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Abstract
The aims of the workin this thesis are to determine the functional effects of transplantation of
enteric nervous system neurospheresin an explant system of murine bowel. Initially the normal
histology and function of this explant system will be determined, followed by functional
assessmentof aganglionic bowel and aganglionic bowel containing a transplanted enteric nervous
system derived from neurospheresof either murine or human origin. The results of the work show
that the onset and developmentof contractility in cultured murine bowel is location specific, as is
the intrinsic frequency (ileum > caecum > colon). This contractility appears to be ENS independent
for the majority of gestation, with ENS control only apparent at term equivalentin the distal colon.
ICC regulation, through a non-slow wave mediated route, appears to be necessary for onset and
developmentof contractions. Ganglionic distal colon cultured to term equivalenthas different
functional properties to aganglionic distal colon cultured in identical conditions (slower and more
powerful contractions), and transplantation of aganglionic cultured distal colon is capable of
restoring the function to that seen in the ganglionic samples. This restoration in function is ENS
dependent, and can be blocked with TTX. Collaborative work has added transmission electron
microscopy, which provides ultrastructural evidence of the success of transplantation.
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List of Figures
Figure 1-1

Cross sectional anatomyof mature adult gut. (A) Gut from the duodenum distally

possesses 2 distinct layers of the enteric nervous system, the myenteric plexus (MP), located

between the longitudinal muscle (LM) and circular muscle (CM), and the submucousplexus
(SM), located between the CM and the luminal mucosa. (B) Oesophagus and stomach do not
possess the submucous plexus. (C) Section of jejunum (Stained with haematoxylin and eosin)
showing 1: Mucosa, 2: Submucosa, 3: Muscle layers (CM & LM), 4: Serosa, 5: Villi, 6: Glands.
Submucosal plexus lies between layers 1 and 2 (dotted line on diagram marked *. Myenteric
Plexus lies between CM and LM layers. Adapted from Gunin [5]. (D) Diagram showing
relationship between layers in human small bowel in 3 dimensions (adapted from Furness)[6].
hesenececeeeeseseseensneneceeececseensneneeeeceeseeensnaaeceseeeeseessesnecaseceeeeesseaaaaeeceesessseueaesseeseeesseaeaaeeeesseeseeens 3

Figure 1-2

Schematic representation of the types of neurons in the small intestine of the guinea-

pig (adapted from Furness, Journal of the Autonomic Nervous System 81 (2000) 87-96). 1,
Ascending interneuron; 2, myenteric intrinsic primary afferent neuron; 3, intestinofugal
neuron; 4, excitatory longitudinal muscle motor neuron; 5, inhibitory longitudinal muscle

motor neuron;6, excitatory circular muscle motor neuron;7, inhibitory circular muscle motor
neuron; 8-10, descending interneuron (local reflex)/descending interneuron (secretomotor
reflex)/descending interneuron (migrating myoelectric complex); 11, submucosal intrinsic
primary afferent neuron; 12, non-cholinergic secretomotor / vasodilator neuron; 13,

cholinergic secretomotor / vasodilator neuron; 14, cholinergic secretomotor (non-vasodilator)
neuron. LM, longitudinal muscle; MP, myenteric plexus; CM, circular muscle; SM, submucosal

PIOXUS. ......cescesecessceseceseceeecesseesseeescesscersaecssersseesseeseeeceaecesesesesesesessscssscssscseseuscsetsssseeseseneeesesenseenssees 8
Figure 1-3

The sequenceof events neededto initiate the slow wave generatedbyinterstitial cells

of Cajal (adapted from Sanders ZOOG) [17] « seasssssesnscssascssesmnavsionearcsaeannenrercemenemrrannnesnavssnesntens 13
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Figure 1-4

A model for GDNF binding and signalling via the Gfra and Ret (adapted from Jing et al.)

Figure 2-1

Differential dissection used to generate ganglionic caecum and both ganglionic and

aganglionic distal colon samples for culture in E11.5 bowel. At E11.5 the leading edgeof the
rostrocaudal wave of NCCis at the level of the caecum. (A) By culturing a sample containing
the leading edge of NCC,a fully ganglionic sample with caecum and colon can be generated
after 8 days culture. (B) Culture of only colon distal to the advancing wave of NCC generates
an aganglionic colon sample after 8 days culture. Adapted from an original diagram by R.
LinQl OYvececsscessseseaeceveererarreresemenaxerceemacnserrem nen consi eemeenseaee ome TENTesTTNETET TENS 72
Figure 2-2

Schematic representation of culture system. The sample was placed into a Millicell”

0.4um membraneinside a 50mm petri dish. At the first culture change O0.5pl culture medium
was aliquotted onto the sample (Shown here). ............:cescceseseceeeceseeeeeececeeeeeeceeceseeaeeeaeeseeeaeaee 73
Figure 2-3.

