of	 Glut-1	 within	 the	 ganglia	 and	 the	 nerve	 fibres	 within	 the	 TNB	

themselves	whereas	P75	expression	was	stronger	in	these	regions.	Note	the	absence	

of	Glut-1	staining	in	a	majority	of	the	ganglia	of	control	bowel	(Figure	3.7	B	and	D	and	

Figure	3.8	A	and	B).	Given	that	Glut-1	co-expression	with	P75	in	the	perineurium	was	

so	marked,	this	raised	the	question	whether	P75	may	be	highlighting	cells	other	than	

progenitor	cells	in	the	perineurium.		
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Figure	3.7.	Expression	of	Glut-1	in	comparison	to	P75	in	healthy	control	sigmoid	colon	and	
the	distal	 colon	 in	 short	 segment	 Hirschsprung’s	 disease.	 Glut-1	 (green)	 and	P75	 (red)	
expression	 in	 healthy	 control	 sigmoid	 colon	 and	 the	 distal	 colon	 in	 short-segment	
Hirschsprung’s	disease.	Nuclei	are	counterstained	with	dapi	(blue).	No	Glut-1	expression	
was	observed	in	the	ganglia	of	control	sigmoid	bowel	(A	to	D),	however	weak	expression	of	
Glut-1	was	detected	within	the	ganglia	in	the	ganglionic	and	upper	transition	zones	(E	to	L).	
Glut-1	was	more	strongly	expressed	in	the	perineurium	of	the	thickened	nerve	bundles	in	
the	 lower	 transition	 zone	 and	 aganglionic	 regions	 (M	 to	 T).	 Note	 the	 hybrid	 structure	
between	ganglia	and	thickened	nerve	bundle	observed	in	the	lower	transition	zone	which	
appeared	to	contain	a	Glut-1	positive	perineural	sheath	(M	and	O).	Scale	bars	=	40µm.	
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Figure	 3.8.	 Confocal	 analysis	 of	
expression	 of	 Glut-1	 in	 comparison	
to	 P75	 in	 healthy	 control	 sigmoid	
colon	 and	 the	 distal	 colon	 in	 short	
segment	 Hirschsprung’s	 disease.	
High	 power	 confocal	 images	
demonstrated	Glut-1	(green)	and	P75	
(red)	 expression	 in	 control	 healthy	
bowel	(A	and	B)	and	the	distal	bowel	
in	 short	 segment	 Hirschsprung’s	
disease	(C	to	J).	Dapi	(blue)	was	used	
to	counterstain	nuclei.	Note	the	lack	
of	Glut-1	expression	in	the	ganglia	of	
control	sigmoid	bowel	(A	and	B)	and	
weak	 expression	 of	 Glut-1	 in	
ganglionic	bowel	(C	and	D	&	K	and	L)	
and	 the	 proximal	 transition	 zone	 (E	
and	F).	Strong	Glut-1	expression	was	
detected	 in	 the	 perineurium	 of	
thickened	nerve	bundles	in	the	lower	
transition	 zone	 (G	 and	 H)	 and	 the	
aganglionic	 region	 (I	 and	 J	&	M	and	
N).	 A	 hybrid	 structure	 between	
ganglia	and	thickened	nerve	bundle	is	
observed	in	the	upper	transition	zone	
(E).	Scale	bar	=	10µm.	
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3.2.4.	 Glial	 marker	 expression	 is	 retained	 from	 the	 ganglionic	 region	 to	 the	
aganglionic	region	
	

Following	 assessment	 of	 neuronal	markers	 in	 the	 bowel,	 glial	 cell	 distribution	was	

assessed	using	S100,	a	Schwann	cell	and	glial	cell	marker.	S100	is	expressed	by	glial	

cells	within	ganglia	and	S100	expression	of	nerve	fibres	is	often	used	as	an	adjunct	to	

immunohistochemical	 staining	 of	 paraffin	 sections	 to	 confirm	 a	 diagnosis	 of	 HSCR	

from	rectal	biopsies	(Bachmann	et	al.,	2015).		

	

S100	was	expressed	throughout	the	distal	bowel,	predominantly	 in	the	ganglia	and	

within	the	thickened	nerve	bundles	 in	the	aganglionic	region	(Figure	3.9	and	3.10).	

There	was	a	strong	overlap	between	S100	and	P75	in	the	ganglia	and	the	nerve	fibres	

within	the	TNB.	Interestingly,	S100	expression	was	not	detected	in	the	perineurium	

surrounding	the	TNB,	both	throughout	the	transition	zone	and	the	aganglionic	bowel,	

suggesting	 the	 glial	 cells	 are	 restricted	 to	 the	nerve	 fibres.	 The	pattern	of	 staining	

within	 the	 extrinsic	 nerves	 follows	 the	 distinct	 parallel	 arrangement	 of	 non-

myelinating	Schwann	cells	with	ovoid	nuclei.	
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Figure	3.9.	Expression	of	S100	in	comparison	to	P75	in	healthy	control	sigmoid	colon	
and	the	distal	colon	in	short	segment	Hirschsprung’s	disease.	S100	(green)	and	P75	
(red)	 were	 expressed	 in	 the	 submucosal	 and	 myenteric	 regions	 of	 distal	 bowel	 in	
healthy	control	sigmoid	colon	and	 the	distal	 colon	 in	 short-segment	Hirschsprung’s	
disease.	Dapi	(blue)	was	used	to	counterstain	nuclei.	S100	expression	was	detected	in	
the	ganglia	of	the	control	and	ganglionic	bowel	as	expected	(A	to	H).	There	was	also	
S100	expression	in	the	central	portion	of	the	hybrid	structures	observed	in	the	upper	
transition	 zone	 (arrow	 head	 in	 K)	 however	 expression	 was	 not	 observed	 in	 the	
perineurium	(I	to	L).	There	appeared	to	be	a	higher	 intensity	of	P75	staining	within	
these	hybrid	structures	 than	within	the	 thickened	nerve	fibres.	A	similar	pattern	of	
S100	 expression	 was	 also	 observed	 in	 the	 thickened	 nerve	 fibres	 of	 the	 lower	
transition	zone	and	aganglionic	region	(M	to	T).	Scale	bars	=	50µm.	
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Figure	3.10.	Confocal	analysis	of	
expression	 of	 S100	 in	
comparison	 to	 P75	 in	 healthy	
control	 sigmoid	 colon	 and	 the	
distal	 colon	 in	 short	 segment	
Hirschsprung’s	 disease.	 High	
power	 confocal	 images	
demonstrated	 S100	 (green)	 and	
P75	 (red)	 expression	 in	 control	
healthy	bowel	(A	and	B)	and	the	
distal	 bowel	 in	 short	 segment	
Hirschsprung’s	 disease	 (C	 to	 J).	
Dapi	 (blue)	 was	 used	 to	
counterstain	 nuclei.	 S100	 and	
P75	 expression	 overlapped	
throughout	the	control	and	distal	
Hirschsprung	 bowel	 apart	 from	
the	 perineurium	 which	 strongly	
expressed	P75	but	not	S100	(E	to	
J).	Arrow	head	in	H	highlights	the	
perineurium	 with	 strong	
expression	 of	 P75.	 Scale	 bars	 =	
15µm.		
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3.2.5.	Neural	crest	and	progenitor	cell	markers	PHOX2B	and	SOX10	are	expressed	
in	different	regions	of	the	distal	bowel	
	

The	previous	markers	used	raise	questions	as	to	their	specificity	and	more	importantly	

origins	 of	 the	 cells	 of	 the	 ganglia	 and	 nerve	 fibres,	 hence	 the	 use	 of	 neural	 crest	

derivatives’	transcription	factors.		A	previous	study	has	described	that	the	paired-like	

homeobox	2B	(PHOX2B)	and	SOX10	transcription	factors	are	both	expressed	by	neural	

crest	progenitor	cells.	On	differentiation	of	neural	crest	progenitors	to	neuronal	cells,	

PHOX2B	is	retained	and	SOX10	is	downregulated.	By	contrast,	SOX10	is	upregulated	

when	progenitor	cells	differentiate	into	glial	cells	while	Phox2b	is	downregulated.	It	is	

important	 to	 note	 that	 SOX10	 has	 been	 found	 to	 be	 expressed	 by	 Schwann	 cell	

precursors	(Uesaka	et	al.,	2015).	

	

Analysis	of	PHOX2B	revealed	its	expression	in	the	nuclei	of	the	ganglia	in	control	bowel	

and	 ganglionic	 and	upper	 transition	 zones	of	Hirschsprung	bowel	 (Figure	 3.11	 and	

Figure	3.12).	There	were	fewer	cells	which	expressed	PHOX2B	within	the	cross-over	

structures	observed	in	the	lower	transition	zone	and	no	PHOX2B	expression	was	seen	

in	the	aganglionic	region.	Therefore,	the	pattern	of	expression	of	PHOX2B	is	similar	to	

Hu	(present	in	ganglia	and	cross-over	structures	but	not	in	thickened	nerve	bundles).	

This	suggests	that	the	enteric	neural	crest	derived	progenitor	cells	in	the	aganglionic	

region	do	not	express	PHOX2B,	however,	there	appears	to	be	an	interaction	between	

the	intrinsic	nervous	system	derived	ganglia	and	extrinsically	derived	thickened	nerve	

bundles	in	the	transition	zone	as	some	cells	within	the	cross-over	structures	express	

PHOX2B.	
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Figure	 3.11.	 Expression	 of	
PHOX2B	in	comparison	to	P75	in	
healthy	 control	 sigmoid	 colon	
and	 the	 distal	 colon	 in	 short	
segment	 Hirschsprung’s	 disease.	
PHOX2B	 (green)	 and	 P75	 (red)	
were	expressed	in	the	submucosal	
and	 myenteric	 regions	 of	 distal	
bowel	 in	 healthy	 control	 sigmoid	
colon	and	the	distal	colon	in	short-
segment	 Hirschsprung’s	 disease.	
Dapi	 (blue)	 was	 used	 to	
counterstain	 nuclei.	 PHOX2B	was	
observed	within	 the	nuclei	 in	 the	
ganglia	 of	 control	 and	 ganglionic	
Hirschsprung	 bowel	 (A	 to	 D)	 and	
within	the	nuclei	of	ganglia	in	the	
upper	 transition	 zone	 (E	 and	 F).	
PHOX2B	expression	was	detected	
in	 the	 nuclei	 of	 the	 cross-over	
structures	 seen	 in	 the	 lower	
transition	zone	(G	and	H)	although	
it	appeared	to	be	reduced.	There	
was	 no	 PHOX2B	 expression	
observed	in	the	aganglionic	region	
(I	and	J).	Scale	bars	=	20µm.	
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Figure	3.12.	Confocal	analysis	of	expression	of	PHOX2b	in	comparison	to	P75	in	healthy	
control	sigmoid	colon	and	the	distal	colon	in	short	segment	Hirschsprung’s	disease.	High	
power	confocal	images	demonstrated	PHOX2B	(green)	and	P75	(red)	expression	in	control	
healthy	bowel	(A	and	B)	and	the	distal	bowel	in	short	segment	Hirschsprung’s	disease	(C	to	
J).	Dapi	(blue)	was	used	to	counterstain	nuclei.	Strong	expression	of	PHOX2B	was	observed	
in	the	nuclei	of	the	ganglia	in	control	bowel	and	ganglionic	and	upper	transition	zones	of	
Hirschsprung	bowel	(A	to	L).	There	was	reduced	PHOX2B	expression	within	the	cross-over	
structures	observed	in	the	lower	transition	zone	(M	to	P)	and	no	PHOX2B	expression	was	
seen	in	the	aganglionic	region.	Scale	bars	=	15µm.	
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Nuclear	 expression	 of	 SOX10,	which	 is	 both	 a	 neural	 crest	 derived	 progenitor	 cell	

marker	and	glial	marker,	was	observed	in	the	ganglia	and	TNB	throughout	the	four	

segments	of	the	Hirschsprung	bowel	(Figure	3.14	and	Figure	3.15).	There	were	less	

SOX10-positive	 cells	 within	 the	 hybrid	 structures	 in	 the	 submucosal	 region	 of	 the	

upper	transition	zone,	similar	to	the	pattern	of	staining	seen	for	PHOX2B.	However,	

SOX10	expression	was	also	detected	in	the	thickened	nerve	bundles	in	the	remaining	

transition	 zones	 and	 in	 the	 aganglionic	 region,	where	 PHOX2B	was	 absent.	 SOX10	

expression	was	observed	within	 the	TNB	 in	 the	 region	of	 the	nerve	 fibres	whereas	

SOX10	 expression	 was	 not	 observed	 within	 the	 perineurium.	 The	 nuclei	 of	 the	

thickened	 nerve	 fibres	 which	 expressed	 SOX10	 in	 the	 lower	 transition	 zone	 and	

aganglionic	region	appear	more	elongated	and	stretched,	suggesting	a	specific	cellular	

arrangement	of	the	cells	similar	to	that	observed	by	cells	within	the	TNB	which	also	

express	P75	and	S100.	Given	that	SOX10,	P75	and	S100	are	all	expressed	in	Schwann	

cells,	 it	 is	possible	that	these	SOX10	positive	cells	are	neural	crest	derived	Schwann	

cells	which	encase	the	nerve	fibres	within	the	myelinating	sheath.	
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Figure	3.13.	Expression	of	SOX10	
in	 comparison	 to	 P75	 in	 healthy	
control	 sigmoid	 colon	 and	 the	
distal	 colon	 in	 short	 segment	
Hirschsprung’s	 disease.	 SOX10	
(green)	 and	 P75	 (red)	 were	
expressed	 in	 the	submucosal	and	
myenteric	regions	of	distal	bowel	
in	 healthy	 control	 sigmoid	 colon	
and	 the	 distal	 colon	 in	 short	
segment	 Hirschsprung’s	 disease.	
Dapi	 (blue)	 was	 used	 to	
counterstain	 nuclei.	 SOX10	 was	
observed	within	 the	nuclei	 in	 the	
ganglia	 of	 control	 and	 ganglionic	
Hirschsprung	 bowel	 (A	 to	 D)	 and	
within	the	nuclei	of	ganglia	 in	the	
myenteric	 region	 of	 the	 upper	
transition	 zone	 (F).	 Interestingly,	
there	was	some	SOX10	expression	
in	 the	 nuclei	 of	 the	 hybrid	
structure	seen	 in	 the	submucosal	
region	 of	 the	 upper	 transition	
zone	 (E)	 although	 it	 appeared	 to	
be	reduced.	There	is	high	intensity	
of	P75	staining	within	this	ganglia-
like	 structure	 in	 addition	 to	 the	
perineurium	 surrounding	 it.	 Faint	
SOX10	expression	was	observed	in	
the	nuclei	of	the	thickened	nerve	
bundles	 in	 the	 lower	 transition	
zone	and	aganglionic	region	(G	to	
J)	 which	 can	be	 identified	 by	 the	
intensity	 of	 perineural	 P75	
staining	 in	 contrast	 to	 the	 nerve	
fibres	 themselves.	 Scale	 bars	 =	
50µm.	
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Figure	3.13.	Confocal	analysis	of	expression	of	SOX10	in	comparison	to	P75	in	healthy	
control	sigmoid	colon	and	the	distal	colon	in	short-segment	Hirschsprung’s	disease.	High	
power	confocal	images	demonstrated	SOX10	(green)	and	P75	(red)	expression	in	control	
healthy	bowel	(A	and	B)	and	the	distal	bowel	in	short	segment	Hirschsprung’s	disease	(C	
to	 J).	 Dapi	 (blue)	 was	 used	 to	 counterstain	 nuclei.	 Strong	 expression	 of	 SOX10	 was	
observed	in	the	nuclei	of	the	ganglia	in	control	bowel	and	ganglionic	Hirschsprung	bowel	
(A	 to	 H).	 There	 was	 reduced	 SOX10	 expression	 within	 the	 hybrid	 structures	 in	 the	
submucosal	 region	 of	 the	 upper	 transition	 zone	 (I	 and	 J)	 and	 in	 the	 thickened	 nerve	
bundles	 in	the	remaining	transition	zones	and	aganglionic	region	(K	to	T).	Note	also	the	
change	in	morphology	of	the	nuclei	of	thickened	nerve	fibres	in	the	lower	transition	zone	
and	aganglionic	region	(O	to	T)	which	appeared	more	elongated.	Scale	bars	=	15µm.		
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An	overview	of	the	expression	and	distribution	of	neuronal,	glial	and	progenitor	cell	

markers	 in	 the	 distal	 bowel	 in	 short	 segment	Hirschsprung’s	 disease	 is	 detailed	 in	

Table	3.3.	

	

	

	

Table	3.3.	Expression	of	markers	within	the	distal	bowel	per	region.	Structures	 in	which	
expression	was	identified	have	been	outlined	in	the	table.	Expression	of	markers	refers	to	
arbitrary	units	of	expression	based	on	visual	appearance.	+++	refers	to	a	 large	number	of	
cells,	++	refers	to	a	moderate	number	of	cells,	+	refers	to	a	small	number	of	cells	and	–	refers	
to	no	cell	expression.	Sub	–	submucosal	region,	My	–	myenteric	region.	



	

	 69	

3.3.	Discussion	

3.3.1.	Overview	
	

Currently,	 there	 is	 still	 limited	 understanding	 of	 the	 functional	 role	 of	 TNB	 in	 the	

transition	zone	and	aganglionic	region	in	HSCR.	Whilst	cells	that	express	markers	for	

ENSPC	are	detected	(Wilkinson	et	al.,	2015),	their	origin	in	this	segment	of	the	HSCR	

bowel	 remains	 unclear.	 This	 chapter	 provides	 an	 overview	 of	 the	 expression	 and	

distribution	of	neuronal,	glial	and	ENS	progenitor	cell	markers	in	the	distal	bowel	in	

short	segment	Hirschsprung’s	disease	 in	order	to	outline	the	characteristics	of	TNB	

and	the	potential	source	of	ENSPC.		

	

Our	 data	 demonstrates	 two	 main	 findings:	 Whereas	 PHOX2B	 is	 absent	 in	 the	

aganglionic	 region,	 SOX10	 is	 expressed	 within	 the	 TNB;	 Hybrid	 structures	 which	

appear	to	be	a	possible	interaction	between	intrinsic	and	extrinsic	innervation	can	be	

demonstrated	in	the	transition	zone	in	short	segment	Hirschsprung	bowel.		

	

3.3.2.	Is	P75	a	reliable	neural	crest	cell	marker?	
	

Our	 data	 shows	 that	 the	 neuronal	 markers	 Hu	 and	 calretinin	 are	 absent	 in	 the	

aganglionic	region	as	expected,	leaving	the	presence	of	only	extrinsically	derived	TNB	

which	can	be	identified	by	expression	of	Glut-1	and	P75	within	the	perineurium.	S100	

is	expressed	throughout	all	regions	of	bowel	suggesting	there	is	a	strong	glial	presence	

in	both	ganglia	and	TNB.	Other	than	the	perineurial	sheath	of	TNB	which	expresses	

P75	and	not	S100,	there	appears	to	be	a	close	overlap	in	the	distribution	of	S100	and	

P75	expression	in	all	segments	of	bowel.	Schwann	cells	encasing	the	extrinsic	nerve	

fibres	have	been	shown	to	be	S100	and	P75	positive	(Gonzalez-Martinez	et	al.,	2003;	

Morrison	 et	 al.,	 1999;	 Vroemen	 and	Weidner,	 2003),	 however,	 it	 remains	 unclear	

which	cells	within	the	perineurium	express	P75.			

	

Interestingly,	 perineurial	 cells	 also	 highly	 expresses	 Glut-1,	 a	 glucose	 transporter	

protein	which	 is	 not	 expressed	 by	 glial	 cells	 (Kakita	 et	 al.,	 2000).	 Using	Wnt1-Cre-

recombinase	 mapping	 of	 b-galactosidase	 expression	 in	 neural	 crest	 derivatives,	

Joseph	 et	 al.,	 2004,	 examined	which	 cells	 in	 the	mammalian	 peripheral	 nerve	 are	
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neural	crest	derived	(Joseph	et	al.,	2004).	Using	electron	microscopy,	multiple	sections	

of	 multiple	 nerves	 were	 reviewed	 however	 ß-galactosidase	 staining	 was	 rarely	

observed	within	perineurial	cells.	Cells	which	did	appear	to	be	positive	were	generally	

present	at	the	interface	of	perineurial	cells	and	the	endoneurium.	They	concluded	that	

perineurial	 cells	 were	 not	 derived	 from	 neural	 crest	 cells	 whereas	 endoneurial	

fibroblasts	and	Schwann	cells	which	did	express	ß-galactosidase	and	were	neural	crest	

derived.	 The	 Schwann	 cells	 which	were	 associated	with	 axons	were	 S100	 positive	

whereas	endoneurial	cells	which	were	not	associated	with	axons	were	S100	negative.	

This	suggests	that	perineural	cells	are	not	neural	crest	derived.		

	

P75,	however,	is	a	useful	neural	crest	cell	marker.	In	keeping	with	our	group’s	previous	

work,	multipotent	self-renewing	neural	stem	cells	have	previously	been	isolated	from	

mammalian	foetal	peripheral	nerve	with	FACS	using	P75	as	a	surface	marker	(Bixby	et	

al.,	 2002;	Morrison	et	al.,	 1999).	 These	cells	 also	generated	neurons	and	glia	after	

transplantation	 into	 chick	 embryos	 and	 are	 thought	 to	 comprise	 Schwann	 cell	

precursors	(SCP).	In	a	similar	fashion,	P75	has	been	used	to	isolate	ENSPC	from	foetal	

and	postnatal	gut	(Bixby	et	al.,	2002;	Kruger	et	al.,	2002)	and	found	to	differentiate	

into	neurons,	glial	cells	and	myofibroblasts	in	culture.		

	

Although	P75	is	widely	used	to	aid	isolation	of	ENSPC,	it	is	not	restricted	to	neural	crest	

derived	stem	cells.	P75	is	expressed	at	different	stages	of	development:	In	embryonic	

stem	cells	from	the	inner	mass	of	the	blastocyst;	in	multipotent	migrating	neural	crest	

stem	cells	and	in	many	foetal	and	post-natal	tissues.	Cell	types	other	than	neural	crest	

derived	 tissues	present	a	 subset	of	P75	positive	 stem	cells,	 including	oesophageal,	

epidermal,	 oral	 mucosal,	 bone	 marrow,	 adipose	 and	 various	 cancer	 stem	 cells,	

demonstrating	a	more	primitive	origin	of	these	cells	(Tomellini	et	al.,	2014).		

	

Other	neural	crest	derived	ENSPC	markers	include	RET,	EDNRB,	SOX2,	SOX10,	Phox2b,	

Mash1	/	Ascl1,	HAND2,	ErbB3	and	nestin	(Nagy	and	Goldstein,	2017).	Here	we	focus	

on	the	transcription	factors	PHOX2B	and	SOX10.		
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Although	P75	remains	to	be	a	useful	neural	crest	cell	marker,	it	is	important	to	note	

that	it	may	also	be	expressed	by	cells	which	are	not	of	neural	crest	origin.	

	

3.3.3.	Glut-1	expression	in	ganglia	of	control	bowel	appears	to	be	weaker	than	in	
ganglia	of	ganglionic	Hirschsprung	bowel	
	

Although	 there	 appeared	 to	 be	 weak	 expression	 of	 Glut-1	 within	 the	 ganglia	 of	

ganglionic	bowel,	there	was	minimal	expression	of	Glut-1	in	ganglia	of	control	bowel	

with	absence	of	Glut-1	expression	in	some	ganglia.	Glucose	transporter-1	is	a	member	

of	 a	 family	 of	 glucose	 transporter	molecules	with	 a	 role	 in	 facilitating	 diffusion	 of	

glucose	 in	 to	 cells.	 Although	 it	 is	 predominantly	 expressed	 in	 red	 blood	 cell	

membranes	 and	 endothelial	 cells	 associated	 with	 the	 blood-brain	 barrier,	 some	

malignant	tissues	have	been	found	to	contain	Glut-1	in	addition	to	the	perineurium	of	

peripheral	nerves	which	have	a	blood-nerve	barrier	and	depend	heavily	on	glucose	for	

metabolism	 (Gould	 and	 Holman,	 1993;	 Thorens	 et	 al.,	 1990;	 Younes	 et	 al.,	 1996).	

There	are	few	descriptions	of	Glut-1	staining	of	ganglia	however	it	has	been	described	

as	weak	in	ganglionic	bowel	(Kakita	et	al.,	2000)	and	minimal	in	normal	tissue	samples	

(Bachmann	et	al.,	2015).	The	different	intensity	of	Glut-1	staining	in	ganglia	between	

control	and	ganglionic	bowel	has	therefore	not	been	closely	observed	by	others	as	

Glut-1	is	largely	used	to	stain	the	perineurium.			

	

It	is	important	to	note	that	only	3	Hirschsprung	and	3	control	samples	were	used	in	

analysis	of	marker	expression	which	is	too	small	a	sample	size	to	be	representative	of	

short	 segment	 Hirschsprung	 colon.	 Another	 limitation	 of	 this	 work	 is	 that	 we	 are	

unable	to	derive	quantitative	data	of	marker	expression	using	immunofluorescence	

although	we	are	able	to	identify	expression	of	different	neuronal,	glial	and	progenitor	

cell	 markers	 in	 bowel	 sections.	 Further	 work	 using	 a	 larger	 sample	 size	 and	 an	

alternative	method	of	quantitative	analysis	such	as	qPCR	or	western	blot	to	quantify	

protein	levels	is	therefore	required	to	validate	these	results.		

	

3.3.4.	SOX10	positivity	highlights	a	potential	source	of	ENSPC	in	aganglionic	bowel	

We	found	a	significant	reduction	in	the	number	of	cells	expressing	the	neural	crest	

markers	PHOX2B	and	SOX10	in	the	transition	zone	using	immunofluorescence.	A	small	
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number	of	cells	retain	SOX10	expression	in	the	aganglionic	region	whereas	PHOX2B	

expression	is	absent.		

	
Sham	et	al.,	2001,	performed	in	situ	hybridisation	in	ganglionic	and	aganglionic	bowel	

of	Hirschsprung’s	patients	in	addition	to	control	bowel	(Sham	et	al.,	2001).	They	found	

that	mRNA	of	SOX10	was	restricted	to	cells	within	the	ganglionic	plexus	however	there	

were	also	punctate	spots	of	positive	signals	also	found	in	the	nerve	fibres	of	muscular	

layers	 of	 the	 gut	 wall.	 SOX10	 hybridisation	 signals	 largely	 overlapped	 with	 cells	

immunoreactive	 for	 S100	 antibody.	 Within	 the	 aganglionic	 segment,	 weak	 SOX10	

hybridisation	 signals	 were	 detected	 in	 the	 extrinsic	 nerves	 in	 the	 serosa	 and	

hypertrophic	nerves	in	the	musculature	of	the	aganglionic	segment,	despite	absence	

of	 neuronal	 cells.	 In	 addition,	 expression	 of	 SOX10	was	 found	 in	 all	 patients	 using	

reverse	 transcription-polymerase	 chain	 reaction	 although	 at	 a	 lower	 level	 in	 the	

aganglionic	segments.	This	is	in	keeping	with	our	data	and	suggests	a	glial	source	of	

the	SOX10	positive	cells.		

	
As	described	in	Chapter	1,	paired-like	homeobox	2B,	PHOX2B,	is	a	transcription	factor	

expressed	by	 ENCC	once	 they	 enter	 the	 gut	mesenchyme	 (Anderson	 et	 al.,	 2006).	

PHOX2B	is	essential	for	formation	of	all	autonomic	ganglia,	including	enteric	ganglia.	

In	order	to	maintain	the	balance	of	neurons	versus	glial	cells	in	the	gut,	cells	which	

form	 neurons	 downregulate	 SOX10	 and	 PHOX2B	 is	 downregulated	 in	 glial	 cells	

(Nagashimada	et	al.,	2012;	Pattyn	et	al.,	1999).	PHOX2B	mutations	are	known	to	result	

in	 HSCR	 (Nagashimada	 et	 al.,	 2012;	 Pattyn	 et	 al.,	 1999),	 however,	 expression	 of	

PHOX2B	in	HSCR	bowel	is	not	well	described	in	the	literature.		

	

There	 is	 evidence	 that	 both	 vagal	 neural	 crest	 derived	 SCP	 and	 sacral	 neural	 crest	

derived	 SCP	 have	 the	 potential	 to	 form	 neurons	 during	 development	 of	 the	 ENS.	

Espinosa-Medina	et	al	found	that	SCP	derived	from	vagal	neural	crest	also	behave	like	

parasympathetic	 precursors	 and	 form	 autonomic	 ganglia	 within	 the	 ENS	 following	

migration	along	peripheral	nerves	(Espinosa-Medina	et	al.,	2017;	Espinosa-Medina	et	

al.,	2014).		
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Using	genetic	 lineage	 tracing,	Uesaka	et	al.,	2015,	demonstrated	 that	 sacral	neural	

crest	derived	cells	that	enter	the	hindgut	and	give	rise	to	neurons	consist	of	2	distinct	

populations:	 One	 which	 enters	 the	 hindgut	 after	 E13.5	 and	 expresses	 PHOX2B;	 A	

second	population	of	phenotypical	SCP	which	enters	the	hindgut	along	pelvic	nerves	

after	E16.5	and	expresses	SOX10	but	not	PHOX2B	(Uesaka	et	al.,	2015).			

	

Together	 with	 our	 work,	 this	 suggests	 that	 SCP	 within	 the	 TNB	 which	 are	 SOX10	

positive	may	be	the	source	of	the	ENSCP	in	the	aganglionic	region	as	opposed	to	the	

P75	positive	perineural	cells.	Given	that	P75	and	S100	is	widely	expressed	within	the	

glial	cells	in	the	TNB,	it	is	likely	that	these	SCP	also	express	P75	and	S100.		

	

3.3.5.	Hybrid	structures	contain	components	of	intrinsic	and	extrinsic	innervation	

A	surprising	finding	within	this	chapter	was	the	identification	of	‘hybrid’	structures	in	

the	submucosal	region	of	the	transition	zone	of	all	three	specimens.	Characteristics	of	

the	hybrid	 structures	 include	 the	 appearance	of	 a	 ganglia	 type	 structures	within	 a	

partial	or	complete	perineural	sheath,	and	neuronal,	glial	and	neural	crest	cell	marker	

positivity	 within	 the	 structures.	 Although	 these	 structures	 have	 previously	 been	

observed	 in	 the	 transition	 zone	 of	 short-segment	 patients	 by	 others	 (personal	

communication	with	Raj	Kapur),	the	aetiology	of	this	structure	remains	elusive.	Kakita	

et	 al.,	 2000,	 previously	 identified	 a	 hybrid	 structure	 as	 ‘ganglion	 cells	 within	 a	

perineural	 ring’	 in	 a	 rectal	 biopsy	 specimen	 from	 a	 patient	 without	 HSCR	 and	

associated	it	with	intestinal	neuronal	dysplasia	(IND),	however,	there	does	not	appear	

to	be	an	association	between	giant	ganglia	and	a	perineural	ring	in	the	criteria	used	to	

diagnose	IND	(Kakita	et	al.,	2000;	Meier-Ruge	et	al.,	2006).	Features	of	the	structure	

demonstrate	 characteristics	 of	 both	 intrinsically	 derived	 ganglia	 and	 extrinsically	

derived	TNB.		

	

Linking	 together	 the	 information	 provided	 from	 immunofluorescence	 and	

composition	of	the	ENS	and	TNB	in	HSCR,	there	are	a	few	possibilities	for	the	origin	of	

these	structures:	Could	this	be	a	rare	feature	of	intrinsically	derived	ganglia?	Another	

possible	explanation	is	that	there	is	communication	or	merging	of	the	ganglia	and	TNB.	

Extrinsic	nerves	have	been	found	to	fuse	with	intrinsic	ganglionic	interconnectives	and	
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appear	 to	merge	with	 the	myenteric	 plexus.	Distal	 to	 these	points	 of	 intersection,	

interganglionic	 connectives	 and	 adjacent	 ganglia	 lose	 Glut-1	 immunoreactive	

perineurium	and	other	features	of	extrinsic	nerves.	Rarely,	extrinsic	nerves	merge	with	

the	submucosal	plexus	before	Glut-1	perineurium	is	 lost	 (Kawana	et	al.,	1988;	Tam	

and	Boyd,	1990).	Tam	and	Boyd,	1990,	described	a	mixed	presence	of	disorganised	

thick	 nerve	 fibres	 and	 ganglion	 cell	 bodies	 in	 the	 transition	 zone	 in	 whole	mount	

preparations	of	HSCR	bowel	(Tam	and	Boyd,	1990).	A	portion	of	the	sacral	neural	crest	

derived	 progenitor	 cells	which	 contribute	 to	 the	 ENS	 are	 associated	with	 the	 TNB	

therefore	 it	 is	 plausible	 that	 these	may	merge	with	 intrinsic	 ENSPC.	An	alternative	

explanation	is	the	possibility	of	neurogenesis	within	the	TNB	following	migration	into	

the	transition	zone,	given	the	neurogenic	potential	of	SCP	within	TNB	of	peripheral	

nerves.	Interestingly,	we	did	not	observe	extrinsic	nerve	fibres	with	a	Glut-1	positive	

perineurium	ganglionic	Hirschsprung’s	samples	however	we	did	observe	some	TNB	in	

one	of	the	control	samples.		

	

3.4.	Conclusion	

Detailed	characterisation	of	the	distal	bowel	of	short	segment	Hirschsprung’s	patients	

using	ENS	markers	has	allowed	us	to	understand	fundamental	differences	between	

ganglionic	 bowel	 and	 aganglionic	 bowel.	 In	 particular,	 identification	 of	 hybrid	

structures	within	the	transition	zone	raises	the	question	whether	TNB	may	have	a	role	

in	neurogenesis	in	situ	during	development.	Although	P75	is	highly	expressed	in	the	

perineurium	of	TNB,	we	have	identified	that	P75	is	also	expressed	in	cells	other	than	

those	which	are	neural	crest	derived.	Therefore,	P75	may	not	be	the	most	reliable	

neural	crest	stem	cell	marker.	Expression	of	SOX10	in	the	aganglionic	region	highlights	

that	the	SCP	may	be	the	actual	source	of	ENSPC,	which	have	previously	been	isolated	

by	P75	FACS	and	cultured,	as	opposed	to	the	perineurium	of	TNB.		

	

Understanding	the	source	and	properties	of	ENSPC	in	the	aganglionic	region	will	allow	

us	 to	understand	 the	potential	molecular	mechanisms	surrounding	 their	behaviour	

and	potential	for	neurogenesis.		
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Chapter	 4:	 Characterisation	 of	 thickened	
nerve	fibre	bundles	present	in	the	aganglionic	
region	 of	 children	 with	 different	
Hirschsprung’s	phenotypes	
	
4.1.	Introduction	

4.1.1.	Background	

As	described	previously	in	Chapter	1,	a	majority	of	patients	with	HSCR	have	a	short	

segment	 phenotype	 with	 long	 segment,	 total	 colonic	 and	 total	 intestinal	 disease	

affecting	only	 a	 small	 proportion	of	patients.	Hypertrophic	nerves	 that	exist	 in	 the	

distal	bowel	of	most	patients	with	HSCR	arise	from	extrinsic	autonomic	and	sensory	

fibres	which	enter	along	with	vessels	from	the	perirectal	region	and	project	for	a	finite	

distance	 rostrally.	 These	 include	 the	 dorsal	 root	 ganglion,	 abdominal	 prevertebral	

ganglia	and	pelvic	ganglion	 (Glebova	and	Ginty,	2005;	Grundy,	2006;	Uesaka	et	al.,	

2016).	It	is	the	number	and	diameter	of	these	fibres	that	increase	in	HSCR,	giving	rise	

to	the	‘thickened	nerve	fibre	bundles’	(TNB)	that	are	frequently	but	not	always	seen	

in	the	myenteric	plexus,	submucosa	and	mucosa	of	HSCR	patients	(Kapur	et	al.,	2009;	

Monforte-Munoz	et	al.,	1998).		

	

The	 current	 gold	 standard	 for	 diagnosing	 HSCR	 is	 based	 on	 rectal	 suction	 biopsy	

histological	 and	 immunohistochemical	 findings	 which	 include	 absence	 of	 ganglion	

cells,	and	in	a	majority	of	cases,	hypertrophic	TNB	(Bachmann	et	al.,	2015;	Kapur	et	

al.,	2009;	Meier-Ruge	et	al.,	1972).	

	

Since	the	original	descriptions	of	large	cholinergic	fibres	in	the	muscularis	mucosae,	

lamina	propria	 and	 submucosa	by	Meier-Ruge	et	 al.,	 1972,	 and	Chow	et	 al.,	 1977,	

using	 acetylcholinesterase	 (AChE)	 immunohistochemistry,	 the	 main	 focus	 on	

diagnosis	of	HSCR	from	rectal	biopsy	has	been	identification	of	TNB	in	the	submucosal	

region	rather	than	the	myenteric	region	(Chow	et	al.,	1977;	Meier-Ruge	et	al.,	1972).	

Monforte-Munoz	 et	 al.,	 1998,	 based	 their	 finding	 of	 TNB	 >40µm,	 as	 a	 distinction	
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between	aganglionic	HSCR	bowel	and	ganglionic	healthy	bowel,	on	examination	of	the	

submucosa	using	haematoxylin	and	S100	immunochemistry.	This	is	now	widely	used	

as	parameter	to	distinguish	between	‘normal’	extrinsic	innervation	of	the	rectum	and	

HSCR	(Monforte-Munoz	et	al.,	1998).		

	

Several	studies	have	demonstrated	that	TNB	may	be	absent	or	of	smaller	calibre	in	

longer	 segment	 disease,	 although	 the	 numbers	 of	 patients	 with	 more	 extensive	

aganglionosis	in	these	studies	have	been	very	low	(Bethell	et	al.,	2016;	Caniano	et	al.,	

1985;	Doi	et	al.,	2005;	Solari	et	al.,	2003).	Narayanan	et	al.,	2016,	recently	reviewed	

rectal	 biospies	 of	 a	 large	 cohort	 of	 HSCR	 patients	 and	 demonstrated	 that	 a	 TNB	

diameter	of	<40µm	was	predictive	of	‘long	segment’	disease	using	haematoxylin	and	

eosin	(H&E)	stained	sections	(Narayanan	et	al.,	2016).	However,	it	is	unfortunate	that	

only	9	of	the	34	patients	within	the	‘long	segment	disease’	group,	those	with	sigmoid	

disease,	were	also	classified	as	‘long	segment’	in	that	study.	As	we	know,	the	definition	

of	distinct	classes	of	HSCR	are	defined	by	the	extent	of	the	disease	with	short	segment	

comprising	the	rectum	and	sigmoid	colon	and	long	segment	comprising	disease	above	

the	sigmoid	(Amiel	et	al.,	2008;	Kenny	et	al.,	2010).	Nevertheless,	taken	together	these	

observations	 clearly	 indicate	 that	 long	 segment	 and	 total	 colonic	 aganglionosis	

subtypes	are	likely	to	have	reduced	or	absent	TNB	in	the	distal	submucosal	region	of	

aganglionic	bowel.	Therefore,	one	 important	outstanding	question	arising	from	the	

above	considerations	is	if	a	more	detailed	comparison	of	the	TNB	subtypes	will	permit	

clearer	 demarcation	 of	 HSCR	 subtypes,	 and	 throw	 light	 on	 possible	 different	

aetiologies	of	these	subtypes.		

	

In	addition	to	providing	important	diagnostic	information,	it	has	been	postulated	that	

TNB	 in	 the	 aganglionic	 region	 may	 be	 the	 source	 of	 ENSPC-like	 cells	 capable	 of	

generating	neurons	with	at	least	some	of	the	characteristics	of	those	of	the	normal	

ENS	(Bethell	et	al.,	2016;	Wilkinson	et	al.,	2015).	It	 is	therefore	important	to	assess	

whether	 there	are	marked	histological	differences	 in	 relation	 to	TNB	presence	and	

diameter	in	a	larger	cohort	of	children	with	more	extensive	aganglionosis.	If	TNB	are	

required	for	the	entry	of	ENSPC-like	cells	into	the	aganglionic	region,	a	reduction	or	

absence	 of	 TNB	 in	 patients	 with	 longer	 segment	 disease	may	 affect	 the	 ability	 to	
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isolate	ENSPC	from	the	aganglionic	region	of	bowel	and	therefore	their	use	in	future	

therapies.	In	addition,	there	may	be	clinical	significance	if	a	majority	of	patients	with	

disease	above	the	sigmoid	colon	have	TNB	<40	µm	in	the	submucosal	region.	Rectal	

suction	 biopsy	 results,	 in	 addition	 to	 other	 clinical	 parameters	 such	 as	 lower	 GI	

contrast	 study	 and	 response	 to	 rectal	 washouts,	 could	 then	 be	 used	 to	 inform	

clinicians	of	possible	disease	phenotype	and	consequent	management	strategies.		

	

Glut-1,	a	glucose	transporter	protein,	 is	widely	used	as	a	marker	of	perineurium	to	

distinguish	extrinsic	nerve	fibres	between	aganglionic	and	healthy	ganglionic	bowel	

(Bachmann	 et	 al.,	 2015;	 Kakita	 et	 al.,	 2000;	 Kapur	 and	 Kennedy,	 2013).	 The	

neurotrophin	 receptor,	 P75,	 is	 also	 expressed	 within	 the	 perineurium	 of	 TNB,	

however,	as	it	is	also	a	neural	and	glial	marker,	nerve	fibres	within	TNB	also	express	

P75.	The	advantage	of	using	Glut-1	to	identify	TNB	over	P75	staining	therefore	is	that	

Glut-1	 is	 largely	 restricted	 to	 the	 perineurium	 as	 opposed	 to	 the	 nerve	 fibres	

themselves.	 In	 addition,	 P75	 stains	 ganglia	 whereas	 Glut-1	 staining	 of	 ganglia	 is	

minimal	 allowing	 a	 more	 accurate	 distinction	 between	 aganglionic	 and	 ganglionic	

bowel	segments	(Kakita	et	al.,	2000;	Kapur	and	Kennedy,	2013).	Our	work	in	Chapter	

3	highlights	the	usefulness	of	Glut-1	in	identifying	TNB	within	the	aganglionic	region	

over	P75.	

	
4.1.2.	Aims	

Given	the	potential	significance	of	TNB	diameter	in	diagnosing	HSCR,	the	main	aim	of	

this	chapter	is	to	assess	the	differences	in	TNB	presence	and	diameter	in	aganglionic	

segments	of	bowel	from	patients	with	long	segment,	total	colonic	and	total	intestinal	

aganglionosis	 in	comparison	to	aganglionic	segments	of	bowel	 from	short	segment	

patients.	TNB	will	be	 identified	using	Glut-1	staining,	where	positive	staining	within	

the	perineurium	highlights	presence	of	TNB.	Where	Glut-1	positive	TNB	are	identified,	

the	diameter	will	be	quantified	as	per	methodology	used	by	other	groups	in	order	to	

be	able	to	make	a	comparison	of	our	results	with	others	(Narayanan	et	al.,	2016;	Solari	

et	 al.,	 2003).	 An	 additional	 aim	 is	 to	 assess	 whether	 nerve	 fibres	 within	 TNB	 in	

aganglionic	bowel	from	children	with	different	HSCR	phenotypes	express	P75	which	
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has	widely	been	used	as	a	marker	of	ENSPC,	thus	highlighting	the	potential	for	isolating	

ENSPC	in	different	HSCR	patient	groups	and	throwing	light	on	the	aetiology	of	HSCR.		

	
4.1.3.	Attribution	of	work	in	this	chapter	

Dr	George	Bethell,	a	Paediatric	Surgery	colleague	and	previous	MRes	student,	assisted	

in	identifying	eligible	patients	from	the	Alder	Hey	Children’s	Hospital	(AHCH)	database.	

Dr	Rajeev	Shukla,	Consultant	Histopathologist	at	AHCH,	reviewed	all	previously	stained	

H&E	specimens	with	the	author	prior	to	retrieval	of	paraffin	embedded	samples	and	

immunohistochemical	 staining.	 Technicians	 in	 the	 Histopathology	 department	 at	

AHCH	 performed	 all	 sectioning,	 heat	 antigen	 retrieval	 and	 immunohistochemical	

staining	 of	 specimens.	 Identification	 and	 review	 of	 patient	 samples,	 in	 addition	 to	

microscopy,	data	acquisition	and	analysis	was	performed	by	 the	author	with	 some	

assistance	from	Megan	Smith,	PhD	student.		

	
4.2.	Results	

4.2.1.	Identification	of	specimens	

All	 patients	with	 a	 diagnosis	 of	 total	 colonic	 aganglionosis	 (TCA)	 or	 total	 intestinal	

aganglionosis	(TIA)	between	1994	and	2017	were	identified	from	the	AHCH	database.	

Intotal,	16	patients	with	TCA	and	3	patients	with	TIA	were	identified.	Sixteen	aged-

matched	patients	with	long-segment	(LS)	disease	and	short-segment	(SS)	disease	were	

identified	 accordingly.	 Pull-through	 specimens	were	 reviewed	 to	 identify	 the	most	

distal	and	proximal	aganglionic	segments	of	bowel	within	each	specimen	prior	to	heat	

antigen	retrieval	and	immunostaining	by	the	Histopathology	team	as	per	2.6.5.		

	
Rectal	 biopsy	 (RB)	 specimens	 representing	 the	 distal	 aganglionic	 segment	 were	

retrieved,	however,	after	initial	analysis	of	slides	obtained,	it	was	apparent	that	many	

RB	lacked	sufficient	tissue	for	analysis	of	TNB	and	subsequent	analysis	was	therefore	

restricted	to	the	distal	aganglionic	region	from	resected	bowel	specimens	as	opposed	

to	 RB.	 Due	 to	 difficulty	 in	 extracting	 all	 specimens	 and	 insufficiency	 of	 several	

specimens	retrieved,	not	all	samples	identified	have	been	analysed.	Table	4.1	outlines	

all	specimens	with	sufficient	tissue	for	analysis	of	TNB	diameter	in	the	submucosal	and	

myenteric	regions.	In	total,	there	were	12	SS,	13	LS,	14	TCA	and	2	TIA	distal	aganglionic	
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specimens	and	11	SS,	10	LS,	13	TCA	and	2	TIA	proximal	aganglionic	specimens	which	

were	sufficient	for	analysis.	Rectal	biopsy	data	and	distal	aganglionic	bowel	data	were	

grouped	when	deriving	quantitative	results.			

	

	

	
	

	

4.2.2.	Positive	expression	of	Glut-1	in	aganglionic	bowel	

Staining	for	Glut-1,	a	glucose	transporter	molecule,	was	selected	to	identify	TNB	due	

to	the	intense	perineural	staining	of	extrinsically	derived	TNB	with	Glut-1	(Kakita	et	al.,	

2000;	Kapur	and	Kennedy,	2013).	

	

As	expected,	Glut-1	was	 strongly	expressed	 in	 the	perineurium	of	TNB	 in	both	 the	

submucosal	 and	 myenteric	 regions	 of	 distal	 and	 proximal	 aganglionic	 bowel	 with	

minimal	staining	of	the	nerve	fibres	themselves	(Figures	4.1,	4.2	and	4.3).	There	was	

also	strong	expression	of	Glut-1	in	red	blood	cells	and	endothelium	of	blood	vessels	

(Arrow	heads	 in	 Figure	 4.1A),	 however,	 there	was	 a	 clear	 distinction	 between	 the	

perineurium	of	TNB	and	blood	vessels.		