Schematic representation of the system used to record the contraction of bowel wall

SAMPIES. ......cceceeeseceeesssececessseceeesenscececsnseeeccessneecesssaeeeceeseeeceesieeecessceeseessceeseessaaescensuesecessateseeseaeeas 78

Figure 2-4

Laboratory set up for measurementof bowel wall contractility. .......... ee eeeeeeeeeee 79

Figure 2-5

(A) Method to protect sample integrity during measurementof the calcium waveina

cultured distal colon explant at E19.5 (ganglionic or aganglionic): an additional cover slip was
positioned either side of the sample to prevent deformation by the central cover slip during
measurementof calcium wave. (B) Representative screen shot of E19.5 cultured distal colon

sample loaded with Fluo-4AM andilluminated by laser at 488nm. Note the increased
fluorescence at the periphery of the sample corresponding with the smooth muscle............. 80
Figure 2-6

Photographs of cultured bowel showing various anatomical areas at 1 day (E12.5) and

8 days (E19.5) post explantation. Maturation of the samples appears to progress, as
evidenced by the developmentofinternal structures that are visually consistent with haustrae
arrows). S$éal@ DAFS LANs sccssmonsxccnencnanmamarnmnacermnaananmmneememmser manera 84
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Figure 2-7

Immunofluorescencestaining of freshly explanted newborncolon, ganglionic and

aganglionic distal colon explants grownfor 8 days in culture. Samples were dual stained with
anti-PGP9.5 (Red) and anti-Kit (Green) (A, C, E), or single-labelled with anti-smooth muscle
actin (SMA) (Red) (B, D, F). In all figures, M represents the side of the sample on which the
mucosais located. Freshly explanted colon showsICC in a discrete peripheral band with
intercalated myenteric ganglia (A), and circular (CM) and longitudinal (LM) smooth muscle
layers (B). Day 8 cultured ganglionic distal colon shows appropriate myenteric ganglia and ICC
distributions (C). Occasional PGP9.5-positive cells are seen in the area of the submucosal
plexus (C arrowhead). Circular smooth muscle developmenthas also occurred but thereis a
lack of longitudinal muscle (D). Aganglionic distal colon cultured for 8 days has appropriate ICC
(E) and circular smooth muscle (F) but PGP9.5 positive cells are absent (E). Scale bars = 50 um.
ss suldas eave vues veuiees svevnue ys assvuvexeuvencewsevevesseuceunsecendeesens cous seepesessensereveveveesessanveestaseussueseueeueess 85

Figure 2-8

Rates of bowel wall motion of cultured and fresh bowel explants determined bydigital

video analysis. (A) Representative graph of bowel wall motion showing deflection against
time. Peaks on the graph correspond to a movementof the bowel wall perpendicular to the
lumen. (B) Graph comparing frequency of contraction (Mean +/- SEM) of E11.5 ganglionic
caeca (n=12) and distal colon (n=12) cultured for 8 days (to E19.5 equivalent) and newly
explanted term caeca (n=4) and distal colon (n=7). Rates of bowel wall motion are not
significantly different (caeca p = 0.51 Mann-WhitneyU test, distal colon p = 0.23 Student’sttest). (C) Graph showing frequency of bowel wall motility (Mean +/- SEM) of cultured E11.5
bowel explants at 2 day intervals. Ileum (n=12) begins to contract on day 2, caecum (n=12)
and ganglionic distal colon (n=12) begin on day 4. The difference in frequency between
ileum/caecum (p < 0.01, Mann-Whitney U test) and caecum/ganglionic distal colon (p < 0.01,
Mann-WhitneyU test) is significant after 8 days CUITUIE. ...... ee eee eee ceeeeeeeeecenesereseeseeseeeeees 89
Figure 2-9