	

	

	

	

Table	4.1:	Specimens	with	sufficient	tissue	for	analysis	
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Figure	4.1.	Overview	of	Glut-
1	staining	of	thickened	nerve	
bundles	 in	 the	 distal	
aganglionic	 bowel.		
Representative	images	of	TNB	
in	 the	 submucosal	 and	
myenteric	 plexuses	 of	 distal	
aganglionic	 bowel	 samples	
from	 patients	 with	 different	
Hirschsprung’s	 phenotypes.	
Nuclei	 are	 stained	 with	
Haematoxylin.	Arrows	in	A	are	
highlighting	Glut-1	staining	of	
the	 perineurium	 whereas	
arrow	 heads	 are	
demonstrating	Glut-1	staining	
of	red	blood	cells	within	blood	
vessels.	 Scale	 bars	 represent	
200µm. 
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Figure	 4.2.	 Glut-1	 staining	 of	
thickened	 nerve	 bundles	 in	
the	 distal	 aganglionic	 bowel.		
Representative	images	of	TNB	
in	 the	 submucosal	 and	
myenteric	 plexuses	 of	 distal	
aganglionic	 bowel	 samples	
from	 patients	 with	 different	
Hirschsprung’s	 phenotypes.	
Nuclei	 are	 stained	 with	
Haematoxylin.	 Scale	 bars	
represent	50µm. 
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4.2.3.	P75	expression	

P75	expression	within	the	perineurium	had	a	very	similar	pattern	to	GLUT-1,	however,	

although	there	was	strong	expression	of	P75	in	the	perineurium	of	TNB,	the	thickened	

nerve	fibres	themselves	also	expressed	P75	in	contrast	to	minimal	expression	of	GLUT-

1	(Figure	4.4	and	4.5).	This	 is	 likely	due	to	glial	derived	Schwann	cells	encasing	the	

fibres	in	addition	to	ENSPC	expressing	P75	as	opposed	to	GLUT-1.	The	perineurium	is	

known	 to	 express	 both	GLUT-1	 and	 P75	 (Kakita	 et	 al.,	 2000).	Due	 to	 difficulties	 in	

optimising	dilution	of	the	primary	antibody	by	the	histopathology	technicians	it	was	

difficult	to	quantify	the	intensity	in	expression	of	P75.	Further	slides	could	not	be	re-

stained	due	to	limited	resources.		

Myenteric Submucosal 

Sh
or
t	s
eg
m
en

t 
Lo
ng
	s
eg
m
en

t 
To

ta
l	c
ol
on

ic
 

A B 

C D 

E F 

Figure	 4.3:	 Glut-1	 staining	of	
thickened	 nerve	 bundles	 in	
the	 proximal	 aganglionic	
bowel.	Representative	images	
of	TNB	in	the	submucosal	and	
myenteric	 plexuses	 of	
proximal	 aganglionic	 bowel	
samples	 from	 patients	 with	
different	 Hirschsprung’s	
phenotypes.	 Nuclei	 are	
stained	 with	 haematoxylin.	
Scale	bars	represent	50µm. 
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Figure	 4.5:	 P75	 staining	 of	
thickened	nerve	bundles	in	the	
proximal	 aganglionic	 bowel.	
Representative	images	of	TNB	in	
the	 submucosal	 and	 myenteric	
plexuses	of	proximal	aganglionic	
bowel	 samples	 from	 patients	
with	 different	 Hirschsprung’s	
phenotypes.	 Nuclei	 are	 stained	
with	 haematoxylin.	 Scale	 bars	
represent	50µm. 
 

Figure	 4.4:	 P75	 staining	 of	
thickened	nerve	bundles	 in	 the	
distal	 aganglionic	 bowel.	
Representative	images	of	TNB	in	
the	 submucosal	 and	 myenteric	
plexuses	 of	 distal	 aganglionic	
bowel	 samples	 from	 patients	
with	 different	 Hirschsprung’s	
phenotypes.	 Nuclei	 are	 stained	
with	 Haematoxylin.	 Scale	 bars	
represent	50µm. 
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4.2.4.	Calretinin	expression	

Staining	with	calretinin,	a	calcium-binding	protein	expressed	by	enteric	neurons,	was	

performed	 to	 ensure	 that	 sections	 were	 aganglionic	 as	 calretinin	 should	 not	 be	

expressed	in	the	aganglionic	region.	

	

Calretinin	 staining	was	 largely	 absent	 in	 the	 distal	 and	 proximal	 bowel	 apart	 from	

occasional	mast	cell	staining	and	was	useful	in	identifying	aganglionic	regions	adjacent	

to	transition	zone	regions	(Figure	4.6).	Calretinin	immunoreactivity	is	normally	present	

in	small	intrinsic	nerves	located	in	the	muscularis	mucosae	and	lamina	propria	and	is	

completely	absent	in	aganglionic	bowel	(Kapur	et	al.,	2009).		

	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
4.2.5.	No	hypertrophic	nerves	were	observed	in	TIA	samples	

Of	the	2	samples	of	TIA	that	were	analysed,	no	hypertrophic	nerves	were	identifiable	

in	the	distal	or	proximal	segments	in	both	submucosal	and	myenteric	regions	with	an	

absence	 of	 Glut-1,	 P75	 and	 calretinin	 staining	 (Figure	 4.7).	 There	 is	 a	 paucity	 of	

Figure	4.6:	Absent	calretinin	staining	of	thickened	nerve	bundles	in	
the	 distal	 aganglionic	 bowel.	 Representative	 images	 of	 calretinin	
staining	in	the	submucosal	and	myenteric	plexuses	of	proximal	and	
distal	aganglionic	bowel	samples	from	patients	with	short	segment	
Hirschsprung’s	 disease.	 Occasional	 mast	 cell	 staining	 is	
demonstrated	(arrow	heads).	Nuclei	are	stained	with	haematoxylin.	
Scale	bars	represent	200	µm. 
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literature	 in	 relation	 to	 histopathological	 findings	 in	 TIA	 due	 to	 the	 rarity	 of	 the	

condition.	One	previous	review	commented	that	TNB	were	absent	on	histology	in	up	

to	a	quarter	of	cases	(Caniano	et	al.,	1985).		

	

4.2.6.	Quantitative	analysis	of	results	

In	all	HSCR	subtypes,	there	were	specimens	which	did	not	contain	any	Glut-1	positive	

TNB	and	these	have	therefore	been	classed	as	‘negative’	samples.	Table	4.2	outlines	

the	 number	 of	 specimens	 which	 were	 negative	 in	 each	 group.	 There	 were	 more	

negative	 samples	 as	 the	 length	 of	 aganglionosis	 increased	 and	 in	 the	 proximal	

specimens	compared	to	the	distal	specimens	within	each	group.		

	

	

	

	

	

	

	

	

	

	

	

Figure	 4.7:	 Absence	 of	 hypertrophic	 nerves	 in	 the	 distal	 bowel	 of	 total	 intestinal	
Hirschsprung	patients.	Representative	 images	of	Glut-1	(A),	P75	(B)	and	calretinin	(c)	
staining	in	the	submucosal	and	myenteric	plexuses	of	distal	aganglionic	bowel	samples	
from	 patients	 with	 total	 intestinal	 Hirschsprung’s	 disease.	 Nuclei	 are	 stained	 with	
haematoxylin.	Scale	bar	represents	200	µm 

Glut-1 P75 Calretinin 

A B C 

Table	4.2.	Samples	with	no	positive	Glut-1	staining	out	of	the	
total	number	of	samples	per	group.	
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In	order	to	analyse	the	mean	TNB	diameter,	negative	samples	have	been	excluded	to	

accurately	 compare	 the	 mean	 TNB	 diameter	 between	 each	 group	 and	 deduce	

whether	there	is	a	significant	difference	in	mean	TNB	diameter	between	the	groups.	

Only	 TNB	 which	 are	 Glut-1	 positive	 have	 been	 included	 as	 a	 TNB	 diameter	 of	

>40micrometer	is	currently	used	in	clinical	practice	to	identify	hypertrophic	nerves.		

	
4.2.6.1.	Mean	TNB	diameter	is	reduced	in	the	submucosal	region	of	TCA	aganglionic	
bowel	compared	to	SS	distal	aganglionic	bowel.		
	

Within	the	submucosal	region	of	distal	aganglionic	bowel	across	all	HSCR	phenotypes,	

at	least	one	specimen	in	all	subtypes	demonstrated	absence	of	Glut-1	positive	TNB,	

which	was	classed	as	‘negative’.	However,	there	was	a	higher	proportion	of	absence	

of	Glut-1	staining	in	the	LS	and	TCA	groups	(Table	4.2).	When	the	mean	TNB	diameter	

was	calculated	for	Glut-1	positive	TNB,	it	was	52.89+/-4.41µm	for	SS	samples,	42.4+/-

4.11µm	 for	 LS	 samples	 and	 38.16+/-3.27µm	 for	 TCA	 samples	 (Figure	 4.8).	Overall,	

there	was	 a	 significant	 difference	 between	 all	 3	 groups	 (p=0.04),	 using	 a	 one-way	

ANOVA,	with	a	mean	TNB	diameter	 for	 the	TCA	group	below	40µm.	Using	Tukey’s	

multiple	 comparisons	 test,	 a	 significant	difference	was	demonstrated	between	 the	

mean	TNB	diameter	of	 the	SS	and	TCA	groups	 (p=0.04).	 This	40µm	parameter	has	

previously	been	suggested	in	the	literature	as	a	way	of	predicting	whether	the	sample	

is	‘longer	segment’	(Narayanan	et	al.,	2016).	In	contrast,	long	segment	is	defined	as	

disease	above	the	sigmoid	colon	here.	It	is	also	important	to	take	in	to	account	that	

the	negative	samples	could	not	be	measured	and	there	were	more	negative	samples	

in	the	LS	and	TCA	groups.		

	

In	 contrast,	 there	 did	 not	 appear	 to	 be	 a	 significant	 reduction	 in	 the	 mean	 TNB	

diameter	 in	the	myenteric	regions	between	SS,	LS	and	TCA	samples	although	there	

was	still	absence	of	TNB	in	some	samples	in	each	group	(Table	4.2	and	Figure	4.9).	All	

mean	 TNB	 diameters	 were	 greater	 than	 40µm;	 SS	 54.47+/-3.42µm,	 LS	 55.12+/-

7.10µm	and	TCA	52.90+/-6.33µm.		
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	 Mean	 SEM	

Short	segment	 52.89	 4.41	

Long	segment	 42.40	 4.11	

Total	colonic	 38.16	 3.52	

	 Mean	 SEM	

Short	segment	 54.47	 3.42	

Long	segment	 55.12	 7.10	

Total	colonic	 52.90	 6.33	

Figure	 4.8:	Variation	 in	 TNB	diameter	 in	 the	 submucosal	 region	of	 distal	 aganglionic	
bowel.	Mean	TNB	in	bowel	samples	from	different	Hirschsprung	phenotypes	are	plotted	
without	negative	samples	(A).	Mean	and	SEM	are	demonstrated	for	each	group.	The	mean	
and	SEM	(micrometre)	for	TNB	that	were	identified	by	Glut-1	in	each	group	are	shown	in	
(B).		A	significant	difference	(p=0.04)	in	TNB	diameter	was	found	between	all	groups	using	
a	one-way	ANOVA	(SS	n=11,	LS	n=9,	TCA	n=9).	Using	Tukey’s	multiple	comparisons	test,	a	
significant	 difference	 was	 identified	 between	 the	 TNB	 diameter	 in	 SS	 and	 TCA	 groups	
(p=0.04),	 however,	 there	was	 no	 significant	 difference	 between	 the	 SS	 and	 LS	 groups	
(p=0.18)	and	between	the	LS	and	TCA	groups	(p=0.62).	

Figure	4.9:	Variation	 in	 TNB	diameter	 in	 the	myenteric	 region	of	 distal	 aganglionic	
bowel.	 Mean	 TNB	 in	 bowel	 samples	 from	 different	 Hirschsprung	 phenotypes	 are	
plotted	without	negative	samples.	Mean	and	SEM	are	demonstrated	for	each	group	(A).	
The	mean	and	SEM	(micrometre)	for	TNB	that	were	identified	by	Glut-1	in	each	group	
are	 shown	 in	 (B).	 There	 was	 no	 statistical	 significant	 difference	 in	 TNB	 diameter	
between	the	groups	(p=0.96)	using	a	one-way	ANOVA	(SS	n=9,	LS	n=7,	TCA	n=7).	
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4.2.6.2.	Mean	TNB	diameter	 is	below	40µm	in	total	colonic	proximal	aganglionic	
bowel	when	TNB	are	present.	
	

Proximal	aganglionic	bowel	samples	were	assessed	in	addition	to	distal	bowel	samples	

in	order	to	identify	if	differences	exist	in	abnormal	extrinsic	innervation	depending	on	

length	of	aganglionosis.		

	

Although	a	reduction	in	the	mean	TNB	diameter	was	observed	in	both	the	submucosal	

and	myenteric	regions	of	proximal	aganglionic	bowel	between	SS	and	TCA	samples	

this	was	not	found	to	be	statistically	significant	when	assessed	using	a	one-way	ANOVA	

(Figures	4.10	and	4.11).	Absence	of	TNB	in	the	groups	with	more	extensive	lengths	of	

aganglionosis	was	also	observed	however	 there	was	a	 greater	number	of	negative	

samples	 in	 the	 TCA	 group	 in	 the	more	 proximal	 aganglionic	 bowel.	 This	 has	 been	

observed	by	others	(Bethell	et	al.,	2016;	Solari	et	al.,	2003).	

	

In	 the	 submucosal	 region,	 the	mean	 TNB	 diameter	 of	 the	 LS	 group	 was	 47.36+/-

6.47µm	which	is	very	similar	to	the	mean	TNB	diameter	of	the	SS	group	of	47.41+/-	

4.64µm	with	only	the	mean	TNB	diameter	of	the	TCA	group	falling	below	the	threshold	

of	40µm	with	a	mean	TNB	diameter	of	36.70+/-7.35µm	(Figure	4.10).		

	
		
	

	
	

	 Mean	 SEM	

Short	segment	 47.36	 6.47	

Long	segment	 47.41	 4.64	

Total	colonic	 36.70	 7.35	

Figure	 4.10:	 Variation	 in	 TNB	 diameter	 in	 the	 submucosal	 region	 of	 proximal	
aganglionic	 bowel.	Mean	and	 SEM	diameter	 of	 TNB	 in	 bowel	 samples	 from	different	
Hirschsprung	 phenotypes	 are	 plotted	 without	 negative	 samples	 (A).	 Mean	 and	 SEM	
(micrometre)	are	demonstrated	for	each	group	(B).	There	was	no	statistical	significant	
difference	 in	 TNB	diameter	between	 the	groups	 (p=0.49)	using	a	 one-way	ANOVA	 (SS	
n=9,	LS	n=5,	TCA	n=5).	
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The	average	TNB	diameter	in	the	TCA	group	was	below	40µm	in	the	myenteric	region	

of	proximal	aganglionic	bowel	with	a	mean	TNB	diameter	of	47.76	+/-5.98µm	in	the	

SS	group	and	42.15+/-3.40	µm	in	the	LS	group	(Figure	4.11).		

	

There	 did	 not	 appear	 to	 be	 any	 significant	 differences	 between	 the	 groups	 in	 the	

submucosal	and	myenteric	regions	of	proximal	bowel.		

	
	
4.2.6.3.	Mean	TNB	diameter	is	reduced	in	the	submucosal	region	in	comparison	to	
the	myenteric	region	in	distal	total	colonic	aganglionic	bowel.	
	

Overall,	myenteric	values	for	Glut-1	positive	TNB	in	the	distal	aganglionic	bowel	were	

higher	 for	all	 groups	 than	 submucosal	 values	 for	mean	TNB	diameter	and	all	were	

greater	 than	 40µm	 (Figure	 4.12).	 There	 were	 no	 statistical	 differences	 between	

submucosal	 and	 myenteric	 values	 for	 the	 mean	 TNB	 diameter	 within	 the	 short	

segment	and	long	segment	groups	without	inclusion	of	negative	values.	There	was	a	

significant	difference	between	the	mean	TNB	diameter	in	the	submucosal	region	and	

myenteric	region	of	TCA	samples	(p=0.048),	however,	with	the	mean	submucosal	TNB	

value	below	40	µm.		As	described	previously,	not	all	specimens	had	sufficient	tissue	to	

	 Mean	 SEM	

Short	segment	 47.76	 5.98	

Long	segment	 42.15	 3.40	

Total	colonic	 30.54	 7.05	

Figure	4.11:	Variation	in	TNB	diameter	in	the	myenteric	region	of	proximal	aganglionic	
bowel.	Mean	TNB	and	SEM	in	bowel	samples	from	different	Hirschsprung	phenotypes	
are	 plotted	 without	 negative	 samples	 (A).	 Mean	 and	 SEM	 (micrometre)	 are	
demonstrated	 for	 each	 group.	 The	 mean	 and	 SEM	 (micrometre)	 for	 TNB	 that	 were	
identified	by	Glut-1	in	each	group	are	shown	in	(C).	There	was	no	statistical	significant	
difference	in	TNB	diameter	between	the	groups	(p=0.15)	using	a	one-way	ANOVA	(SS	
n=9,	LS	n=7,	TCA	n=4).	
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include	 each	 sample	 retrieved	 in	 the	 analysis	 of	 data.	 The	 data	 is	 therefore	

unmatched.			
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Figure	 4.13:	 Percentage	 of	 TNB	 over	 40µm	 in	 samples	 of	 distal	 aganglionic	 bowel	 per	
phenotype	group.	Bar	graph	demonstrating	percentage	of	TNB	greater	than	40µm	and	less	
than	40µm	or	absent	 in	 the	submucosal	and	myenteric	 regions	 in	 each	 group	 (A).	Total	
number	 and	 percentage	 of	 samples	 with	 TNB	 greater	 than	 40µm	 and	 less	 than	 40µm,	
including	total	number	of	negative	samples,	in	the	submucosal	and	myenteric	regions	per	
phenotype	group	(B). 

Figure	4.12:	Variation	in	TNB	diameter	between	the	submucosal	and	myenteric	regions	of	
distal	 aganglionic	 bowel.	 Mean	 TNB	 in	 bowel	 samples	 from	 different	 Hirschsprung	
phenotypes	 are	 plotted	 without	 negative	 samples.	 Mean	 and	 SEM	 (micrometre)	 are	
demonstrated	for	each	group.	A	significant	difference	was	found	between	the	mean	TNB	
diameter	of	the	submucosal	and	myenteric	regions	within	the	TCA	group	alone	using	a	two-
tailed	students	t-test	(p=0.048).		 
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Myenteric	values	in	the	proximal	aganglionic	bowel,	on	the	other	hand,	appeared	to	

be	reduced	in	LS	and	TCA	groups	compared	to	the	submucosal	values	and	equivocal	

in	 the	 SS	 group	 (Figure	 4.13),	 however,	 no	 statistical	 differences	 were	 observed	

between	the	groups	using	a	two-tailed	students	t-test.	

	

4.2.6.4.	The	SS	phenotype	is	associated	with	a	larger	proportion	of	GLUT-1	positive	
TNB	>40µm	in	the	submucosal	and	myenteric	regions	of	distal	bowel	compared	to	
LS	and	TCA	phenotypes	
	

There	was	a	greater	proportion	of	GLUT-1	positive	TNB	>40µm	in	the	submucosal	and	

myenteric	regions	of	distal	SS	specimens	compared	to	LS	and	TCA	(Figure	4.14).		

	

	

	

	

Using	a	Fisher’s	exact	test,	 the	presence	of	nerve	fibres	with	a	diameter	<40µm	or	

absence	of	Glut-1	nerve	fibres	in	the	distal	submucosal	region	was	83%	specific	for	
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Figure	4.14:	Variation	in	TNB	diameter	between	the	submucosal	and	myenteric	regions	
of	 distal	 aganglionic	 bowel.	Mean	 TNB	 in	 bowel	 samples	 from	 different	 Hirschsprung	
phenotypes	 are	 plotted	 without	 negative	 samples.	 Mean	 and	 SEM	 (micrometre)	 are	
demonstrated	for	each	group.	No	significant	differences	were	found	between	the	mean	
TNB	diameter	of	the	submucosa	and	myenteric	regions	within	each	individual	group	using	
a	two-tailed	students	t-test.		 
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long	segment	and	total	colonic	aganglionosis	(p=0.04)	with	50%	sensitivity.	Similarly,	

In	the	distal	myenteric	region,	the	presence	of	nerve	fibres	with	a	diameter	<40µm	or	

absence	of	Glut-1	nerve	fibres	was	91%	specific	 for	 long	segment	and	total	colonic	

aganglionosis	(p=0.049)	with	47%	sensitivity.	

	
4.2.6.5.	 The	 TCA	 phenotype	 is	 associated	 with	 a	 larger	 proportion	 of	 GLUT-1	
positive	TNB	<40µm	in	the	proximal	bowel	compared	to	LS	and	SS	phenotypes	
	

There	was	more	variability	between	the	subgroups	in	the	proximal	aganglionic	bowel	

with	the	TCA	group	consistently	having	the	highest	proportion	of	Glut-1	TNB	<40µm	

compared	 to	 LS	 and	 SS	 subgroups	 in	 both	 the	 submucosal	 and	myenteric	 regions	

(Figure	4.15).	An	association	between	TNB	diameter	and	length	of	aganglionosis	was	

not	reliably	demonstrated	in	either	region.		

	

	

	

	

B 

Figure	4.15:	Percentage	of	TNB	over	40	µm	in	samples	of	proximal	aganglionic	bowel	per	
phenotype	group.	Bar	graph	demonstrating	percentage	of	TNB	greater	than	and	less	than	
40µm	or	absent	in	the	submucosal	and	myenteric	regions	in	each	group	(A).	Total	number	
and	 percentage	 of	 samples	 with	 TNB	 greater	 than	 and	 less	 than	 40µm,	 including	 total	
number	 of	 negative	 samples,	 in	 the	 submucosal	 and	 myenteric	 regions	 per	 phenotype	
group	(B). 
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4.3.	Discussion	

4.3.1.	Overview	

The	 role	 and	 significance	 of	 TNB	 in	 the	 distal	 aganglionic	 bowel	 of	 patients	 with	

Hirschsprung’s	 disease	 remain	 uncertain.	 It	 is	 apparent	 that	 differences	 in	 TNB	

presence	and	diameter	exist	between	HSCR	subtypes	however	objective	assessment	

of	these	differences	is	required	in	order	to	determine	whether	these	differences	are	

clinically	relevant.			

	

In	 this	 chapter	we	 have	 identified	 the	 presence	 of	 TNB	 in	 the	 distal	 and	 proximal	

aganglionic	 bowel	 of	 patients	with	 short	 segment,	 long	 segment	 and	 total	 colonic	

aganglionosis.	The	two	most	significant	findings	are	that	on	average	the	TNB	diameter	

is	 >40µm	 in	 the	 distal	 submucosal	 aganglionic	 region	 of	 short-segment	 patients	

whereas	it	is	<40µm	total	colonic	Hirschsprung’s	patients	when	extrinsic	nerve	fibres	

are	present.	In	addition,	patients	with	long	segment	and	total	colonic	HSCR	are	more	

likely	to	have	either	absence	of	nerve	fibres	or	nerve	fibres	which	are	<40µm	in	the	

distal	submucosal	region	as	opposed	to	patients	with	short	segment	disease.	Extrinsic	

nerve	fibres	stain	positively	for	the	neurotrophin	receptor	and	neural	crest	progenitor	

cell	marker	P75.		

	
4.3.2.	Regional	differences	in	extrinsic	nerve	innervation	between	submucosal	and	
myenteric	regions	of	distal	aganglionic	bowel	
	

In	the	submucosal	region	of	distal	aganglionic	bowel,	we	found	that	the	mean	TNB	

diameter	was	>40µm	in	SS	specimens	and	<40µm	in	the	TCA	specimens	which	would	

be	in	keeping	with	other	groups’	observations	(Narayanan	et	al.,	2016;	Solari	et	al.,	

2003).	 There	were	 also	more	 negative	 samples	 in	 the	 submucosal	 region	 of	 distal	

aganglionic	bowel	in	long	segment	and	total	colonic	groups.	This	is	significant	in	terms	

of	predicting	disease	phenotype	pre-operatively	as	suction	rectal	biopsy	is	currently	

the	most	widely	used	modality	for	diagnosis	of	HSCR.	A	finding	of	absent	nerve	fibres	

or	TNB	<40µm,	in	addition	to	other	clinical	parameters	such	as	difficulty	with	distal	

bowel	washouts	and	contrast	enema	findings	suggestive	of	a	high	transition	zone,	may	

be	suggestive	of	longer	segment	disease.		
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Whilst	the	finding	of	TNB	<40µm	in	the	distal	submucosal	region	of	bowel	was	83%	

specific	for	long	segment	and	total	colonic	disease,	the	sensitivity	was	relatively	low	

at	50%.	We	also	 found	a	high	 specificity	 and	 low	 sensitivity	 for	 TNB	<40µm	 in	 the	

myenteric	region	in	relation	to	long	segment	and	total	colonic	disease.	Although	this	

series	has	the	largest	number	of	total	colonic	specimens	to	date,	the	rarity	of	total	

colonic	Hirschprung’s	disease	means	we	have	a	relatively	small	population	overall.	This	

test	is	therefore	not	powered	sufficiently	and	is	of	limited	statistical	value.	In	order	to	

reliably	demonstrate	a	significant	result,	a	total	number	of	55	long	segment	and	total	

colonic	 specimens	 is	 required	using	 an	 alpha	 value	of	 0.05	 and	power	of	 0.8.	 This	

would	be	difficult	to	achieve	at	single	institution	level	and	would	require	collaborative	

work.		

	

Interestingly,	we	found	that	the	submucosal	data	did	not	correlate	with	the	myenteric	

region	 in	which	 the	mean	 TNB	was	 >40	µm	 in	 all	 groups.	 This	 has	 been	 observed	

before.	Whilst	delineating	the	histology	of	the	transition	zone,	Kapur	and	Kennedy,	

2013,	found	large	calibre	Glut-1	nerves	in	the	submucosal	and	myenteric	plexus	of	the	

distal	 transition	 zone	 however	 the	 differences	 in	 calibre	 between	HSCR	 cases	 and	

controls	were	not	as	clear	cut	as	in	the	submucosa	(Kapur	and	Kennedy,	2013).	This	

should	be	taken	in	to	consideration	when	biopsies	are	obtained	intra-operatively	to	

assess	 the	 ganglionic	 region	 and	 transition	 zone	 as	 these	 biopsies	 are	 usually	

seromuscular	 as	 opposed	 to	 full	 thickness	 or	 rectal	 suction	 biopsies	 and	may	 not	

contain	sufficient	submucosa	to	identify	whether	TNB	are	present.		

	

It	is	also	important	to	note	that	whilst	measurement	of	the	perceived	largest	diameter	

of	the	5	largest	nerve	fibre	bundles	per	tissue	section	was	carried	out,	it	is	difficult	to	

appreciate	 the	 orientation	 of	 each	 nerve	 fibre	 bundle	 in	 each	 tissue	 section.	 The	

methodology	 used	 in	 this	 study	 could	 therefore	 be	 improved	 by	 analysing	 serial	

sections	of	the	same	sample,	in	addition	to	ensuring	that	the	nerve	fibre	bundles	are	

orientated	in	a	similar	fashion,	prior	to	obtaining	measurements.	This	would	allow	a	

more	accurate	measurement	of	individual	nerve	fibre	bundle	diameter.		
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With	these	 limitations	 in	mind,	 the	results	of	 the	study	should	be	 interpreted	with	

caution,	 although	a	 general	 trend	of	nerve	 fibre	bundle	diameter	 and	presence	or	

absence	of	nerve	fibre	bundles	in	different	HSCR	phenotypes	can	be	appreciated.		

	
4.3.3.	Differences	in	TNB	diameter	in	distal	and	proximal	segments	of	aganglionic	
bowel	
	

In	order	to	interpret	findings	of	TNB	diameter	in	HSCR	bowel	samples,	it	is	important	

to	 understand	 the	 histological	 appearance	 of	 TNB	 in	 control	 healthy	 bowel	 and	

differences	 that	 exist.	 Kakita	 et	 al.,	 2000,	 found	 small	 numbers	 of	GLUT-1	positive	

fibers	in	healthy	colon	which	were	slightly	more	prominent	in	the	rectum	compared	

to	 proximal	 sections	 and	 more	 prominent	 in	 the	 submucosal	 plexus	 than	 in	 the	

myenteric	plexus.	These	fibres	were	15	to	50µm	in	diameter	and	showed	an	identical	

staining	pattern	to	that	of	the	extrinsic	fibres	with	Glut-1	(Kakita	et	al.,	2000).		

	

Kapur	 and	 Kennedy,	 2013,	 found	 that,	 in	 control	 specimens,	 Glut1	 nerves	 were	

present	 in	 the	distal	 rectum	at	all	ages,	but	not	 identified	 in	colon	proximal	 to	 the	

rectum	in	infants	less	than	one	year	of	age.	Similarly,	in	older	controls,	the	density	and	

maximal	nerve	caliber	of	these	nerves	were	significantly	greater	in	the	rectum	versus	

the	pre-rectal	colon.	In	the	distal	rectum,	the	density	and	maximal	nerve	diameter	of	

Glut-1	submucosal	nerves	were	significantly	greater	in	controls	older	than	one	year	

versus	under	one	year	of	age	(Kapur	and	Kennedy,	2013).		

	

It	has	been	noted	that	the	calibre	and	number	of	TNB	reduces	in	more	proximal	bowel	

in	HSCR,	particularly	in	the	transition	zone	(Doi	et	al.,	2005;	Kakita	et	al.,	2000;	Kapur	

and	Kennedy,	2013).	There	did	not	appear	to	be	a	difference	in	mean	TNB	diameter	

in	the	submucosal	regions	of	distal	and	proximal	aganglionic	bowel	of	all	subgroups	in	

contrast	 to	a	 reduction	 in	 the	mean	TNB	diameter	 in	 the	myenteric	 regions.	There	

were	however	more	specimens	in	which	TNB	were	absent	in	the	LS	and	TCA	than	the	

SS	subgroup	particularly	in	the	proximal	aganglionic	bowel.	Our	data	would	therefore	

suggest	that	the	calibre	and	number	of	TNB	is	reduced	more	proximally	in	LS	and	TCA	

subtypes.		
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4.3.4.	The	role	of	Glut-1	and	P75	as	markers	of	TNB	and	ENSPC	in	aganglionic	bowel	

Glut-1	is	widely	used	as	a	marker	of	perineurium	to	distinguish	extrinsic	nerve	fibres	

between	aganglionic	and	healthy	ganglionic	bowel	(Bachmann	et	al.,	2015;	Kakita	et	

al.,	 2000;	 Kapur	 and	 Kennedy,	 2013).	 As	 described	 in	 Chapter	 3,	 P75	 stains	 the	

perineurium	of	TNB	however	it	 is	also	a	neural	and	glial	marker.	The	advantages	of	

using	Glut-1	to	identify	TNB	over	P75	staining	are	that	Glut-1	is	largely	restricted	to	

the	perineurium	as	opposed	to	the	nerve	fibres	themselves.	 In	addition,	P75	stains	

ganglia	whereas	Glut-1	staining	of	ganglia	is	minimal	(Kakita	et	al.,	2000;	Kapur	and	

Kennedy,	2013).	There	does	appear	to	be	a	role	for	P75	as	an	ENSPC	marker	as	when	

P75	positive	cells	are	isolated	from	the	ganglionic	and	aganglionic	region	of	bowel	in	

rodents	 and	 human,	 these	 cells	 can	 be	 cultured	 to	 form	 neurospheres,	 whereas	

isolated	 P75	 negative	 cells	 do	 not	 form	 neurospheres	 in	 vitro	 (Jiang	 et	 al.,	 2009;	

Wilkinson	et	al.,	2015).	The	neurotrophin	receptor	P75,	however,	is	also	expressed	in	

several	cellular	models	including	stem	cells	of	neural	crest,	ectodermal,	endodermal	

and	mesodermal	origin	(Joseph	et	al.,	2004;	Nagy	and	Goldstein,	2017;	Tomellini	et	

al.,	2014)	therefore	it	may	not	be	the	optimal	neural	crest	cell	marker.	Further	work	

in	Chapter	3	of	this	thesis	aims	to	address	this.				

	

Rectal	 biopsy	 is	 the	 gold	 standard	 method	 of	 diagnosing	 Hirschsprung’s	 disease	

(Meier-Ruge	et	al.,	1972;	Muise	and	Cowles,	2016).	Traditionally,	acetylcholine	(AChE)	

histochemistry	 has	 been	 performed	 on	 rectal	 biopsies	 due	 to	 increased	 enzyme	

activity	 in	 the	muscularis	mucosae	 and	 lamina	propria	 in	 the	 aganglionic	 region	 in	

short-segment	HIrschsprung’s	disease	 (Chow	et	 al.,	 1977;	Meier-Ruge	et	 al.,	 1972;	

Park	et	al.,	1992).	AChE	staining	relies	on	fresh	frozen	sections	whereas	Glut-1,	H&E	

and	calretinin	staining	can	be	performed	on	paraffin	embedded	biopsies	(Bachmann	

et	al.,	2015;	Kapur	et	al.,	2009).	There	may	therefore	be	a	role	for	Glut-1	in	routine	

histopathological	 staining	 to	 diagnose	 HSCR	 when	 specimens	 are	 obtained	 out	 of	

hours	and	cannot	be	stained	for	Acetylcholinesterase.	
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4.3.5.	 Absence	 of	 thickened	 nerve	 bundles	 in	 total	 colonic	 and	 total	 intestinal	
aganglionic	variants	of	Hirschsprung’s	disease		
	

Total	colonic	and	total	intestinal	aganglionosis	are	very	rare	variants	of	HSCR	with	an	

estimated	prevalence	as	low	as	1	in	500	000	live	births	(Ruttenstock	and	Puri,	2009).	

As	we	and	others	have	demonstrated,	TNB	>40µm	appear	to	be	more	abundant	 in	

short-segment	disease	although	the	aetiology	of	TNB	in	the	aganglionic	region	is	yet	

to	be	fully	understood	(Bethell	et	al.,	2016;	Narayanan	et	al.,	2016;	Solari	et	al.,	2003).		

One	theory	is	that	the	absence	of	ENS	in	the	distal	colon	has	a	role	in	the	growth	of	

extrinsic	 nerve	 fibres	 in	 to	 the	 bowel	 (Tam	 and	 Boyd,	 1990).	Whilst	 projection	 of	

extrinsic	nerves	in	to	the	gut	appears	to	occur	at	a	later	stage	to	colonisation	of	the	

gut	 by	 vagal	 ENCC	 (Uesaka	 et	 al.,	 2015),	 a	 very	 recent	 study	 has	 demonstrated	

increased	differentiation	of	extrinsically	derived	SCP	in	to	neurons	in	gut	regions	with	

lower	neuronal	density	in	mice	(Uesaka	et	al.,	2021).	However,	this	does	not	explain	

the	 absence	 or	 marked	 reduction	 in	 extrinsic	 nerve	 fibre	 diameter	 in	 the	 distal	

aganglionic	region	in	total	colonic	and	total	intestinal	disease.		The	reduction	in	TNB	

diameter	and	absence	of	nerve	 fibres	 in	proximal	and	distal	aganglionic	 specimens	

suggests	that	there	may	be	a	different	aetiology	of	aganglionosis	for	TCA	and	TIA	HSCR	

phenotypes	to	SS	disease.	Whether	this	is	due	to	the	lack	of	ENS	in	the	distal	colon	or	

environment	of	the	gut	in	these	phenotypes	is	yet	to	be	determined.		

	

4.4.	Conclusion	

The	differences	 in	presence	of	TNB	 in	 the	distal	aganglionic	bowel	of	patients	with	

different	HSCR	phenotypes	not	only	makes	us	question	the	role	of	TNB	in	HSCR	but	

also	poses	further	questions	regarding	the	aetiology	of	HSCR.	Furthermore,	emerging	

evidence	of	SCP	neurogenesis	in	HSCR	may	provide	a	link	to	why	these	differences	in	

extrinsically	derived	TNB	exist.	With	further	understanding	of	the	genetic	alterations	

and	 defective	 signalling	 pathways	 involved	 in	 HSCR	 we	 hope	 to	 improve	 our	

understanding	of	the	aetiology	of	HSCR	phenotypes.	These	differences	are	likely	to	be	

significant	in	terms	of	developing	potential	future	autologous	therapies	for	children	

with	HSCR	if	extrinsic	TNB	are	required	for	entry	of	ENSPC	in	to	the	gut.	
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Chapter	 5:	 Optimisation	 of	 conditions	 for	
neurosphere	 formation	 and	 comparison	 of	
neural	 cells	 derived	 from	 short	 segment	
Hirschsprung	bowel	
	

5.1.	Introduction	

5.1.1.	Background	

Culture	of	ENSPC	from	postnatal	human	bowel	in	the	form	of	neurospheres	was	first	

described	by	Rauch	et	al.,2006,	and	Almond	et	al.,2007	(Almond	et	al.,	2007;	Rauch	et	

al.,	2006).		

	

Following	enzymatic	digestion	of	the	myenteric	layer	of	ganglionic	bowel,	single	cell	

suspensions	were	cultured	in	culture	medium	consisting	of	DMEM	and	growth	factors.	

Rauch	 et	 al.,	 2006,	 describe	 free	 floating	 NLB	 forming	 at	 4	 to	 5	 days	 of	 culture,	

separate	from	more	adherent	spindle	shaped	cells	and	neurons	with	long	processes,	

when	cells	were	cultured	in	standard	culture	flasks	(Rauch	et	al.,	2006).	A	different	

culture	technique	was	described	by	Almond	et	al.,	2007,	in	which	lightly	adherent	cells	

were	gently	agitated	and	resuspended	in	new	media	in	bacteriological	petri	dishes	at	

regular	intervals	(Almond	et	al.,	2007).	Both	groups	demonstrated	that	the	NLB	which	

formed	 contained	 a	 small	 number	 of	 neural	 crest	 derived	 cells	with	 expression	 of	

either	 P75	 or	 nestin	 (Almond	 et	 al.,	 2007;	 Rauch	 et	 al.,	 2006).	 In	 addition	 to	

demonstrating	 neuronal	 and	 glial	 cell	 marker	 expression	 from	 differentiated	 cells,	

Almond	 et	 al.,	 2007,	 showed	 that	 differentiated	 cells	 expressed	markers	 of	 some	

neuronal	 phenotypes	 such	 as	 NOS,	 VIP	 and	 Substance	 P	 following	 dissociation	 of	

neurospheres.	Interestingly,	when	neurospheres	were	transplanted	into	aganglionic	

gut	 explants,	 cells	migrated	 and	 differentiated	 into	 neuronal	 and	 glial	 phenotypes	

(Almond	et	al.,	2007).		

	

The	 ability	 to	 culture	 neural	 crest	 progenitor	 cells	 from	 the	 ganglionic	 portion	 of	

Hirschsprung	bowel	 and	 successfully	 transplant	 them	 into	 aganglionic	 gut	 explants	

was	a	significant	step	forward	towards	development	of	autologous	stem	cell	therapies	
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for	children	with	Hirschsprung’s	disease.	Lindley	et	al.,	2009,	demonstrated	that	cells	

isolated	 from	 the	 ganglionic	 portion	 of	 Hirschsprung	 bowel	 behaved	 in	 a	 similar	

manner	 to	 those	 isolated	 from	 normoganglionic	 non-HSCR	 bowel	 despite	 being	

obtained	from	different	gut	environments	(Lindley	et	al.,	2009).	Importantly,	there	did	

not	 appear	 to	 be	 any	 difference	 in	 expression	 of	 neuronal	 (PGP),	 glial	 (S100)	 and	

ENSPC	(P75)	markers	between	neurospheres	derived	from	HSCR	and	non-HSCR	bowel		

(Lindley	et	al.,	2009).	Although	this	highlighted	that	a	patient’s	own	ENS	progenitor	

cells	 could	 be	 a	 potential	 source	 of	 autologous	 transplantation	 into	 the	 diseased	

bowel,	 the	 properties	 of	 these	 cells,	 such	 as	 the	 proliferation	 and	 differentiation	

capacity,	had	not	yet	fully	been	assessed.	In	addition,	all	work	was	performed	in	vitro.	

	

The	second	major	finding	was	the	isolation	of	ENSPC	from	aganglionic	Hirschsprung	

bowel	(Wilkinson,	2014).	Unexpectedly,	whilst	culturing	smooth	muscle	cells	derived	

from	the	aganglionic	region	of	Hirschsprung	bowel,	aggregates	of	cells	resembling	NLB	

were	 identified.	 These	 cells	 were	 characterised	 to	 demonstrate	 the	 presence	 of	

neurons	positive	for	the	ENS	marker	calretinin	and	glial	cells	positive	for	GFAP	after	

30	days	in	culture	(Wilkinson,	2014).		

	

As	 these	 cells	 were	 cultured	 in	 different	 conditions	 to	 previously	 cultured	 ENSPC,	

Wilkinson	et	al.,	2015,	compared	the	new	method	of	culturing	cells	using	horse	serum	

medium	 (HSM),	which	 did	 not	 have	 additional	 growth	 factors,	with	 the	 traditional	

neurosphere	medium	(NM).	 In	addition,	adherent	dishes	were	used	as	opposed	 to	

non-adherent	 conditions.	 This	 meant	 that	 single	 cells	 proliferated	 and	 became	

confluent	 prior	 to	 clumping	 together	 to	 form	NLB.	 Neurospheres	 typically	 formed	

between	day	7	and	day	14.	They	found	that	neurospheres	which	were	cultured	in	HSM	

and	 adherent	 conditions	 had	 a	 similar	 appearance	 and	 similar	 proportion	 of	 P75	

positive	cells	to	those	cultured	in	standard	neurosphere	conditions	including	cells	in	

secondary	and	tertiary	neurospheres	(Wilkinson	et	al.,	2015).	This	new	method	was	

therefore	adopted	for	culture	of	aganglionic	bowel	derived	neurospheres.	
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Wilkinson	et	al.,	2015,	preliminarily	characterised	the	cells	cultured	from	aganglionic	

Hirschsprung	bowel	and	compared	these	with	cells	cultured	from	ganglionic	bowel.	

(Wilkinson,	2014;	Wilkinson	et	al.,	2015).	When	isolated	using	FACS,	only	P75	positive	

cells	formed	neurospheres	in	culture	as	opposed	to	non-P75	expressing	cells,	with	a	

majority	of	cells	expressing	the	neuronal	marker	Tuj1	after	6	days	in	culture.	These	

results	 indicate	 that	 the	 P75	 positive	 cells	 present	 in	 aganglionic	 HSCR	 gut	 can	

differentiate	into	neural	cells	in	culture.	

	

This	 significant	 advancement	 in	 isolating	 ENSPC	 from	 the	 aganglionic	 region	 of	

Hirschsprung	bowel	 raises	 important	questions.	 If	 these	 cells	 are	derived	 from	 the	

extrinsic	nervous	system,	do	they	share	similar	characteristics	to	ENSPC	derived	from	

the	 enteric	 nervous	 system	 and	 can	 they	 be	 manipulated	 in	 the	 same	 way?	

Importantly,	can	they	be	used	for	autologous	regeneration	of	the	ENS	in	situ?			

	

5.1.2.	Aims	

In	order	to	answer	these	questions,	the	aims	of	this	chapter	are	to	optimise	culture	of	

ganglionic	 and	 aganglionic	 bowel	 derived	 neurospheres	 to	 provide	 a	 reproducible	

method	of	culturing	primary	neurospheres	in	vitro	and	to	carry	out	a	more	detailed	

comparison	 and	quantification	of	 cell	 phenotypes	between	primary	 ganglionic	 and	

aganglionic	bowel	derived	neurospheres.	This	includes	using	SOX10	as	a	marker	for	

ENSPC	in	addition	to	P75	with	dual	staining	of	ENSPC	and	neuronal	cells.	

	

5.2.	Results	

When	initially	attempting	to	replicate	the	methodology	of	Wilkinson	et	al,	2015,	to	

culture	neurospheres	 from	human	colon,	using	HSM	and	adherent	dishes	 (Cellstar,	

Greiner	Bio-One	International,	628160),	with	a	similar	seeding	density	of	1	million	cells	

per	6cm	dish,	cells	became	confluent	and	neurosphere	like	bodies	appeared	to	form	

by	 day	 30	 (Wilkinson	 et	 al.,	 2015).	 This	 was	 a	 significant	 delay	 in	 comparison	 to	

Wilkinson	et	al.,	2015,	who	managed	to	culture	primary	neurospheres	by	day	10.	Cells	

cultured	in	neurosphere	medium,	on	the	other	hand,	became	confluent	but	did	not	

form	NLB.		
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It	was	therefore	considered	that	NLB	formation	might	be	promoted	by	starting	culture	

of	cells	with	NM,	a	growth	medium,	and	replacing	the	media	with	HSM	once	the	cells	

became	confluent,	in	order	to	replicate	the	initial	culture	of	ENSPC	from	aganglionic	

bowel	(direct	communication	with	D.	Wilkinson)	(Wilkinson,	2014).	

	

5.2.1.	 Culturing	dissociated	 cells	 from	control	bowel	 in	 growth	medium	prior	 to	
horse	serum	medium	does	not	improve	time	to	formation	of	NLB	or	proportion	of	
P75	positive	cells.		
	

Primary	cells	were	dissociated	from	ganglionic	control	and	ganglionic	Hirschsprung’s	

bowel,	 separated	 into	 two	groups,	and	cultured	 in	adherent	conditions	with	either	

HSM	or	NM.	If	cells	were	plated	in	NM,	the	media	was	changed	to	HSM	when	the	cells	

became	confluent	at	 approximately	day	7	of	 culture.	NLB	were	defined	as	 roughly	

spherical	 clumps	 of	 cells	 which	 were	 mildly	 adherent	 with	 evidence	 of	 neurite	

projection	or	 found	 to	be	 free	 floating	 in	 the	culture	dish.	Assessment	parameters	

included	 number	 of	 days	 to	 initial	 NLB	 formation,	 number	 of	 NLB	 at	 day	 30	 and	

morphology	of	NLB	at	day	30.	NLB	were	also	fixed	and	sectioned	to	evaluate	the	cell	

phenotypes	within	the	neurospheres	between	the	two	groups.		Table	5.1	outlines	the	

samples	used	and	figure	5.1	outlines	the	experimental	plan.	Within	the	results	the	two	

groups	are	abbreviated	as	HSM	and	NM/HSM.	Antibodies	to	identify	neuronal,	glial,	

smooth	muscle	and	neural	crest	derived	progenitor	cells	are	outline	in	Table	5.2.	

	

	

Table	 5.1.	 Bowel	 specimens	 used	 for	 optimisation	 of	
neurosphere	formation	
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Marker	 Protein	type	 Cell	types	 Distribution	

P75	 Nerve	growth	factor	
receptor	

Neural	crest	derived	cells	
Glial	cells	
	

Cell	membrane	

S100	 Calcium-binding	
protein	

Enteric	glial	cells	
Schwann	cells	

Cytoplasm	and	
nucleus	

TUJ	 Protein	within	
microtubules	

Neuronal	cells	 Microtubules		

Calretinin	 Calcium-binding	
protein	

Neuronal	cells	
	

Cytoplasm	and	
nucleus	

SMA	 Smooth	muscle	actin	 Smooth	muscle	cells	 Cytoplasm	

Phox2b	 Paired	homeobox	2B	
transcription	factor	

Neural	crest	derived	cells	
Neuronal	cells	

Nucleus	

SOX10	 HMG	box-containing	
transcription	factor	

Neural	crest	derived	cells	
Glial	cells	

Nucleus	

Figure	5.1.	 Schematic	
outlining	 the	
experimental	plan	for	
comparison	 of	 two	
different	 media	
regimes	on	formation	
of	neurospheres	from	
control	 ganglionic	
and	 Hirschsprung	
ganglionic	 colonic	
specimens.	

3.5cm	Nunc	adherent 
HSM 

3.5cm	Nunc	adherent 
NM 

Switch	to	HSM	when	cells	
become	confluent	

(approximately	day	7) 

Culture	until	day	30 Culture	until	day	30 

Record	days	to	neurosphere	formation 
Analysis	at	day	30: 
Number	of	NLB 

NLB	size 
Immunostain	sections	for	P75	/	TUJ	/	SMA	/	S100	/	calretinin 

5x10
5	
cells 5x10

5	
cells 

Table	 5.2.	 Markers	 used	 in	 immunofluorescence	 staining	 of	 the	 neurospheres	 and	
dissociated	cells.		
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Figure	5.3.	Comparing	the	effect	of	two	different	media	regimes	on	timing	
of	 NLB	 formation	 (A)	 and	 number	 of	 NLB	 (B)	 in	 cells	 from	 control	
ganglionic	 bowel.	 There	 was	 no	 significant	 difference	 between	 days	 to	
neurosphere	formation	and	number	of	NLB	per	105	cells	per	cm2	using	a	
two-tailed	paired	t	test	in	cells	cultured	with	the	NM	/	HSM	media	regime	
as	opposed	to	HSM	alone.	Error	bars	represent	SEM.				
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Figure	5.2.	Comparing	the	effect	of	two	different	media	regimes	on	NLB	formation	in	
cells	from	control	ganglionic	bowel.	Single	cells	dissociated	from	control	human	colon		
were	 cultured	 in	 adherent	 dishes	 with	 horse	 serum	 medium	 (A-C)	 or	 neurosphere	
medium	with	addition	of	HSM	when	cells	became	confluent	(D-F)	at	a	density	of	5	x	105	
cells	per	3.5cm	dish.	NLB	formed	in	both	conditions	by	day	30	(C	and	F).	Representative	
images	from	specimen	043.	Scale	bars	=	100µm.	
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NLB	formed	in	both	groups	(Figure	5.2).	Mean	duration	to	initial	NLB	formation	when	

cells	 were	 cultured	 in	 HSM	 was	 22+1.35	 days	 compared	 to	 24+1.68	 days	 in	 the	

NM/HSM	 group	 (Figure	 5.3A).	 A	 two-tailed	 t-test	 demonstrated	 no	 significant	

difference	between	the	two	groups	(n=4	specimens).	

	

The	number	of	NLB	per	1x105	per	 cm2	was	 counted	and	 the	mean	calculated.	The	

difference	 between	 the	 two	 groups	 was	 assessed	 using	 a	 two-tailed	 paired	 t-test	

which	showed	that	there	was	no	significant	difference	between	the	number	of	NLB	

which	formed	in	each	group	(n=4	specimens)	(Figure	5.3B).		

	

The	volume	of	NLB	which	formed	in	NM	/	HSM	conditions	appeared	greater	than	NLB	

which	formed	in	HSM	alone.	Although	there	were	more	cells	per	section	from	NLB	

cultured	 in	NM/HSM	 than	HSM	alone	 (mean	206	Vs	 238	 cells)	 (n=4),	 this	was	 not	

significant	(p=0.0776)	using	a	two-tailed	t	test.		

	

In	order	to	assess	the	characteristics	of	NLB	which	formed	in	both	groups,	sections	

from	the	central	portion	of	NLB	were	immunostained	for	progenitor	(P75),	neuronal	

(TUJ	and	Calretinin),	 glial	 (S100)	 and	 smooth	muscle	 cell	 (SMA)	markers.	 Table	5.3	

outlines	 the	 number	 of	 neurospheres	 per	 specimen	 used	 for	 analysis	 as	 some	

neurospheres	were	lost	due	to	technical	difficulties	in	handling.		

	

	

	

	

	

	

	

	

	

	

	

Table	5.3.	Numbers	of	neurospheres	used	per	specimen	for	analysis	of	
cell	 marker	 expression.	 One	 neurosphere	 section	 was	 used	 per	
neurosphere	for	analysis	of	marker	expression.	
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Figure	 5.4.	 Comparison	 of	
marker	 expression	 in	 NLB	
grown	 in	 the	 two	 different	
culture	 conditions	 HSM	 and	
NM/HSM.	
There	 were	 similarities	 in	
distribution	 of	 expression	 of	
neural	 crest	 progenitor	 cell,	
neuronal	 cell	 and	 smooth	
muscle	 cell	 markers	 between	
the	 sections	 of	 neurospheres	
obtained	 from	 the	 HSM	
cultures	 to	 those	 obtained	
from	the	NM	 /	HSM	cultures.	
P75,	 Tuj	 and	 Calretinin	 were	
predominantly	 expressed	 by	
cells	 in	 the	 periphery	 of	 the	
neurosphere	sections	(A&B,	E	
to	 H).	 S100	 was	 found	 to	 be	
expressed	 more	 generally	 by	
cells	 within	 the	 neurosphere	
sections	 in	the	HSM	group	(C)	
as	 opposed	 to	 a	 more	
peripheral	 distribution	 of	
expression	 in	 the	 NM/HSM	
group	(D).	A	higher	proportion	
of	 cells	 expressed	 SMA	 than	
other	 markers	 (I	 &	 J).	 Nuclei	
are	 counterstained	 with	 dapi	
(blue).	Scale	bars	=	50µm.		
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Only	 a	 small	 proportion	 of	 cells	 within	 the	 primary	 neurosphere	 sections	 in	 both	

groups	expressed	progenitor,	neuronal	and	glial	cell	markers	(Figure	5.4	A	to	H).	 In	

comparison,	a	larger	proportion	of	cells	within	the	neurosphere	sections	appeared	to	

express	the	smooth	muscle	marker	SMA	(Figure	5.4	I	and	J).	The	markers	P75,	TUJ	and	

calretinin	were	found	to	be	expressed	predominantly	by	cells	in	the	periphery	of	the	

neurosphere	sections	in	both	groups	(Figure	5.4	A	and	B,	E	to	H).	Expression	of	S100,	

on	 the	 other	 hand,	 appeared	 to	 be	 more	 generalised	 across	 cells	 within	 the	

neurosphere	sections	in	the	HSM	group	(Figure	5.4C)	in	comparison	to	the	NM/HSM	

group	 in	which	S100	was	predominantly	expressed	by	cells	 in	 the	periphery	of	 the	

neurosphere	 sections	 (Figure	 5.4D).	 Expression	 of	 SMA	 appeared	 to	 be	 generally	

distributed	throughout	the	neurosphere	sections	in	both	groups.	

	

Although	the	proportion	of	cells	expressing	neuronal	progenitor,	glial	and	neuronal	

markers	within	the	neurospheres	cultured	in	NM	/	HSM	compared	to	HSM	appeared	

to	be	similar,	 there	did	not	appear	 to	be	any	marker	expression	within	 the	central	

portion	of	neurospheres	in	the	NM	/	HSM	group	and	the	neurospheres	were	generally	

more	difficult	to	handle	and	section.	The	neurospheres	did	not	always	reliably	form	in	

culture	compared	to	neurospheres	grown	in	HSM	and	there	were	darker	areas	in	the	

centre	of	 the	neurospheres	microscopically	 (Figure	5.4F)	suggesting	cell	necrosis	 in	

this	region	although	this	was	not	formally	assessed.	This	would	be	consistent	with	the	

findings	 of	 others	 given	 the	 diffusion	 and	 limitations	 of	 nutrients	 inside	 large	

neurospheres	(Ge,	2012).	The	composition	of	NM	is	also	much	more	complex	than	

HSM.	It	was	therefore	decided	that	HSM	would	be	used	for	all	further	culture	of	NLB.		

	

Having	established	that	HSM	and	adherent	conditions	were	optimal	for	culturing	NLB,	

neurospheres	were	cultured	from	ganglionic	and	aganglionic	Hirschsprung	bowel	with	

this	media	regime	thereafter.		
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Figure	5.5.	Comparison	of	
expression	 of	 cell	
phenotype	 markers	 in	
primary	 ganglionic	 and	
aganglionic	 bowel	
derived	 neurospheres.	
Distribution	of	 progenitor	
cells	 (P75,	 SOX10	 and	
PHOX2B)	(A	to	F),	glial	cells	
(S100)	 (G	 and	 H),	 early	
neuronal	 (TUJ)	 and	
mature	 neuronal	
(calretinin)	 cells	 (I	 to	 L)	
and	 smooth	 muscle	 cells	
(SMA)	 (M	 and	 N)	 in	 7µm	
frozen	sections	of	primary	
neurospheres	 after	 30	
days	of	initial	culture.		
Expression	 and	
distribution	 of	 progenitor	
cell	 markers,	 P75	 and	
SOX10,	 is	 similar	 in	
ganglionic	and	aganglionic	
neurosphere	 sections	 (A	
to	D).	There	appears	to	be	
a	 similar	 distribution	 of	
glial	 cells	 which	 express	
S100	 (E	 and	 F).	 Early	
neuronal	 cells	 (G	 and	 H)	
and	mature	neuronal	cells	
(I	 and	 J)	 expressing	 TUJ	
and	calretinin	are	seen	 in	
both	 ganglionic	 and	
aganglionic	 neurosphere	
sections.	 There	 is	 a	
moderate	 proportion	 of	
smooth	 muscle	 cells	
within	both	ganglionic	and	
aganglionic	 neurosphere	
sections	 which	 express	
SMA	(K	and	L).	Nuclei	are	
counterstained	 with	 dapi	
(blue).	Scale	bars	=	50µm.	
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5.2.2.	Distributions	of	different	cell	types	within	ganglionic	and	aganglionic	bowel	
derived	neurospheres	are	comparable	
	

Cell	 phenotypes,	 cell	 distribution	 within	 neurospheres	 and	 quantification	 of	

dissociated	cells	from	primary	neurospheres	were	assessed	to	make	a	more	detailed	

comparison	 between	 cells	 obtained	 from	 ganglionic	 and	 aganglionic	 Hirschsprung	

bowel	than	that	performed	by	Wilkinson	et	al.	A	chamber	slide	method	was	used	as	

opposed	to	a	cytospin	method	for	quantification	of	cell	types	in	order	to	retain	cell	

morphology.	

	

Primary	 neurospheres	 were	 cultured	 with	 HSM	 in	 adherent	 conditions	 following	

dissociation	 of	 ganglionic	 and	 aganglionic	 bowel	 obtained	 from	 short	 segment	

Hirschsprung	 colonic	 specimens	 in	 order	 to	 perform	 characterisation	 of	 cells.	 Cell	

phenotypes	 within	 ganglionic	 and	 aganglionic	 bowel	 derived	 neurospheres	 were	

initially	 assessed	 with	 immunochemistry	 by	 staining	 sections	 obtained	 from	 the	

central	portion	of	the	neurosphere	(Figure	5.5).	Cells	which	expressed	the	neural	crest	

progenitor	 cell	markers	 P75	 and	 SOX10	were	 generally	 distributed	 throughout	 the	

neurosphere	in	both	ganglionic	and	aganglionic	bowel	derived	neurospheres	(Figure	

5.5	A	to	D)	showing	that	progenitor	cells	are	present	within	ganglionic	and	aganglionic	

bowel	derived	neurospheres.	Unfortunately,	I	was	not	able	to	optimise	expression	of	

the	 neural	 crest	 progenitor	 cell	 marker	 PHOX2B	 in	 neurosphere	 sections	 and	

dissociated	cells	due	to	marked	background	staining	making	it	difficult	to	distinguish	

true	positive	and	true	negative	cells.	I	have	not	used	this	marker	in	any	further	work	

relating	to	this	chapter.	The	glial	marker	S100	was	also	expressed	by	cells	generally	

distributed	throughout	both	ganglionic	and	aganglionic	bowel	derived	neurospheres	

(Figure	5.5	E	and	F).	Expression	of	neuronal	markers	TUJ	and	Calretinin	were	localised	

to	cells	situated	more	peripherally	in	ganglionic	bowel	derived	neurospheres	(Figure	

5.5	 G	 and	 I)	 and	 to	 cells	 situated	 more	 centrally	 in	 aganglionic	 bowel	 derived	

neurospheres	 (Figure	 5.5	 H	 and	 J).	 We	 would	 not	 ordinarily	 expect	 to	 observe	

neuronal	cells	in	aganglionic	bowel	suggesting	that	these	cells	have	arisen	from	neural	

crest	progenitor	cells	present	in	the	aganglionic	region.	There	appeared	to	be	a	higher	

proportion	 of	 cells	 expressing	 SMA	 than	 any	 other	 marker	 in	 a	 similar	 fashion	 to	
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neurosphere	 sections	 obtained	 from	 control	 bowel	 (Figure	 5.5	 K	 and	 L)	 with	 a	

generalised	distribution	of	SMA	expressing	cells	within	the	neurosphere	section.		

	

Interestingly,	 there	 was	 an	 overlap	 between	 cells	 expressing	 the	 progenitor	 cell	

marker	P75	and	glial	cell	marker	S100	when	dual	staining	of	neurosphere	sections	was	

performed	(Figure	5.6	A	and	B	and	Figure	5.7	A	and	B),	however,	not	all	cells	which	

expressed	 S100	 also	 expressed	 P75	 and	 vice	 versa.	 This	 would	 suggest	 that	 a	

proportion	of	P75	cells	are	glial	in	nature	as	we	know	that	P75	is	expressed	by	neural	

crest	 progenitor	 cells	 prior	 to	 differentiation	 and	 by	 mature	 glial	 cells	 following	

differentiation	of	ENSPC	(Nagy	and	Goldstein,	2017).	A	similar	pattern	was	observed	

for	cells	expressing	TUJ	and	SOX10	(Figure	5.6	C	and	D	and	Figure	5.7	C	and	D).	As	

SOX10	is	a	neural	crest	progenitor	cell	marker	this	suggests	that	some	neuronal	cells	

are	derived	from	cells	which	express	SOX10	in	both	ganglionic	and	aganglionic	colon.	

Neural	 crest	 progenitor	 cells	 which	 express	 SOX10	 also	 express	 PHOX2B	 and	 only	

retain	 expression	 of	 PHOX2B	 once	 they	 have	 differentiated	 into	 neuronal	 cells	

whereas	glial	cells	retain	SOX10	(Nagy	and	Goldstein,	2017).	These	cells	which	express	

both	SOX10	and	TUJ	are	therefore	likely	to	be	primitive	neuronal	cells.	

	

P75	 
S100 

P75	 
S100 

TUJ	 
SOX10 

TUJ	 
SOX10 

A B 

C D 

Ganglionic Aganglionic Figure	 5.6.	 Comparison	 of	
dual	 expression	 of	 neural	
crest	cell	markers	with	glial	
and	neuronal	cell	markers	in	
primary	 ganglionic	 and	
aganglionic	 neurospheres.	
Distribution	 of	 the	 neural	
crest	 marker	 P75	 with	 the	
glial	marker	 S100	 (A	 and	 B)	
and	 neural	 crest	 marker	
SOX10	 with	 early	 neuronal	
marker	TUJ	(C	and	D).	Nuclei	
are	counterstained	with	dapi	
(blue).	 Scale	 bar	 represents	
50µm. 
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5.2.3.	There	is	no	difference	in	the	proportion	of	different	cell	types	between	cells	
dissociated	from	ganglionic	and	aganglionic	bowel	derived	neurospheres	
	

Neurospheres	 obtained	 from	 ganglionic	 and	 aganglionic	 Hirschsprung	 bowel	 were	

dissociated	 on	 to	 chamber	 slides	 to	 quantify	 different	 cell	 types	 within	 the	

neurospheres.	Images	of	different	cell	types	and	cellular	distribution	of	markers	are	

demonstrated	in	Figure	5.8.	There	was	no	difference	in	the	mean	percentage	of	neural	

crest	 progenitor	 cell,	 glial	 cell,	 neuronal	 cell	 and	 smooth	 muscle	 cell	 markers	

expressed	between	cells	dissociated	from	ganglionic	bowel	derived	neurospheres	and	

aganglionic	 bowel	 derived	 neurospheres	 (Figure	 5.9).	 Overall	 there	 was	 a	 higher	

number	of	SMA	positive	cells	than	other	cell	phenotypes.	

	

	

	

Figure	5.7.	Confocal	images	demonstrating	dual	expression	of	P75	and	S100	and	SOX10	
and	TUJ	in	sections	of	primary	ganglionic	and	aganglionic	bowel	derived	neurospheres.	
Note	 the	 nuclear	 distribution	 of	 SOX10	 (C	 &	 D).	Nuclei	 are	 counterstained	with	 dapi	
(blue).	Scale	bars	represent	40µm.	
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Figure	 5.8.	 Comparison	
of	 expression	 of	 cell	
phenotype	 markers	 in	
cells	 dissociated	 from	
primary	 ganglionic	 and	
aganglionic	 bowel	
derived	 neurospheres.	
Primary	 neurospheres	
after	 30	 days	 of	 initial	
culture	were	dissociated	
on	 to	 fibronectin	 and	
poly-d-lysine	 coated	
chamber	 slides	 at	 a		
density	 of	 2	 x	 105	 cells	
per	well.	Cells	were	fixed	
at	 48	 hours	 and	
immunostained	to	assess	
cell	 phenotype.	 Nuclei	
are	 counterstained	 with	
dapi	 (blue).	 Scale	 bars	
represent	50µm.	
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In	keeping	with	the	overlap	of	expression	of	markers	P75	and	S100	and	SOX10	and	TUJ	

in	neurospheres,	dissociated	cells	also	demonstrated	co-expression	of	these	markers	

(Figure	5.10	to	Figure	5.13).		

Figure	5.9.	Quantitative	analysis	of	expression	of	cell	phenotype	markers	in	cells	
dissociated	from	primary	ganglionic	and	aganglionic	bowel	derived	neurospheres.	
after	 30	 days	 of	 initial	 culture.	 There	 was	 no	 significant	 difference	 (p<0.05)	 in	
quantity	 of	 different	 cell	 phenotypes	 within	 primary	 ganglionic	 and	 aganglionic	
bowel	derived	neurospheres	using	a	paired	two	tailed	t	test	(N=3	ganglionic,	n=4	
aganglionic).	Error	bars	represent	SEM.		
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Figure	 5.10.	 Dual	
expression	 of	 P75	 and	
S100	 in	 cells	
dissociated	 from	
primary	ganglionic	and	
aganglionic	 bowel	
derived	 neurospheres.	
Note	 the	 cytoplasmic	
distribution	 of	 S100	 (E	
&	F)	as	opposed	 to	the	
cell	 membrane	
distribution	of	P75	(C	&	
D).	 Nuclei	 are	
counterstained	 with	
dapi	 (blue).	 Scale	 bars	
represent	50µm.	
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Figure	5.11.	Representative	confocal	images	of	dual	expression	of	P75	and	S100	in	cells	
dissociated	from	primary	ganglionic	and	aganglionic	bowel	derived	neurospheres.	Nuclei	
are	counterstained	with	dapi	(blue).	Scale	bars	represent	40µm.	
	



	

	 113	

	

	
	
	
	
	
	
	

	

		
	
	
	
	

	
	
	
	

Figure	 5.12.	 Dual	
expression	 of	 TUJ	 and	
SOX10	 in	 cells	
dissociated	 from	
primary	ganglionic	and	
aganglionic	 bowel	
derived	 neurospheres.	
Note	 the	 cytoplasmic	
distribution	 of	 TUJ	 as	
opposed	to	the	nuclear	
distribution	 of	 SOX10.	
Nuclei	 are	
counterstained	 with	
dapi	 (blue).	 Scale	 bars	
represent	50µm.	
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Figure	5.13.	Representative	confocal	images	of	dual	expression	of	TUJ	and	SOX10	in	cells	
dissociated	from	primary	ganglionic	and	aganglionic	bowel	derived	neurospheres.	Nuclei	
are	counterstained	with	dapi	(blue).		Scale	bars	represent	40µm.	
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5.2.4.	Neuronal	phenotypes	are	observed	in	cells	dissociated	from	ganglionic	and	
aganglionic	bowel	derived	neurospheres	
	

Preliminary	work	 looking	 at	 neuronal	 phenotypes	 demonstrated	 that	 some	 ENSPC	

derived	 from	 ganglionic	 bowel	 expressed	 choline	 acetyl	 transferase	 (ChAT)	 (Figure	

5.14	A	to	C)	and	tyrosine	hydroxylase	(TH)	(Figure	5.14	D	to	F).	A	neuronal	cell	derived	

from	aganglionic	bowel	was	also	seen	to	express	ChAT	(Figure	5.15	A	to	C).	A	Calretinin	

expressing	neuronal	 cell	 derived	 from	aganglionic	bowel	was	 found	 to	express	VIP	

(Figure	5.15	D	to	F).		

	
	

	
	
	
	
	
	
	
	
	
	
	

	
	

Figure	 5.14.	 Dual	
expression	of	neuronal	
phenotype	 marker	
ChAT	 and	 TH	 and	
neural	crest	progenitor	
cell	marker	P75	in	cells	
derived	 from	
ganglionic	
neurospheres.	 Nuclei	
are	 counterstained	
with	dapi	 (blue).	 	Scale	
bars	represent	50µm.	
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5.3.	Discussion	

There	 are	 many	 different	 methods	 of	 NLB	 culture	 previously	 described.	With	 the	

constraints	of	obtaining	healthy	human	tissue	for	experiments	and	the	limited	amount	

of	 tissue	 available,	 we	 have	 found	 that	 HSM	 and	 adherent	 conditions	 favour	 NLB	

formation	 from	 dissociated	 human	 postnatal	 colon.	 Although	 the	 duration	 of	 NLB	

formation	 is	 prolonged	 in	 comparison	 to	 previous	work	 carried	 out	 by	 our	 group,	

nevertheless,	 the	 NLB	 formed	 are	 neurospheres	 containing	 neural	 crest	 derived	

neuronal	 precursors	 in	 addition	 to	 neuronal	 and	 glial	 cells.	 These	 primary	

neurospheres	can	be	used	in	experiments	at	30	days	of	culture.		

	

In	 addition,	 culture	 of	 primary	 neurospheres	 from	 ganglionic	 and	 aganglionic	

Hirschsprung	 bowel	 has	 enabled	 us	 to	 compare	 the	 characteristics	 of	 the	 derived	

Figure	 5.15.	 Dual	
expression	 of	 ChAT	
and	 neural	 crest	
progenitor	 cell	
marker	 P75	 and	
Calretinin	 and	 VIP	 in	
cells	 derived	 from	
aganglionic	
neurospheres.	 Nuclei	
are	 counterstained	
with	dapi	(blue).	Scale	
bars	represent	50µm.	
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neurospheres.	The	major	overall	finding	is	that	there	is	no	significant	difference	in	the	

numbers,	phenotypes,	proportions	and	distributions	of	ENSPC,	neurons	and	glia	 in	

NLB	 derived	 from	 ganglionic	 and	 aganglionic	 bowel.	 The	 additional	 significance	 of	

finding	co-expression	of	 the	neuronal	progenitor	cell	marker	P75	with	 the	glial	cell	

marker	 S100	 and	 the	 neural	 crest	 marker	 SOX10	 with	 the	 neuronal	 marker	 TUJ	

highlights	 the	 potential	 source	 of	 ENSPC	 from	 aganglionic	 bowel.	 The	 relative	 low	

numbers	of	progenitor	and	neuronal	cells	and	higher	numbers	of	smooth	muscle	cells	

reflects	the	natural	proportions	of	cells	within	the	myenteric	and	muscle	layers	of	the	

normoganglionic	bowel,	however,	it	allows	us	to	assess	the	characteristics	of	the	cells.		

	
5.3.1.	Optimisation	of	neurospheres	derived	from	human	bowel	

Apart	 from	 the	 conditions	 under	 which	 primary	 cells	 are	 cultured	 to	 form	

neurospheres,	the	quality	of	specimen	obtained	and	dissociation	technique	are	also	

important	 factors.	 The	 bowel	 obtained	 will	 have	 had	 a	 significant	 ischaemic	 time	

during	 the	 pull-through	 procedure	 as	 the	 bowel	 is	 made	 devoid	 of	 blood	 supply.	

Although	specimens	were	obtained	in	a	timely	manner	and	placed	into	sterile	soaked	

gauze	on	ice,	there	will	inevitably	be	some	cell	death	during	the	ischaemic	process.		

	

Following	separation	of	muscle	layers	from	the	mucosa	and	cutting	the	muscle	layers	

up	into	very	small	pieces,	separating	the	specimen	into	several	falcon	tubes	aided	the	

enzymatic	digestion	process,	allowed	a	more	efficient	dissociation	of	bowel	to	single	

cells	 with	 a	 reduction	 in	 overall	 dissociation	 time.	 	 Although	 we	 aimed	 to	 obtain	

neonatal	colon	to	use	as	control	specimens,	this	was	not	always	possible	and	there	

were	 generally	more	 patients	 undergoing	 colostomy	 formation	 for	 causes	 such	 as	

constipation	 than	 babies	 requiring	 colostomy	 formation	 or	 closure	 for	 anorectal	

malformation.	This	variability	in	specimen	selection	may	have	also	accounted	for	some	

of	 the	difficulties	we	 faced.	Although	efforts	were	made	 to	 culture	 secondary	 and	

tertiary	 neurospheres,	 time	 points	 and	 outcomes	 were	 not	 consistent	 whereas	

formation	 of	 primary	 neurospheres	 was	 reproducible	 with	 the	 improved	 culture	

technique.		
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With	 regards	 to	 culture	 medium,	 neurosphere	 medium,	 traditionally	 used	 for	

ganglionic	postnatal	human	ENSPC	culture,	is	considered	as	a	growth	medium	due	to	

the	addition	of	chicken	embryo	extract	and	growth	factors.	Horse	serum	medium,	on	

the	other	hand,	acts	as	a	differentiation	medium	and	it	has	been	used	to	promote	the	

formation	of	adult	cellular	connections	and	smooth	muscle	and	to	promote	formation	

of	myotubes	in	internal	anal	sphincter	models	(Hecker	et	al.,	2005;	Huang	et	al.,	2005).	

Interestingly,	media	containing	horse	serum	has	previously	been	used	for	culturing	

embryonic	and	postnatal	ENSPC,	although	at	a	higher	concentration	of	20%,	and	with	

the	addition	of	chicken	embryo	extract	(Pomeranz	et	al.,	1993).	There	is	a	paucity	of	

information	 regarding	 the	 mechanisms	 by	 which	 horse	 serum	 medium	 promotes	

differentiation	 of	 cells	 to	 either	 a	 smooth	 muscle,	 neuronal	 or	 glial	 phenotype	

however.		

	

Various	methods	of	neurosphere	optimisation	have	also	been	described	by	adding	

supplementary	growth	factors	to	the	culture	medium.	Metzger	et	al,	2009,	originally	

described	 supplementation	 of	 culture	 media	 with	 50%	 cell	 free	 conditioned	

supernatant	 from	 foetal	murine	NLB	 to	 cultures	of	NLB	derived	 from	human	adult	

small	and	large	intestine	for	the	expansion	of	NLB	containing	nestin	positive	and	P75	

positive	 cells	 (Metzger	 et	 al.,	 2009).	 Cheng	 et	 al,	 2016,	 on	 the	 other	 hand	 have	

demonstrated	that	neurospheres	derived	from	human	small	intestine	had	significantly	

more	TUJ1	positive	neuronal	cells	when	cultured	with	GDNF	compared	with	control	

neurospheres	whereas	culture	with	endothelin-3	had	no	effect.	This	was	not	observed	

in	cultures	of	neurospheres	from	human	large	intestine	however	(Cheng	et	al.,	2016).			

McKeown	 et	 al,	 2016,	 demonstrated	 a	 similar	 effect	 of	 GDNF	 on	 neurospheres	

generated	 from	embryonic	mice,	 following	 isolation	of	ENCC	using	 flow	cytometry.	

Neurospheres	appeared	larger	with	a	higher	number	of	cells	and	appeared	to	migrate	

further	 than	 cells	 from	 control	 neurospheres	 in	 the	 embryonic	 and	 postnatal	 gut	

environment.	This	effect	was	ameliorated	by	removing	EGF	an	bFGF	from	the	culture	

medium	(McKeown	et	al.,	2017).	Interestingly,	Pan	et	al,	2016	demonstrated	that	the	

addition	of	bFGF	and	EGF	together	to	cultures	of	ENCC	derived	from	human	rectal	

specimens	 significantly	 improved	 the	 proliferation	 of	 enteric	 neurosphere	 cells	

compared	with	bFGF	or	EGF	alone	however	bFGF	appeared	 to	drive	a	 significantly	
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greater	proportion	of	ENCC	to	differentiate	into	neuronal	cells	than	EGF	(Pan	et	al.,	

2016).	

	

The	main	differences	between	how	ENSPC	are	cultured	in	the	form	of	neurospheres	

include	the	type	of	culture	dish,	 type	of	medium	used	and	density	of	cells	seeded.	

Large	 scale	 optimisation	 is	 required	 to	 identify	 optimal	 culture	 conditions	 and	 to	

enrich	the	ENSPC	population	to	enable	in	vitro	experiments	and	for	consideration	of	

potential	 autologous	 transplantation.	 Although	 increased	 numbers	 of	 neural	 crest	

progenitor	 cells	 and	 neuronal	 cells	 were	 demonstrated	 in	 secondary	 and	 tertiary	

neurospheres	obtained	from	ganglionic	and	aganglionic	HSCR	bowel	(Wilkinson	et	al.,	

2015),	others	have	shown	that	with	passage	and	prolonged	culture	of	neurospheres,	

self-renewing	and	migratory	capacity	of	ENSPC	derived	from	postnatal	 rat	bowel	 is	

reduced,	using	P75	as		a	marker	of	progenitor	cells	(Yu	et	al.,	2016).	This	discrepancy	

is	unexplained.	

	

5.3.2.	Comparison	of	ENSPC	derived	from	ganglionic	bowel	and	aganglionic	bowel	

Using	SOX10	as	an	additional	ENSPC	marker	to	P75	has	highlighted	that	ENSPC	are	

found	 throughout	 the	 neurosphere	 sections	 in	 neurospheres	 derived	 from	 both	

ganglionic	 and	aganglionic	Hirschsprung	bowel,	despite	 the	differences	 in	origin	of	

these	cells	as	described	in	Chapter	3.		

	

Other	 than	 SMA	 positive	 cells,	 TUJ	 positive	 cells	 represented	 the	 second	 highest	

population	 of	 cells	 within	 ganglionic	 and	 aganglionic	 bowel	 derived	 neurospheres	

which	demonstrates	the	differentiation	capacity	of	ENSPC,	particularly	 those	which	

have	originated	from	aganglionic	bowel.		

	

Interestingly,	neuronal	cells	tended	to	be	situated	on	the	periphery	of	the	sections	in	

ganglionic	 bowel	 derived	 neurospheres	 and	 were	 more	 centrally	 placed	 in	 the	

aganglionic	 bowel	 derived	 neurospheres.	 My	 findings	 are	 consistent	 with	 the	

distribution	of	markers	in	ganglionic	postnatal	mouse	neurospheres	in	which	P75	and	

SOX10	were	 found	 to	be	distributed	 throughout	 the	neurosphere	and	TUJ	positive	

cells	were	found	to	be	more	peripherally	distributed	(Theocharatos	et	al.,	2013).	Using	
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pulse-chase	experiments,	Theocharatos	and	colleagues	have	demonstrated	that	cells	

at	or	near	the	periphery	of	the	neurosphere	continue	to	proliferate	with	postmitotic	

cells	moving	from	the	periphery	to	become	distributed	throughout	the	neurosphere.	

They	also	demonstrated	 that	postmitotic	progenitor	cells	differentiate	 to	acquire	a	

neuronal	phenotype	with	a	delay	of	several	days.	This	may	correlate	with	my	findings	

of	neuronal	cells	being	centrally	placed	in	aganglionic	bowel	derived	neurospheres.	

Whereas	 neuronal	 cells	 would	 be	 expected	 to	 be	 present	 in	 ganglionic	 bowel	

neurospheres,	and	are	hence	present	in	a	more	peripheral	distribution,	neuronal	cells	

are	not	native	to	aganglionic	bowel	but	are	acquired	from	differentiation	of	ENSPC.	

Differentiated	 cells	 are	 therefore	 more	 likely	 to	 be	 found	 centrally	 within	 the	

neurosphere	as	demonstrated	by	Theocharatos	and	colleagues	(Theocharatos	et	al.,	

2013).		

	

It	is	important	to	appreciate	that	the	ENSPC	marker	P75	is	not	specific	to	ENSPC	alone	

as	we	have	seen	when	cells	are	dual	labelled	with	P75	and	the	glial	marker	S100.	P75	

is	retained	in	cells	which	differentiate	into	glial	cells	and	therefore	P75	should	not	be	

used	as	a	sole	marker	for	ENSPC	in	neurospheres	(Bondurand	et	al.,	2003).	Thus,	it	has	

been	useful	to	use	SOX10	as	an	alternative	marker	for	highlighting	ENSPC.	Although	

SOX10	 is	also	retained	 in	differentiated	glial	cells	 (Bondurand	and	Sham,	2013),	we	

have	 shown	 that	 some	 primitive	 neuronal	 cells	 express	 both	 TUJ	 and	 SOX10,	

suggesting	that	some	neuronal	cells	within	ganglionic	and	aganglionic	bowel	derived	

neurospheres	 are	 derived	 from	 SOX10	 positive	 cells.	 In	 aganglionic	 bowel	 derived	

neurospheres	these	cells	are	most	 likely	to	represent	extrinsically	derived	Schwann	

cell	precursor	cells	as	previously	discussed	in	Chapter	3	(Espinosa-Medina	et	al.,	2017;	

Uesaka	et	al.,	2015).		

	

Preliminary	immunostaining	of	neuronal	cells	cultured	from	ganglionic	bowel	derived	

neurospheres	 demonstrated	 expression	 of	 the	 neurotransmitters	 ChAT	 and	 TH.	

Similarly,	neuronal	cells	cultured	from	aganglionic	bowel	derived	neurospheres	were	

found	 to	 express	 ChAT	 and	 VIP.	 These	 neuronal	 phenotypes	 indicate	 that	

differentiated	neurons	may	be	capable	of	producing	enteric	phenotypes	which	are	

required	for	regeneration	of	the	ENS.	Despite	the	different	origins	of	neuronal	cells	
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within	ganglionic	and	aganglionic	bowel	derived	neurospheres,	ChAT	was	expressed	

by	 neuronal	 cells	 derived	 from	 neurospheres	 in	 both	 cultures	 suggesting	 that	 the	

environment	within	aganglionic	bowel	may	be	preventing	differentiation	of	ENSPC	to	

neuronal	cells	in	vivo.		

	

5.3.3.	Promoting	neurogenesis	in	ENSPC	derived	from	aganglionic	bowel	

Differentiation	of	ENSPC	 into	neuronal	 and	glial	 cells	 is	 essential	when	considering	

restoration	of	the	ENS	in	the	distal	aganglionic	bowel.	We	have	found	that	ENSPC	are	

present	 in	 ganglionic	 and	 aganglionic	 bowel	 and	 these	 cells	 have	 the	 potential	 to	

develop	 into	 neurons	 with	 enteric	 neuronal	 phenotypes	 within	 the	 neurosphere	

environment	 and	 following	 dissociation	 in	 vitro.	 This	 finding	 is	 significant	 in	 the	

development	of	future	therapies.		

 

A	 growing	 number	 of	 extra-	 and	 intracellular	 signalling	 factors	 are	 involved	 in	 the	

migration,	proliferation	and	differentiation	of	ENSPC,	and	defects	in	several	of	these	

have	been	implicated	in	HSCR	(Gariepy,	2004).	Given	the	similarities	in	characteristics	

of	aganglionic	and	ganglionic	bowel	derived	ENSPC,	it	is	plausible	that	the	mechanisms	

which	stimulate	the	differentiation	of	aganglionic-derived	ENSPC	into	enteric	nervous	

system	 (ENS)	 cells	 are	 similar	 to	 those	 regulating	 normal	 development	 and	

maintenance	of	the	ENS.	

	

Theocharatos	et	al.,	2013,	demonstrated	that	inhibition	of	Notch	signalling	using	a	g-

secretase	 inhibitor,	 DAPT,	 decreases	 proliferation	 of	 cells	 whilst	 increasing	 the	

number	 of	 Tuj1	 positive	 cells	 in	 dissociated	 human	 and	 mouse	 ganglionic	 bowel	

derived	neurospheres	 (Theocharatos	et	 al.,	 2013).	 This	 effect	was	 confirmed	using	

siRNA	 knock-down	 of	 RBPJk,	 a	 core	 component	 of	 the	 canonical	 Notch	 signalling	

pathway.	Whilst	 this	has	not	been	demonstrated	 for	 cells	dissociated	 from	human	

aganglionic	 bowel	 derived	 neurospheres,	 the	 similarity	 in	 behaviour	 of	 aganglionic	

bowel	derived	ENSPC	and	ganglionic	bowel	derived	ENSPC	 in	 this	chapter	suggests	

that	ENSPC	derived	from	aganglionic	bowel	may	be	manipulated	in	similar	manner.		
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Other	factors	which	have	been	used	to	promote	neurogenesis	in	murine	and	human	

ganglionic	 bowel	 derived	 ENSPC	 include	 glial	 derived	 neurotrophic	 factor	 (GDNF)	

(Cheng	et	al.,	2016;	McKeown	et	al.,	2017),	endothelin-3	(Cheng	et	al.,	2016),	retinoic	

acid	(McKeown	et	al.,	2017),	insulin-like	growth	factor	(Liu	et	al.,	2018)	and	serotonin	

(5HT-4)	(Cheng	et	al.,	2016;	Goto	et	al.,	2016;	Hotta	et	al.,	2016;	Takaki	et	al.,	2015;	

Yu	et	al.,	2017).		

	

Moving	the	field	forward,	Soret	et	al.,	2020,	have	recently	demonstrated	neurogenesis	

in	situ	in	the	aganglionic	region	of	3	different	mouse	models	of	Hirschsprung’s	disease,	

including	 Piebald	 Lethal	mice	which	 lack	 the	 Endothelin	 B	 receptor,	 using	 a	GDNF	

enema	(Soret	et	al.,	2020).	Mice	administered	GDNF	for	4	days	consecutively,	from	

day	 4	 to	 day	 8,	 developed	 neurons	 and	 glia	 in	 distal	 bowel	 tissues	 that	 were	

aganglionic	 in	 control	 mice	 and	 had	 a	 significant	 increase	 in	 colon	 motility	 as	

demonstrated	using	bead	expulsion.	Exogenous	 luminal	GDNF	was	found	to	 induce	

production	of	endogenous	GDNF.	 Significantly,	GDNF	 rectal	enemas	prolonged	 the	

mean	 survival	 of	 Holstein,	 Piebald	 Lethal	 and	 male	 Tash	 mice.	 Using	 time-lapse	

imaging	of	explants	after	72hours	of	culture,	GDNF	appeared	to	stimulate	migration	

and	proliferation	of	Schwann	cell	precursors	originating	from	extrinsic	nerve	fibres	in	

the	 distal	 aganglionic	 bowel.	 However,	 when	 assessing	 differentiation	 of	 Schwann	

cells	 to	 neurons	 in	 Holstein	 mice,	 only	 one	 third	 of	 induced	 myenteric	 neurons	

appeared	to	arise	from	SCP	using	 in	vivo	genetic	 lineage	tracing.	This	suggests	that	

there	may	be	an	alternative	source	of	ENSPC	in	the	aganglionic	bowel	or	neurogenesis	

may	 result	 from	 transdifferentiation	 of	 different	 cell	 types.	 In	 addition,	 GDNF	

application	to	cultures	of	explants	of	human	aganglionic	bowel	induced	proliferation	

of	Schwann	cells	and	formation	of	new	neurons	expressing	HuC/D,	Tuj1,	PGP9.5	and	

PHOX2B	in	3	explants.		

	

5.4.	Conclusion	

ENSPC	can	be	 reliably	 isolated	and	cultured	 from	aganglionic	bowel	 in	 the	 form	of	

primary	 neurospheres.	 Detailed	 characterisation	 of	 primary	 neurospheres	 has	

demonstrated	 that	 there	 does	 not	 appear	 to	 be	 a	 difference	 in	 progenitor	 cell,	
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neuronal	 cell	 and	 glial	 cell	 phenotypes	 between	 neurospheres	 obtained	 from	

ganglionic	 and	 aganglionic	 short	 segment	 Hirschsprung	 bowel,	 although	 there	 are	

marked	differences	in	presence	of	the	intrinsic	and	extrinsic	enteric	nervous	system	

between	ganglionic	and	aganglionic	bowel	 in	vivo.	Co-staining	of	neurosphere	cells	

with	the	ENSPC	marker	SOX10	in	addition	to	P75,	has	highlighted	that	SCP	are	a	likely	

source	of	ENSPC	in	aganglionic	bowel.	If	these	ENSPC	share	similar	characteristics	and	

behaviour	to	those	derived	from	ganglionic	Hirschsprung	bowel,	we	may	be	able	to	

manipulate	 them	 in	 a	 similar	 fashion	 and	 thereby	 find	 alternative	 therapies	 for	

children	with	Hirschsprung’s	disease	using	the	aganglionic	bowel	derived	neural	crest	

progenitor	cells.		

	

This	 is	 very	 promising	 in	 terms	 of	 finding	 autologous	 therapies	 for	 children	 with	

Hirschsprung’s	disease	as	it	will	enable	us	to	carry	out	experiments	with	aganglionic	

bowel	derived	NLB	using	ganglionic	bowel	derived	NLB	as	a	direct	comparison.	

	

Ultimately,	the	aim	would	be	to	promote	neurogenesis	in	situ	in	the	aganglionic	region	

of	 bowel	 using	 an	 enema	 or	 topical	 agent	 and	 restore	 the	 ENS,	 obviating	 the	

requirement	 for	 surgery	 and	 associated	 long	 term	 morbidity	 for	 children	 with	

Hirschsprung’s	disease.		
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Chapter	 6:	 Notch	 signalling	 in	 aganglionic	
bowel	 and	 derived	 neurospheres	 in	 short	
segment	Hirschsprung’s	disease	
	
6.1.	Introduction	

6.1.1.	Background	

Little	 is	 known	 regarding	 the	 role	 of	 Notch	 signalling	 in	 enteric	 neural	 crest	

development	 in	 vivo.	 Although	 there	 is	 some	 evidence	 for	 the	 need	 for	 Notch	

signalling	during	ENS	development	in	the	maintenance	of	ENSPC	and	in	gliogenesis	(Jia	

et	 al.,	 2012;	 Liu	 and	 Ngan,	 2014;	 Ngan	 et	 al.,	 2011;	 Okamura	 and	 Saga,	 2008),	 it	

remains	 to	 be	 established	 if	 Notch	 signalling	 can	 regulate	 the	 proliferation	 and	

differentiation	of	ENSPC	in	vivo.			

	

Within	the	CNS,	reduced	Notch	signalling	secondary	to	g-secretase	inhibition	following	

ischaemic	 injury	 in	 rodents	 has	 shown	 to	 increase	 the	 number	 of	 neurons	 in	 the	

hippocampal	region	(Oya	et	al.,	2009).	

	

Theocharatos	et	al,	2013,	have	demonstrated	that	inhibition	of	Notch	signalling	using	

a	 g-secretase	 inhibitor,	 N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine	 t-

butyl	ester	 (DAPT),	decreases	proliferation	of	cells	whilst	 increasing	 the	number	of	

Tuj1	 positive	 cells	 in	 dissociated	 human	 and	 mouse	 ganglionic	 bowel	 derived	

neurospheres	 (Theocharatos	 et	 al.,	 2013).	 This	 effect	 was	 confirmed	 using	 siRNA	

knock-down	of	RBPJk,	a	core	component	of	the	CNSP.		

	

Now	that	progenitor	cells	have	also	been	identified	in	the	aganglionic	region	of	bowel	

in	Hirschsprung’s	patients	and	we	have	a	better	understanding	of	their	characteristics,	

as	described	in	Chapter	5,	there	may	be	a	role	for	manipulation	of	Notch	signalling	to	

aid	differentiation	of	 these	cells	 to	neuronal	cells.	This	could	be	an	 important	 step	

towards	finding	autologous	therapies	for	children	with	Hirschsprung’s	disease.				
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6.1.2.	Aims	

Given	 that	 Notch	 signalling	 appears	 to	 have	 a	 role	 in	 ENSPC	 proliferation	 and	

differentiation	 in	 ganglionic	 bowel,	 the	 aims	 of	 this	 chapter	 are	 to	 identify	 the	

presence	and	distribution	of	Notch	 receptors	 in	 aganglionic	Hirschsprung	bowel	 in	

comparison	to	ganglionic	bowel,	to	identify	whether	Notch	receptors	are	present	in	

neurospheres	and	dissociated	cells	derived	from	short	segment	Hirschsprung	bowel	

and	to	assess	whether	manipulation	of	Notch	signalling	can	regulate	ENSPC	behaviour	

in	vitro.	

	
6.1.3.	Attribution	of	work	in	this	chapter	

Jenna	Doherty,	 an	 undergraduate	MPhil	 student	 helped	with	 immunofluorescence	

staining	 of	 cells	 dissociated	 from	 ganglionic	 and	 aganglionic	 bowel	 derived	

neurospheres	and	image	acquisition	of	cells	which	have	contributed	to	Figure	6.7.	All	

other	work	contributing	to	this	chapter	has	been	carried	out	by	the	author.		

	
	
6.2.	Results	

6.2.1.	Notch	 receptors	 are	expressed	 in	 ganglionic	 and	aganglionic	Hirschsprung	
bowel		
	

A	comparison	of	Notch	receptor	expression	in	2	control	ganglionic	bowel	specimens	

and	3	short	segment	Hirschsprung’s	ganglionic	bowel	specimens	was	initially	assessed	

(Figure	 6.1	 and	 Figure	 6.2)	 in	 order	 to	 identify	 any	 differences	 prior	 to	 making	 a	

comparison	of	Notch	receptor	expression	between	aganglionic	Hirschsprung	bowel	

and	ganglionic	bowel.	

	

A	similar	distribution	and	intensity	of	Notch	receptor	expression	was	identified	within	

control	ganglionic	and	Hirschsprung	ganglionic	bowel.	There	were	high	levels	of	Notch	

2	and	4	expression	within	the	submucosal	and	myenteric	ganglia	with	a	generalised	

expression	 of	 Notch	 2	 and	 4	 throughout	 the	 ganglia	 which	 overlapped	 with	 P75	

expression	(Figure	6.1	C,	D,	G,	H,	K,	L,	O	and	P	&	Figure	6.4	A	to	D).	Notch	1	and	3	were	

not	consistently	expressed	throughout	the	ganglia	of	the	submucosal	and	myenteric	

regions,	 however,	 when	 staining	 was	 identified	 within	 the	 ganglia,	 expression	

appeared	to	be	weaker	than	expression	of	Notch	2	and	4	(Figure	6.1	A,	B,	E,	F	and	
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Table	6.1).	There	also	appeared	to	be	a	very	high	intensity	of	Notch	3	expression	within	

the	smooth	muscle	cells	of	the	muscularis	mucosae	and	longitudinal	and	circular	muscle	

of	the	bowel	wall	(Figure	6.1	E,	F,	M	&	N).		
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Figure	 6.1.	 Expression	 of	 Notch	 receptors	 1	 to	 4	 in	 relation	 to	 P75	 in	
control	ganglionic	bowel.	Representative	 images	of	all	Notch	receptors	1	
to	4	(red)	which	were	identified	in	the	submucosal	(A	to	H)	and	myenteric	
(I	to	P)	regions	of	control	bowel	in	relation	to	the	ganglia	in	7µm	transverse	
bowel	 sections.	 P75	 expressing	 cells	are	 labelled	 in	 green	and	nuclei	are	
stained	with	DAPI.	Scale	bars	=	50µm.	
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In	3	aganglionic	bowel	specimens	Notch	receptor	expression	was	identified	within	the	

thickened	nerve	fibre	bundles	and	was	expressed	by	the	nerve	fibres	as	opposed	to	

the	perineurium	of	the	thickened	nerve	bundles	(Figure	6.3).	There	was	expression	of	

Notch	receptors	2	and	4	with	Notch	receptor	1	and	3	expression	in	the	submucosal	

and	myenteric	regions	 in	some	specimens	but	not	all.	 Interestingly,	Notch	receptor	

expression	overlapped	with	P75	expression	within	the	endoneurium	of	nerve	fibres	

themselves	but	not	with	P75	expression	of	the	perineurium	(Figure	6.4	E	to	H).	Table	

6.1	outlines	the	distribution	and	intensity	of	Notch	receptor	expression	in	ganglionic	

and	 aganglionic	 short	 segment	Hirschsprung	 bowel	 specimens.	 Although	 this	 is	 an	

arbitrary	 assessment	 of	 Notch	 receptor	 expression,	 it	 illustrates	 the	 data	 from	 3	

specimens.	The	overall	pattern	demonstrates	predominance	of	expression	of	Notch	2	

and	4	and	minimal	expression	of	Notch	1	and	3	within	the	ganglia	of	Hirschsprung	

ganglionic	bowel	and	thickened	nerve	fibres	of	Hirschsprung	aganglionic	bowel.	

Figure	 6.2.	 Expression	of	 Notch	 receptors	 1	 to	 4	 in	 relation	 to	P75	 in	
Hirschsprung	 ganglionic	 bowel.	 Representative	 images	 of	 all	 Notch	
receptors	 (red)	 which	 were	 identified	 in	 the	 submucosal	 (A	 to	 H)	 and	
myenteric	(I	to	P)	regions	of	Hirschsprung	bowel	in	relation	to	the	ganglia	
in	 7µm	 transverse	 bowel	 sections.	 P75	 expressing	 cells	 are	 labelled	 in	
green	and	nuclei	are	stained	with	DAPI.	Scale	bars	=	50µm.	
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Figure	 6.3.	 Expression	 of	 Notch	 receptors	 1	 to	 4	 in	 relation	 to	 P75	 in	
Hirschsprung	 aganglionic	 bowel.	 Representative	 images	 of	 all	 Notch	
receptors	 (red)	 which	 were	 identified	 in	 the	 submucosal	 (A	 to	 H)	 and	
myenteric	(I	to	P)	regions	of	Hirschsprung	bowel	in	relation	to	the	thickened	
nerve	fibre	bundles	in	7µm	transverse	bowel	sections.	P75	expressing	cells	
are	labelled	in	green	and	nuclei	are	stained	with	DAPI.	Scale	bars	=	50µm.	
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Figure	 6.4.	 Localisation	 of	 Notch	 receptors	 2	 and	 4	 in	 relation	 to	 P75	 in	 short	
segment	Hirschsprung	bowel.	Confocal	images	demonstrating	localisation	of	Notch	
2	and	4	receptors	(red)	within	ganglia	of	Hirschsprung	ganglionic	bowel	(A	to	D)	and	
in	 thickened	 nerve	 bundles	 of	 Hirschsprung	 aganglionic	 bowel	 (E	 to	 H)	 in	 7µm	
transverse	bowel	sections.	P75	expressing	cells	are	labelled	in	green	and	nuclei	are	
stained	with	DAPI.	Scale	bars	=	50µm.	
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It	is	important	to	point	out	that	although	Notch	receptor	expression	was	identified	in	

ganglionic	and	aganglionic	bowel	sections	ex	vivo,	this	does	not	signify	that	the	Notch	

signalling	pathway	is	active.	The	antibodies	do	however	recognise	both	activated	and	

inactive	receptors.	

	
6.2.2.	 Notch	 receptors	 are	 expressed	 by	 cells	 within	 aganglionic	 bowel	 derived	
neurospheres	in	addition	to	P75	
	

To	 assess	 whether	 ENSPC	 possess	 Notch	 receptors,	 Notch	 receptor	 and	 P75	

expression	 was	 also	 assessed	 in	 primary	 neurospheres	 derived	 from	 control	

ganglionic,	Hirschsprung’s	ganglionic	and	aganglionic	bowel	after	30	days	in	culture	

(Figure	6.5).	 Immunostaining	was	performed	on	sections	obtained	from	the	central	

portion	 of	 the	 neurosphere.	 Several	 neurospheres	were	 sectioned	 and	 stained	 for	

each	 specimen	 to	 review	 staining	 patterns	 (Number	 of	 specimens:	 control	 n=1,	

ganglionic	n=2,	aganglionic	n=2).	Overall,	there	appeared	to	be	minimal	expression	of	

Notch	1	receptor	with	noticeable	expression	of	Notch	receptors	2,	3	and	4	 in	both	

ganglionic	and	aganglionic	bowel	derived	neurospheres.	Notch	receptor	expression	

appeared	to	be	evenly	distributed	throughout	the	control	ganglionic	and	aganglionic	

neurospheres	however	there	was	a	more	peripheral	distribution	of	Notch	receptor	

Table	 6.1:	 Intensity	 of	 Notch	 receptor	 staining	 in	 relation	 to	 ganglia	 and	
thickened	 nerve	 fibre	 bundles	 in	 3	 individual	 short	 segment	 Hirschsprung	
ganglionic	 and	 aganglionic	 bowel	 specimens.	 Intensity	 of	 expression	 of	
immunofluorescence	signal	is	expressed	as	+	where	+++	represents	very	high	
intensity	of	signal	and	+	represents	low	intensity.	The	symbol	–	represents	no	
staining	present.		
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expression	 in	 ganglionic	 bowel	 derived	 neurospheres.	 This	 correlates	 with	 D.	

Wilkinson’s	 findings	 of	 Notch	 receptors	 2	 and	 4	 being	 peripherally	 distributed	 in	

ganglionic	bowel	derived	neurospheres	apart	from	Notch	receptor	3	which	he	found	

to	be	more	generally	distributed	within	the	neurosphere	section	(Wilkinson,	2014).	

When	neurospheres	were	co-stained	with	p75,	there	appeared	to	be	some	overlap	of	

Notch	receptor	staining	with	P75	however	this	was	mainly	for	Notch	receptors	2	and	

4	(Figure	6.6).	As	discussed	in	Chapter	5,	we	would	expect	some	smooth	muscle	cells	

to	 be	 present	 in	 primary	 neurospheres	 and	 it	 is	 likely	 that	 a	 majority	 of	 Notch	 3	

receptor	expression	is	within	these	cells	as	opposed	to	P75	positive	enteric	nervous	

system	progenitor	cells.		
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Figure	 6.5.	 Comparative	 Notch	 receptor	 expression	 analysis	 in	
neurosphere	 sections.	 Representative	 images	 of	 expression	 of	 Notch	
receptors	1	to	4	(red)	 in	relation	to	P75	(green)	 in	neurospheres	cultured	
from	 control	 bowel	 and	 short	 segment	Hirschsprung’s	 bowel.	Nuclei	 are	
stained	with	DAPI.	Scale	bars	=	50µm.	
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Figure	 6.6.	 Localisation	 of	 Notch	 receptors	 in	 relation	 to	 P75	 in	 Hirschsprung	
ganglionic	 and	 aganglionic	 bowel	 derived	 neurospheres.	 Confocal	 images	
demonstrating	 localisation	of	Notch	2	and	4	 receptors	 (red)	within	neurospheres	
derived	from	Hirschsprung	ganglionic	bowel	(A	to	D)	and	in	neurospheres	derived	
from	Hirschsprung	aganglionic	bowel	(E	to	H).	P75	expressing	cells	are	labelled	in	
green	and	nuclei	are	stained	with	DAPI.	Arrow	heads	demonstrating	cells	which	co-
express	both	Notch	receptor	and	P75.	Scale	bars	=	50µm.	
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6.2.3.	Notch	receptors	are	expressed	by	ENSPC	following	dissociation	of	aganglionic	
bowel	derived	neurospheres	
	

Notch	 receptor	 expression	 in	 single	 cells	 derived	 from	 ganglionic	 and	 aganglionic	

bowel	derived	neurospheres	demonstrated	a	similar	pattern	to	that	in	bowel	sections	

and	neurospheres	 (Figure	6.7).	Notch	receptors	2	and	4	were	co-expressed	 in	cells	

with	axonal	projections	and	a	neural	phenotype	which	express	P75	suggesting	these	

are	ENSPC	whereas	Notch	3	 is	highly	expressed	 in	 cells	with	a	 smooth	muscle	 cell	

phenotype.	Notch	receptor	1	was	very	weakly	co-expressed	by	cells	which	expressed	

P75	(Figure	6.7	A	and	B).		
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Figure	6.7.	Localisation	of	Notch	receptors	1	to	4	in	cells	dissociated	from	ganglionic	
and	aganglionic	bowel	derived	neurospheres.	Arrow	demonstrates	Notch	receptor	3	
positive	 cell	 with	muscle	 cell	 phenotype.	 P75	 expressing	 cells	 are	 labelled	 in	 green,	
Notch	receptors	are	labelled	in	red	and	nuclei	are	stained	with	DAPI.	Scale	bars	=	50µm	
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6.2.4.	DAPT	treatment	decreases	cell	proliferation	and	increases	differentiation	of	
ENSPC	to	neuronal	cells	
	

The	optimal	time	point	at	which	to	assess	proliferation	in	primary	neurospheres	at	day	

30	 in	 culture	 was	 determined	 using	 5-Ethynyl-2’-deoxyuridine	 (EdU)	 incorporation	

prior	 to	 carrying	 out	Notch	 inhibition	 experiments	 (Figure	 6.8).	 EdU	was	 added	 to	

ganglionic	and	aganglionic	primary	neurospheres	at	day	30	of	culture	for	a	duration	of	

1	 hour,	 24	 hours,	 48	 hours	 and	 72	 hours.	 Actively	 proliferating	 cells	 within	

neurosphere	 sections	 (ganglionic	 n=3,	 aganglionic	 n=3),	 per	 time	 point,	 was	 then	

assessed	using	immunofluorescence	(as	per	2.6.4).		

	

Only	a	few	cells	within	the	ganglionic	and	aganglionic	neurospheres	were	found	to	be	

actively	proliferating	at	all	time	points	and	these	appeared	to	be	on	the	periphery	of	

the	neurospheres.	Overall,	there	was	very	little	proliferation	at	1	hour,	with	very	few	

cells	seen	to	be	actively	proliferating	within	the	neurosphere	section	in	both	ganglionic	

and	aganglionic	bowel	derived	neurospheres	(Figure	6.8A).		Although	there	appeared	

to	 be	 a	 slightly	 higher	 mean	 percentage	 of	 cells	 proliferating	 in	 the	 ganglionic	

neurosphere	group	at	48	hours	 than	at	24	hours	 (6%	Vs	3%),	 there	was	very	 little	

difference	in	the	mean	percentage	of	cells	actively	proliferating	at	24,	48	and	72	hours	

in	the	aganglionic	neurosphere	group.	 It	was	therefore	decided	that	EdU	would	be	

added	to	neurospheres	in	culture	for	24	hours	following	Notch	inhibitor	treatment	or	

control	treatment	which	would	allow	each	experiment	to	be	performed	over	7	days.			

	

Notch	 inhibition	 experiments	were	performed	with	neurospheres	 obtained	 from	2	

short	segment	ganglionic	bowel	specimens	and	neurospheres	obtained	from	4	short	

segment	aganglionic	bowel	specimens	as	per	2.7.		
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Following	addition	of	DAPT	to	primary	ganglionic	neurospheres	in	culture	at	day	30	

for	4	days,	we	observed	a	decrease	in	percentage	of	proliferating	cells	from	4.6+1.1%	

to	 1.9+0.1%	 (n=2	 specimens,	 3	 neurospheres	 per	 specimen)	 in	 comparison	 to	

treatment	with	DMSO	alone,	as	would	be	expected	(Figure	6.9A).	There	was	also	an	

and	apparent	increase	in	the	proportion	of	TUJ	positive	cells	(Figure	6.10	C	and	D)	and	

P75	positive	cells	per	section	(Figure	6.10	A	and	B)	(n=2	specimens,	3	neurospheres	

per	 specimen)	 although	 this	 could	 not	 be	 quantified	 precisely	 due	 to	 non-nuclear	

staining.	 Unfortunately,	 due	 to	 difficulties	 in	 maintaining	 neurospheres	 in	 culture	

following	 dissociation	 of	 bowel,	 I	 was	 only	 able	 to	 perform	 experiments	with	 two	
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Figure	6.8.	Proliferation	in	primary	ganglionic	and	aganglionic	bowel	derived	
neurosphere	 sections.	 Representative	 neurosphere	 sections	 demonstrating	
EdU	 positivity	 in	 cells	 actively	 proliferating	 (red)	 in	 neurosphere	 sections	
following	administration	of	EdU	to	neurosphere	cultures	for	1	hour,	24	hours,	
48	hours	and	72	hours	(A).	Nuclei	are	stained	with	DAPI.	Mean	percentage	(with	
SEM)	 of	 proliferating	 cells	 at	 the	 different	 time	 points	 in	 ganglionic	 bowel	
derived	neurosphere	sections	(n=3	neurospheres)	with	SEM	(B)	and	aganglionic	
bowel	 derived	 neurosphere	 sections	 (n=3	 neurospheres)	 (C).	 	 Scale	 bars	 =	
50µm.			
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ganglionic	specimens.	Statistical	significance	between	treatment	and	control	groups	

was	therefore	not	assessed.		

	

Primary	aganglionic	neurospheres	derived	from	short	segment	bowel	specimens	were	

also	 maintained	 in	 culture	 for	 30	 days	 in	 order	 to	 perform	 Notch	 inhibition	

experiments.	 In	 this	 group,	 there	 was	 a	 significant	 reduction	 in	 proliferation	 in	

neurospheres	exposed	to	DAPT	in	comparison	to	the	control	group,	from	5.1+0.55%	

to	1.8+0.3%	(n=4	specimens,	3	neurospheres	per	specimen)	(p=0.015)	(Figure	6.9B).	

Within	this	group	there	was	also	an	apparent	increase	in	the	proportion	of	TUJ	positive	

cells	 in	neurospheres	exposed	to	DAPT,	 in	a	similar	fashion	to	the	ganglionic	group	

(Figure	6.10	G	and	H).	There	did	not	appear	to	be	such	a	difference	in	proportion	of	

P75	positive	cells	within	the	neurospheres	between	the	DAPT	treated	neuropsheres	

and	control	group	however	(6.10	E	and	F).		

		

	

	

In	both	ganglionic	and	aganglionic	bowel	derived	neurosphere	sections	obtained	from	

the	 central	 portion	 of	 the	 neurosphere,	 proliferating	 cells	 appeared	 to	 be	 in	 a	

peripheral	distribution	(Figure	6.10).	There	was	clear	co-expression	of	EdU	and	the	

ENSPC	marker	P75	or	neuronal	marker	TUJ	within	adjacent	neurosphere	sections	in	

treated	and	untreated	groups	however	not	all	proliferating	cells	overlapped	with	P75	

or	TUJ	expressing	cells	 in	 individual	neurosphere	sections.	Dual	staining	of	P75	and	

TUJ	was	not	performed.		

Figure	 6.9.	 Effect	 of	 Notch	 inhibition	 on	
proliferation	 in	 ganglionic	 and	 aganglionic	
bowel	 derived	 neurospheres.	 Reduced	
proliferation	 is	 demonstrated	 in	 primary	
ganglionic	neurospheres	(A)	(n=2	specimens,	
3	 neurospheres	 per	 specimen)	 and	
aganglionic	neurospheres	at	day	30	(B)	(n=4	
specimens,	 3	 neurospheres	 per	 specimen)	
exposed	 to	 DAPT	 for	 4	 days	 compared	 to	
DMSO.	In	primary	aganglionic	neurospheres	
this	was	statistically	significant	(p=0.015).	
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6.3.	Discussion	

Although	Notch	signalling	has	been	found	to	be	of	importance	in	ENS	formation	and	

maintenance	 of	 ENSPC	 (Jia	 et	 al.,	 2012;	 Liu	 and	 Ngan,	 2014;	 Ngan	 et	 al.,	 2011;	

Okamura	 and	 Saga,	 2008),	 its	 role	 in	 aganglionic	 Hirschsprung	 bowel	 is	 yet	 to	 be	

determined.	From	previous	work,	we	know	that	components	of	Notch	signalling	are	

present	in	human	ganglionic	Hirschsprung	bowel	in	vivo	and	that	inhibition	of	Notch	

signalling	 regulates	 ENSPC	 behaviour	 (Theocharatos	 et	 al.,	 2013).	 This	 chapter	

provides	 an	 overview	 of	 Notch	 receptor	 expression	 within	 aganglionic	 bowel	 and	

derived	 ENSPC	 and	 the	 functional	 effects	 of	 Notch	 inhibition	 in	 aganglionic	 bowel	

derived	ENSPC.		

	

Here	we	demonstrate	that	components	of	the	CNSP	are	also	present	in	aganglionic	

Hirschsprung	neurospheres	 in	situ	and	 isolated	ENSPC.	Whilst	we	were	not	able	 to	

demonstrate	CNSP	activity	by	 immunofluorescence	staining,	we	could	demonstrate	

similar	 functional	 effects	 of	 Notch	 inhibition	 in	 aganglionic	 bowel	 derived	

neurospheres	to	ganglionic	bowel	derived	neurospheres,	of	reduced	proliferation	of	

cells	 and	 an	 apparent	 increase	 in	 proportion	 of	 TUJ1	 positive	 neuronal	 cells,	 from	

patients	with	short	 segment	Hirschsprung’s	disease.	This	 suggests	 that	 the	CNSP	 is	
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Figure	6.10.	Distribution	of	proliferating	cells	within	primary	neurospheres	in	relation	to	
P75	and	TUJ	expressing	cells.	Proliferating	cells	(red)	neurosphere	sections	obtained	from	
ganglionic	neurospheres	(A	to	D)	and	aganglionic	neurospheres	(E	to	H)	following	addition	
of	DAPT	or	DMSO	for	to	cultures	at	30	days.	P75	and	TUJ	expressing	cells	are	 labelled	 in	
green.	Nuclei	are	stained	with	dapi.	Scale	bars	=	200µm		
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active	 in	ENSPC	derived	 from	short-segment	aganglionic	bowel	and	 these	cells	 can	

therefore	be	manipulated	in	a	similar	fashion	to	those	derived	from	ganglionic	bowel.		

	
6.3.1.	Notch	receptor	expression	in	human	ganglionic	and	aganglionic	Hirschsprung	
bowel	
	

Using	 immunofluorescence	 staining	 of	 bowel	 and	 neurosphere	 sections,	 we	 have	

demonstrated	 higher	 levels	 of	 expression	 of	 Notch	 2	 and	 4	 in	 ganglionic	 and	

aganglionic	Hirschsprung	bowel	sections	with	a	prominence	of	Notch	receptor	3	in	the	

muscle	layers	and	muscularis	mucosae.	In	comparison,	D.	Wilkinson	found	all	4	Notch	

receptors	 to	 localise	 with	 components	 of	 the	 ENS	 within	 ganglionic	 Hirschsprung	

bowel	however	he	found	that	Notch	receptor	2	and	3	were	most	prominent.	He	also	

identified	Notch	receptor	expression	in	ganglionic	neurospheres.	The	distribution	of	

receptors	within	the	neurosphere	sections	appeared	to	be	similar	to	our	findings	in	

this	 chapter	 however	 he	 found	 moderate	 expression	 of	 Notch	 receptor	 1	 in	 the	

periphery	of	neurosphere	sections	whereas	we	found	minimal	Notch	1	staining	within	

the	central	portion	of	the	neurospheres	(Wilkinson,	2014).		

	

There	have	been	very	 few	other	 studies	which	have	 looked	at	Notch	 receptor	and	

ligand	 expression	 in	 human	 Hirschsprung	 colon.	 Sander	 and	 Powell,	 2004,	

demonstrated	Notch	receptor	1	and	Jagged-2	positivity	within	the	myenteric	plexus	

of	adult	rats	throughout	the	GI	tract	using	immunohistochemistry,	with	wholemount	

preparations	of	the	duodenum,	and	in	situ	hybridisation	(Sander	and	Powell,	2004).	

Jia	et	al.,	2012,	assessed	expression	of	Notch	1	and	Jagged	2	in	the	ganglionic	region,	

transition	 zone	 and	 aganglionic	 region	 in	 pull-through	 specimens	 from	 30	 human	

newborns	using	immunohistochemistry	and	Western	blot	(Jia	et	al.,	2012).	They	found	

that	Notch	1	and	Jagged	2	protein	expression	was	significantly	decreased	in	samples	

collected	 from	 aganglionic	 segments	 compared	 to	 ganglionic	 and	 transition	 zone	

segments	 with	 Intensive	 Notch	 1	 staining	 in	myenteric	 plexuses	 of	 ganglionic	 and	

transition	zone	segments.	Real	time	PCR	also	demonstrated	that	the	expression	levels	

of	both	Notch-1	and	Jagged	2	genes	decreased	in	the	aganglionic	segments	of	HSCR	

bowel	compared	to	ganglionic	and	transition	zone	echoing	the	immunohistochemistry	

results.		
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Notch	receptors	2,	3	and	4	were	not	assessed	in	these	studies	therefore	we	are	unable	

to	compare	our	results	other	than	those	of	Notch	receptor	1	expression.	Whilst	we	

did	observe	some	Notch	1	expression	within	control	and	ganglionic	ganglia,	this	was	

weaker	than	expression	of	Notch	2	and	4.	Similarly,	Notch	1	and	Notch	3	expression	

appeared	weak	in	the	myenteric	and	submucosal	plexuses	of	aganglionic	bowel	and	

we	did	not	observe	Notch	1	and	Notch	3	expression	in	all	specimens.	Jia	et	al.,	2012,	

have	 stained	 a	 much	 higher	 number	 of	 specimens	 and	 both	 groups	 used	

immunohistochemistry	as	opposed	to	using	 immunofluorescence	techniques	which	

may	account	for	the	difference	in	our	observations.	In	addition,	we	did	not	quantify	

protein	 expression	 levels	 which	 would	 be	 a	 more	 quantitative	 measure	 of	 Notch	

receptor	 expression.	 Importantly,	 Notch	 receptor	 expression	 ex-vivo	 does	 not	

correlate	with	Notch	signalling	activity	in	vivo	and	rather	highlights	the	presence	or	

absence	of	specific	Notch	receptors.		

	
6.3.2.	The	role	of	Notch	signalling	in	proliferation	and	differentiation	of	ENSPC	

Co-localisation	 of	 Notch	 receptor	 expression	 and	 P75	 expression	 in	 cells	 with	 a	

neuronal	morphology	 following	 dissociation	 of	 neurospheres	 indicates	 that	 ENSPC	

possess	Notch	receptors	which	allow	them	to	undergo	Notch	signalling.	The	functional	

role	of	Notch	signalling	 in	these	cells	 is	demonstrated	by	reduced	proliferation	and	

perceived	increased	neuronal	differentiation	in	both	ganglionic	and	aganglionic	bowel	

derived	 neurospheres	 when	 treated	 with	 the	 Notch	 inhibitor	 DAPT	 compared	 to	

controls.		

	
As	 described	 in	 Chapter	 1,	within	 the	 ENS,	 inhibition	 of	Notch	 signalling	 in	 Pofut1	

conditional	knockout	mice	has	also	been	found	to	result	in	premature	neurogenesis	

and	a	reduction	in	the	ENSPC	progenitor	pool	as	demonstrated	by	an	increase	in	TUJ1	

positive	 cells	 at	 E12.5	 compared	 to	E10.5.	 SOX10	 is	 found	 to	be	downregulated	 in	

mutant	embryos	which	implies	that	Notch	signalling	promotes	gliogenesis	(Okamura	

and	Saga,	2008).		

	

Interestingly,	genetic	deletions	of	Notch	1,	Notch	2,	Jagged	1	or	Delta	1	in	mice	result	

in	death	prior	to	ENS	development	(Hamada	et	al.,	1999;	Hrabe	de	Angelis	et	al.,	1997;	
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Swiatek	et	al.,	1994;	Xue	et	al.,	1999),	whereas	mice	with	Notch	3,	Notch	4	and	Delta	

3	 deletions	 do	 not	 demonstrate	 any	 obvious	 neural	 crest	 associated	 defect	

(Dunwoodie	et	al.,	2002;	Krebs	et	al.,	2003;	Krebs	et	al.,	2000),	suggesting	a	critical	

role	of	Notch	1	and	2	in	mice.	More	specific	deletions	such	as	RBPJk	result	in	reduced	

numbers	of	ENSCP	and	reduced	glial	differentiation	(Taylor	et	al.,	2007)	with	migration	

of	ENSPC	found	to	be	altered	when	ENSPC	lack	Delta	1	(De	Bellard	et	al.,	2002).		

	

Through	Notch	signalling,	Hes1	is	upregulated	in	addition	to	SOX10	with	subsequent	

downregulation	of	Mash1	and	hence	neurogenesis	is	inhibited.	SOX10	on	the	other	

hand	 induces	Mash1	expression	which	 re-suppresses	SOX10	expression	 (Kim	et	al.,	

2003).	In	this	way,	a	consistent	progenitor	population	is	maintained.	

	

Our	 results	 are	 consistent	 with	 Notch	 inhibition	 in	 ENSPC	 in	 rodents	 and	we	 also	

demonstrate	 the	 role	 of	 Notch	 signalling	 in	 maintaining	 a	 progenitor	 pool	 and	

inhibiting	neurogenesis	in	ganglionic	and	aganglionic	bowel	derived	ENSPC.		

	
6.3.3.	 Comparison	 between	 Notch	 inhibition	 in	 ganglionic	 and	 aganglionic	
neurospheres	
	

Theocharatos	et	al.,	2008	have	demonstrated	a	significant	reduction	in	proliferation	

of	ENSPC	derived	from	mouse	and	human	ganglionic	bowel	with	a	marked	increase	in	

differentiation	to	TUJ1	positive	cells	(Theocharatos	et	al.,	2013).	It	is	important	to	note	

that	 these	 findings	 were	 related	 to	 experiments	 of	 Notch	 inhibition	 in	 tertiary	

neurospheres	 and	 dissociated	 ENSPC.	 In	 addition	 to	 using	 a	 g-secretase	 inhibitor,	

siRNA	gene	knockdown	of	RBPJk	was	performed	which	confirmed	the	effects	of	Notch	

inhibition	using	DAPT.		

	

Given	the	inherent	difficulties	in	culturing	tertiary	human	neurospheres	in	vitro,	we	

have	used	primary	human	neurospheres	 obtained	 from	ganglionic	 and	 aganglionic	

Hirschsprung	 short	 segment	bowel	which	 contain	much	 fewer	ENSPC	 than	 tertiary	

neurospheres	 (Chapter	5.4.6.	 Figure	5.12	and	Figure	5.13).	 In	 addition,	 the	 rate	of	

proliferation	 of	 cells	 within	 mouse	 neurospheres	 is	 much	 higher	 than	 in	 human	

neurospheres	(Wilkinson,	2014).	Our	results	therefore	reflect	these	two	differences	



	

	 141	

as	 the	margins	of	 reduction	 in	proliferation	and	enhancement	of	differentiation	of	

ENSPC	to	TUJ1	positive	neurons	in	our	study	was	much	lower	than	demonstrated	by	

Theocharatos	et	al.,	2013.			

	

Although	we	have	demonstrated	a	significant	decrease	in	proliferation	and	apparent	

increase	in	differentiation	of	ENSPC	to	TUJ1	positive	neuronal	cells	using	a	g-secretase	

inhibitor,	the	number	of	specimens	in	our	experiments	are	very	low	and	further	work	

is	required	to	ensure	that	our	data	is	reproducible.	As	g-secretase	inhibitors	do	not	

solely	 work	 on	 the	 Notch	 signalling	 pathway	 as	 they	 are	 involved	 in	 preventing	

membrane	proteolysis	of	over	100	type	1	membrane	proteins	(Golde	et	al.,	2013),	it	

is	also	important	to	validate	our	findings	using	a	more	specific	knockdown	of	the	CNSP	

using	siRNA	gene	knockdown	of	RBPJk	as	was	performed	by	Theocharotos	et	al.,2013.	

Dissociation	 of	 neurospheres	 and	 counting	 cell	 numbers	 using	 a	 chamber	 slide	

method	of	quantification	of	TUJ	positive	and	P75	positive	cells	would	also	increase	the	

accuracy	of	our	findings	as	these	markers	are	non-nuclear	and	therefore	cannot	be	

quantified	using	staining	of	neurosphere	sections.		

	

Interestingly,	Notch	inhibitors,	particularly	Y-secretase	inhibitors,	are	currently	being	

used	 in	 pre-clinical	 and	 clinical	 trials	which	 include	 trial	 of	 therapy	 for	Alzheimer’s	

disease,	 vascular	malformations	 (Davis	 2018),	 spinal	 cord	 injury	 (Zhang	 2019)	 and	

several	cancers	(Bazzoni	and	Bentivegna,	2019;	Hsu	et	al.,	2017;	Luo	et	al.,	2019;	Sosa	

Iglesias	et	al.,	2018;	Yao	et	al.,	2018).	

	

The	work	of	 Soret	et	 al.,	 2020,	 and	our	work	 is	 very	promising	 in	 terms	of	 finding	

alternative	therapies	for	children	with	Hirschsprung’s	disease.	The	advantage	of	using	

a	 notch	 signalling	 pathway	 inhibitor	 as	 opposed	 to	 a	 neurotrophic	 factor	 such	 as	

GDNF,	which	 promotes	 proliferation	 and	 differentiation	 of	 ENSPC,	 is	 the	 ability	 to	

control	proliferation	of	ENSPC	and	prevent	tumorigenesis.	Promoting	neurogenesis	in	

the	aganglionic	region	is	favourable	to	transplantation	of	ENSPC	as	it	avoids	problems	

of	 in	 vitro	 culture,	 immunosuppression,	 rejection	 and	malignant	 transformation	 of	

cells.	Nonetheless,	neurogenesis	in	situ	could	also	be	used	as	an	adjunct	to	surgery	for	
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internal	sphincter	achalasia	or	as	an	adjunct	to	transplantation	therapy.	Clearly,	short	

and	long	term	effects	of	therapy	will	need	to	be	monitored	prior	to	use	in	human	trials.	

	

6.4.	Conclusion		

In	keeping	with	the	important	role	of	Notch	signalling	in	ENSPC	regulation,	we	have	

demonstrated	 that	 ENSPC	 within	 aganglionic	 Hirschsprung	 bowel	 contain	 Notch	

receptors	 and	 can	 be	 regulated	with	manipulation	 of	 the	 CNSP,	more	 specifically,	

using	a	Notch	inhibitor.		

	

It	is	promising	that	Notch	receptors	2	and	4	were	localised	to	the	ENS	ganglia	within	

the	 ganglionic	 bowel	 and	 extrinsically	 derived	 thickened	 nerve	 trunks	 within	

aganglionic	bowel	despite	the	differences	in	origin	of	ENSPC	in	these	regions.	Thus,	

there	may	be	a	significant	role	of	Notch	signalling	in	enteric	neurogenesis	in	HSCR.	

	

Our	 findings	 are	 consistent	 with	 previous	 work	 although	 we	 have	 identified	 that	

further	work	using	dissociated	neurospheres	and	a	more	specific	knockdown	of	the	

CNSP	 are	 required	 to	 validate	 our	 results.	 Increasing	 the	 progenitor	 pool	 prior	 to	

Notch	inhibition	would	also	be	beneficial.		

	

Our	 novel	 findings	 which	 highlight	 that	 Notch	 signalling	 is	 also	 of	 importance	 in	

regulation	 of	 ENSPC	 within	 aganglionic	 bowel,	 together	 with	 an	 increased	

understanding	of	the	potential	source	of	progenitor	cells	in	the	aganglionic	bowel,	are	

very	promising	 in	 terms	of	 finding	potential	autologous	 therapies	 for	 children	with	

short	segment	HSCR.		

	

A	further	step	from	in	vitro	studies	in	Hirschsprung’s	disease	is	consideration	of	the	

use	of	a	Notch	signalling	inhibitor	as	a	topical	treatment	targeted	to	the	aganglionic	

region	in	vivo	postnatally,	possibly	in	the	form	of	an	enema.	Before	any	such	treatment	

is	 used	 in	 pre-clinical	 trials,	 short	 term	 toxicity	 and	 adverse	 effects	 such	 as	

gastrointestinal	bleeding	will	need	to	be	monitored	in	addition	to	longer	term	effects	

such	and	immunosuppression.	Furthermore,	to	target	the	Notch	signalling	pathway	
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specifically	in	ENSPC	in	the	aganglionic	region,	inhibition	of	a	more	specific	target	such	

as	the	gene	RBPJk	may	be	required.		
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Chapter	7:	Concluding	discussion	
	
7.1.	Work	prior	to	this	thesis	

A	significant	finding	prior	to	this	study	was	the	identification	and	isolation	of	ENSPC	

from	human	aganglionic	Hirschsprung	bowel	 (Wilkinson	et	al.,	2015).	These	ENSPC	

were	postulated	to	arise	from	the	perineurium	of	extrinsically	derived	TNB	which	are	

observed	 in	 short	 segment	HSCR	phenotypes	 (Narayanan	et	al.,	 2016;	Solari	et	al.,	

2003)	 and	were	 found	 to	 clonally	 expand	when	 cultured	 as	 tertiary	 neurospheres	

(Wilkinson	 et	 al.,	 2015).	 Another	 significant	 finding	 was	 the	 ability	 to	 manipulate	

ganglionic	 bowel	 derived	 ENSPC	 using	 a	 Notch	 inhibitor	 allowing	 for	 reduced	

proliferation	and	 increased	neuronal	differentiation	of	 ENSPC	 (Theocharatos	et	 al.,	

2013).	 ENSPC	 derived	 from	 human	 aganglionic	 bowel	 were	 partially	 characterised	

however	 their	 characteristics	 and	 behaviour	 in	 comparison	 to	 ganglionic	 bowel	

derived	ENSPC	were	still	yet	to	be	determined	(Wilkinson	et	al.,	2015).	Furthermore,	

it	remained	unclear	as	to	whether	ENSPC	could	be	isolated	from	aganglionic	bowel	in	

patients	with	longer	segment	HSCR	(Bethell	et	al.,	2016)	and	importantly,	regulation	

of	the	behaviour	of	ENSPC	derived	from	aganglionic	bowel	for	their	potential	use	in	

autologous	therapies	was	yet	to	be	determined.		

	

7.2.	Original	aims	of	the	thesis	

In	order	to	address	these	questions,	the	initial	aim	of	this	thesis	was	to	characterise	

neuronal,	 glial	 and	 progenitor	 cells	 within	 the	 distal	 bowel	 of	 patients	 with	 short	

segment	 Hirschsprung’s	 disease	 in	 order	 to	 further	 evaluate	 the	 transition	 of	 cell	

phenotypes	between	the	intrinsic	nervous	system	and	extrinsic	nervous	system.	The	

second	aim	was	to	assess	whether	the	thickened	nerve	bundles	associated	with	the	

extrinsic	 nervous	 system	 were	 present	 in	 the	 distal	 bowel	 of	 long	 segment,	 total	

colonic	and	total	intestinal	patients	as	they	are	in	short	segment	disease.	In	order	to	

provide	a	reproducible	method	of	cell	culture	for	comparison	of	cell	characteristics	

between	ENSPC	derived	from	ganglionic	and	aganglionic	HSCR	bowel,	a	further	aim	

was	 to	 optimise	 culture	 of	 ENS	 progenitor	 cells.	 The	 final	 aim	was	 to	 identify	 the	

presence	of	Notch	receptors	within	aganglionic	bowel	and	ENSPC,	with	the	intention	
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to	assess	whether	manipulation	of	Notch	 signalling	 could	also	 regulate	aganglionic	

bowel	derived	ENSPC	behaviour.		

	

7.3.	Conclusions	of	this	thesis	

This	thesis	supports	previous	work	whereby	we	have	been	able	to	isolate	ENSPC	from	

the	 aganglionic	 region	 of	 bowel	 and	 demonstrate	 similarities	 in	 characteristics	 of	

these	 ENSPC	 to	 those	 derived	 from	 ganglionic	 Hirschsprung	 bowel	 despite	 the	

differences	in	origins	of	these	cells.	Significantly,	we	have	identified	the	likely	source	

of	ENSPC	derived	from	extrinsic	TNB	in	keeping	with	others	(Espinosa-Medina	et	al.,	

2017;	Uesaka	et	al.,	2015)	and	the	neurogenic	potential	of	these	cells	using	a	Notch	

inhibitor.	 The	 finding	 that	TNB	are	not	present	 in	all	patients	with	 longer	 segment	

disease	throws	light	on	the	aetiology	of	HSCR	and	whether	ENSPC	can	be	isolated	from	

the	aganglionic	region	of	bowel	in	these	patients	for	use	in	autologous	therapies.		

	
7.4.	Implications	of	work	presented	in	this	thesis	and	future	directions	

7.4.1.	 Schwann	 cell	 precursors	 associated	 with	 extrinsically	 derived	 thickened	
nerve	fibres	may	be	the	source	of	ENSPC	in	the	aganglionic	region	
	

Whereas	it	has	been	previously	postulated	that	ENSPC	within	the	aganglionic	region	

are	derived	from	the	perineurium	of	TNB,	we	have	identified	SOX10	positive	ENSPC	

along	nerve	fibres	in	the	aganglionic	region	through	immunofluorescence	(Chapter	3).	

It	is	possible	that	these	cells	are	Schwann	cell	precursors	surrounding	the	nerve	fibres	

within	TNB	as	opposed	to	the	perineurium.	This	is	supported	by	previous	work	using	

Cre-recombinase	mapping	of	b-galactosidase	expression	in	neural	crest	derivatives	in	

mice	highlighting	 that	 perineural	 cells	 are	 not	 of	 neural	 crest	 origin	 (Joseph	et	 al.,	

2004),	in	addition	to	genetic	lineage	tracing	in	mice,	demonstrating	that	a	subset	of	

neurons	 in	 the	hindgut	 arise	 from	 sacral	 neural	 crest	 cells	which	are	derived	 from	

SOX10	expressing	SCP	(Uesaka	et	al.,	2015).	More	recently,	Woods	et	al,	2020,	have	

demonstrated	 neuronal	 cells	 which	 co-express	 glial	 and	 Schwann	 cell	 markers	 in	

anorectal	malformation	and	control	cadaveric	rectal	specimens	(Woods	et	al.,	2020).	

Together	with	our	work,	this	suggests	that	SCP	which	are	SOX10	positive	may	be	the	

source	 of	 the	 ENSCP	 in	 the	 aganglionic	 region	 as	 opposed	 to	 the	 P75	 positive	

perineural	cells.		
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We	 also	 observed	 hybrid	 structures	 in	 the	 transition	 zone	 of	 short-segment	 HSCR	

bowel	with	characteristics	of	both	intrinsically	derived	ganglia	and	extrinsically	derived	

TNB	(Chapter	3).	Although	this	cross-over	between	the	intrinsic	and	extrinsic	nervous	

system	has	been	observed	by	others	(Kakita	et	al.,	2000;	Kawana	et	al.,	1988;	Tam	and	

Boyd,	1990),	the	aetiology	of	these	structures	is	not	well	defined.		

	

Most	 recently,	 however,	 Uesaka	 et	 al.,	 2021,	 have	 demonstrated	 SCP-derived	

neurogenesis	 in	 3	 mouse	 models	 of	 HSCR	 (Uesaka	 et	 al.,	 2021).	 In	 Sox10-

haploinsufficient	 mice,	 which	 display	 a	 short	 segment	 of	 aganglionosis,	 there	

appeared	to	be	abundant	SCP-derived	neurons	in	the	transition	zone	in	contrast	to	

limited	SCP-derived	neurogenesis	in	the	aganglionic	segment.	There	also	appeared	to	

be	 a	 reverse	 correlation	 between	 neuron	 density	 and	 SCP-derived	 neurogenesis	

suggesting	 that	 a	 high	 neuronal	 density	 suppresses	 SCP-derived	 neurogenesis.		

Interestingly,	a	majority	of	SCP-derived	neurons	became	NOS-expressing	neurons	as	

opposed	to	calretinin	expressing	neurons.	This	is	the	converse	to	what	has	previously	

been	observed	in	wild-type	mice	without	a	HSCR	phenotype	suggesting	that	neuronal	

subtype	 is	 influenced	by	 the	environment	 (Uesaka	et	al.,	2015).	Together	with	our	

findings,	 this	 would	 suggest	 that	 a	 reduction	 in	 vagal	 neural	 crest	 derived	 enteric	

neurons	promotes	SCP-derived	neurogenesis	within	the	transition	zone.	Given	that	

SCP	derived	neurogenesis	occurs	 in	 the	distal	 gut	of	wild-type	mice	 (Uesaka	et	al.,	

2015),	 attributable	 factors	 which	 account	 for	 the	 lack	 of	 neurogenesis	 in	 the	

aganglionic	 region	 include	the	environment	within	 the	gut	 in	HSCR	and	absence	of	

neurotrophic	factors.		

	

With	further	advancement	in	our	understanding	of	genetic	aberrations	and	signalling	

pathways	 involved	in	the	pathogenesis	of	HSCR	(Amiel	et	al.,	2008;	Bondurand	and	

Southard-Smith,	2016;	Brosens	et	al.,	2016),	we	will	be	able	to	move	closer	towards	

understanding	which	mechanisms	can	regulate	the	behaviour	of	ENSPC	which	remain	

undifferentiated	within	the	aganglionic	region.		
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7.4.2.	 Thickened	 nerve	 bundles	 of	 extrinsic	 origin	 are	 characteristic	 of	 short	
segment	aganglionic	bowel	
	

In	keeping	with	previous	groups	observations	 (Narayanan	et	al.,	2016;	Solari	et	al.,	

2003),	we	 observed	 the	 presence	of	 TNB	of	 a	 diameter	 greater	 than	 40µm	 in	 the	

submucosal	region	of	distal	aganglionic	bowel	more	often	in	SS	specimens	than	in	LS	

and	TCA	specimens	using	Glut-1	 immunofluorescence	(Chapter	4).	As	the	 length	of	

aganglionosis	increased,	there	appeared	to	be	more	distal	aganglionic	samples	with	

no	 identifiable	 extrinsic	 nerve	 fibres,	 particularly	 in	 two	 samples	 of	 total	 intestinal	

aganglionosis.	 In	 addition,	 where	 nerve	 fibres	 were	 absent,	 there	 was	 no	 P75	

expression	 within	 the	 submucosal	 or	 myenteric	 regions	 of	 aganglionic	 bowel	

suggesting	 that	 ENSPC	may	not	be	present.	 This	may	have	 important	 implications.	

Firstly,	one	may	predict	the	length	of	aganglionosis	based	on	the	clinical,	radiological	

and	histological	findings	from	rectal	suction	biopsy	to	aid	clinical	management	of	the	

patient.	Importantly,	could	the	finding	of	absence	of	extrinsically	derived	nerve	fibres	

and	lack	of	P75	expression	imply	that	ENSPC	cannot	be	isolated	from	the	aganglionic	

region	 of	 patients	 with	 more	 extensive	 disease	 as	 has	 been	 suggested	 by	 others	

(Bethell	et	al.,	2016)?	If	this	is	the	case,	this	may	propose	limitations	for	patients	with	

longer	segment	disease	with	regards	to	the	application	of	future	autologous	therapies.	

This	finding	also	throws	light	on	the	aetiology	of	HSCR	and	whether	total	intestinal	and	

total	 colonic	 disease	 are	 different	 disease	 entities	 to	 short	 segment	 HSCR.	 It	 has	

previously	been	noted	that	projection	of	extrinsic	nerves	into	the	gut	appears	to	occur	

at	a	later	stage	to	colonisation	of	the	gut	by	vagal	ENCC	(Uesaka	et	al.,	2015),	however,	

whether	the	absence	of	extrinsically	derived	nerve	fibres	is	due	to	the	lack	of	ENS	in	

the	distal	 colon	or	environment	of	 the	gut	 in	TCA	and	TIA	phenotypes	 is	yet	 to	be	

determined.	

	
7.4.3.	Cell	phenotypes	within	neurospheres	derived	from	aganglionic	bowel	share	
similar	characteristics	to	those	derived	from	ganglionic	bowel.			
	

In	keeping	with	Wilkinson	et	al.,	2014,	(Wilkinson,	2014)	we	found	that	horse	serum	

and	adherent	conditions	favoured	culture	of	both	primary	ganglionic	and	aganglionic	

bowel	 derived	 neurospheres	 in	 a	 consistent	 manner.	 Although	 the	 proportion	 of	

ENSPC	is	low	in	primary	neurospheres,	aganglionic	neurospheres	shared	similar	cell	
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characteristics	 to	 those	 derived	 from	 ganglionic	 Hirschsprung	 bowel	 in	 terms	 of	

proportions	of	glial,	neuronal	and	neural	progenitor	cells.	Co-expression	of	SOX10	and	

TUJ	within	aganglionic	bowel	derived	neurospheres	also	strengthens	our	hypothesis	

that	SCP	are	likely	to	be	the	source	of	ENSCP	in	the	aganglionic	region.	If	ENSPC	are	to	

be	 used	 in	 transplantation	 therapy,	 expansion	 of	 ENSPC	 numbers	 prior	 to	

transplantation	will	 be	 required	 to	 populate	 the	 aganglionic	 region.	 This	 could	 be	

performed	by	FACS	cell	sorting	prior	to	clonal	expansion	as	has	been	performed	by	

others	 (Bixby	 et	 al.,	 2002;	 Iwashita	 et	 al.,	 2003;	 Kruger	 et	 al.,	 2002)	 and	 using	

specialised	culture	conditions	as	described	in	Chapter	5	(Cheng	et	al.,	2016;	McKeown	

et	al.,	2017;	Metzger	et	al.,	2009;	Pan	et	al.,	2016).	However,	whether	we	can	obtain	

sufficient	numbers	of	ENSPC	to	populate	the	aganglionic	region	from	postnatal	human	

bowel	is	yet	to	be	determined.	The	other	considerations	are	whether	clonal	expansion	

of	ENSPC	could	lead	to	tumorigenesis	in	the	longer	term	and	the	genomic	stability	of	

cells	will	therefore	need	to	be	assessed	prior	to	their	use	in	human	clinical	trials	(Burns	

et	al.,	2016).	Mouse	models	are	widely	used	in	transplantation	studies	however	one	

limitation	of	using	mouse	models	of	HSCR	is	the	life	expectancy	of	these	mice	is	low	

(Bondurand	and	Southard-Smith,	2016).	Although	some	studies	have	shown	that	the	

fatality	 is	 rescued	 following	 transplantation	 of	 ganglionic	 bowel	 derived	 ENSPC	

(Fattahi	et	al.,	2016),	longer	term	studies	are	required.		

	

7.4.4.	Promoting	neurogenesis	in	ENSPC	derived	from	aganglionic	bowel	

The	alternative	to	transplantation	therapy	would	be	to	induce	neurogenesis	in-situ	in	

ENSPC	within	the	aganglionic	region	to	replace	the	missing	ENS.	Theocharatos	et	al.,	

2013,	have	previously	demonstrated	an	increase	in	the	differentiation	of	ganglionic	

bowel	derived	ENSPC	to	neurons	and	a	reduction	in	proliferation	of	cells	in-vitro	with	

manipulation	of	the	Notch	signalling	pathway	(Theocharatos	et	al.,	2013).	We	were	

able	to	demonstrate	a	similar	effect	of	Notch	inhibition	in	aganglionic	bowel	using	the	

Notch	inhibitor	DAPT	(Chapter	6)	however	we	were	not	able	to	confirm	these	findings	

using	the	more	accurate	technique	of	Notch	inhibition	using	siRNA	knockdown	specific	

to	 the	Notch	 signalling	 pathway.	 The	 significance	 of	 being	 able	 to	manipulate	 the	

Notch	signalling	therapy	in	vitro	in	ENSPC	derived	from	aganglionic	bowel	offers	the	

possibility	of	using	a	topical	therapy	in	the	form	of	an	enema	to	native	cells	in-situ	as	
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has	been	demonstrated	by	Soret	et	al.,	2020	(Soret	et	al.,	2020),	with	the	additional	

potential	 benefit	 of	 reducing	 tumour	 formation.	 The	 risks	 of	 toxicity	 of	 Notch	

inhibitors	and	off-target	effects	which	have	been	demonstrated	in	human	cancer	trials	

may	outweigh	the	benefits	of	this	method,	particularly	as	HSCR	disease	is	not	a	life-

limiting	 condition	 per	 se.	 Another	 challenge	 would	 be	 the	 application	 of	 siRNA	

transfection	to	specific	ENSPC	within	the	aganglionic	region	to	allow	a	more	specific	

inhibition	of	the	Notch	signalling	pathway.	Thus,	alternative	signalling	pathways	may	

need	 to	 be	 considered	 which	 are	 more	 amenable	 to	 manipulation	 with	 topical	

therapy,	such	as	the	RET/GDNF	pathway	(Soret	et	al.,	2020),	EDNRB	/	EN3	pathway	3	

(Cheng	et	al.,	2016)	and	5HT4	pathways	(Cheng	et	al.,	2016;	Goto	et	al.,	2016;	Hotta	

et	al.,	2016;	Takaki	et	al.,	2015;	Yu	et	al.,	2017).	Furthermore,	a	thorough	assessment	

of	 the	neuronal	phenotypes	and	bowel	 function	 following	differentiation	of	ENSPC	

need	to	be	considered.	Application	of	topical	therapy	to	the	internal	anal	sphincter	as	

an	 adjunct	 to	 surgery	may	 therefore	 be	 a	 more	 practical	 initial	 approach	 to	 help	

improve	longer-term	outcomes	for	children	with	HSCR.		

	

7.5.	Final	conclusion	

The	 work	 in	 this	 thesis	 has	 provided	 a	 better	 understanding	 of	 the	 source	 and	

characteristics	 of	 ENSPC	 which	 are	 present	 within	 the	 aganglionic	 region.	 The	

similarities	of	these	progenitor	cells	with	those	derived	from	the	ganglionic	region	and	

our	 preliminary	 findings	 that	 aganglionic	 ENSPC	 behaviour	 can	 be	 regulated	 in	 a	

similar	manner	raises	the	potential	to	use	these	cells	in	autologous	therapies.	Most	

excitingly,	if	these	cells	are	truly	derived	from	SCP	which	are	present	on	the	extrinsic	

nerve	fibres,	greater	understanding	of	SCP-derived	neurogenesis	may	lead	to	novel	

future	treatments	for	children	with	HSCR	and	help	improve	the	long-term	morbidity	

associated	with	current	treatments.		
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