(A) Frequency (Mean +/-SEM) of bowel wall motion of cultured ganglionic (n=12) and

aganglionic (n= 12) distal colon explants. E11.5 explants were cultured for 8 days. Therateis
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identical until day 6, after which contraction frequency in the ganglionic distal colon explant
becomessignificantly slower (p < 0.01 Student’s t teSt)..........cccccsceseceseceescesseesssecssecsseresseesees 91
Figure 2-10

Power spectrum analysesof cultured bowel. £11.5 explanted ganglionic distal colon

determined at 2 day intervals during culture. The power of contractions increases at each
TIME POINK. oo. eee eee cenceeeesssceeeeeneeesessaceeecesaaeeeeessnanecesseaeeesesssueeessesuecerseaueesesesecersesaeeeeseeaeeeees 94
Figure 2-11

Ca** wave analysis of E11.5 distal colon explants on day 8 in culture (E19.5

equivalent). Graphs of fluorescence (arbitrary units) against time (seconds) for a (A) cultured
E19.5 ganglionic distal colon sample and (B) an aganglionic E19.5 distal colon sample. Each
colouredline represents a point 0.5mm apart on the sample (numbered sequentially 1-5). (A)
There is a coordination of the increase in fluorescence, corresponding to the increase in
intracellular calcium that accompaniesa contraction [361]. (B) Aganglionic samples did not
exhibit coordination, instead demonstrating a chaotic pattern of calcium waves. (C) Plot of
half-maximal point of upstroke of Ca”* transient (Figure A arrow)in ganglionic bowel with
time. The propagation velocity of the arrowed Ca™* wavein (A)is constant over a distanceof 2
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Figure 3-1

Graph showing contraction frequencies of cultured distal colon (Mean and SEM)

without inhibitor (n=12, frequency 42.2mHz +/- 3.4) and after addition of 1M tetrodotoxin
(TTX) for 5 minutes (n=8, 62.1mHz +/- 5.2), 1 hour (n=7, 70.5mHz +/- 8.6), 12 hours (n=7,

75.7mHz +/- 7.5) and 24 hours (n=8, 73.8mHz +/- 4.2). Results were compared using a one
way ANOVA,and there was a significant increase in frequency of contractions (P<0.05)
between E11.5 distal colon cultured for 8 days (E19.5 equivalent) without TTX and those
incubated for 1 hour, 12 hours and 24 hours. Error bars = SEM............::cssceesseeseeeseeeeeeeeseeeeeees 108
Figure 3-2

Graph of the frequency (Mean +/- SEM) of contractions of newborn distal colon, in the

absence or presenceof tetrodotoxin (TTX) (n=7 for both groups). Addition of TTX results in a
significant increase in contraction frequency (49.5 v 114.8mHz p<0.01 Student’s t test)....... 110
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Figure 3-3.

Graph comparing the effect of tetrodotoxin on cultured distal colon (E11.5 cultured for

8 days, E19.5 equivalent) and distal colon from newborn mice (Mean + SEM). Cultured
ganglionic distal colon +TTX (n=8) and -TTX (n=12) showsa significant difference in frequency
(42.2 v 73.8mHz p<0.01 Student’s t test) as does newborn (n=7) v newborn +TTX (n=7) (49.5 v
114.8mHz p<0.01). Thereis no significant difference between cultured distal colon and
newborndistal colon (see Chapter 2). ........ccscesssesssescesssesssesscesscessceescecssecsseeseeeseseseeceateessecees 111
Figure 3-4

Inhibition of the enteric nervous system in E11.5 explants cultured for 8 days. All

graphs show frequencyof contraction (Mean +/- SEM) for 8 day cultured samples with or
without addition of 20 pg/ml tetrodotoxin (TTX) (A,C,E) or mM N,,-Nitro-L-arginine methyl
ester hydrochloride (L-NAME) (B,D,F). (A) Caeca, with (n=8) and without (n=12) TTX. (B)
Caeca, with (n=10) and without (n=12) L-NAME. (A & B) No difference in frequency was
noted. (C) Ganglionic distal colons, with (n=8) and without (n=12) TTX. (D) Ganglionic distal
colon, with (n=8) and without (n=12) L-NAME. (C & D) TTX and L-NAME increased the
contraction frequency of ganglionic distal colon significantly (TTX p<0.01, L-NAME p<0.01,
Student’s t tests). (E) Aganglionic distal colon, with (n=7) and without (n=16) TTX. (F)
Aganglionic distal colon, with (n=8) and without (n=16) L-NAME. (E & F) No differencesin
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Figure 3-5

Graphs of the frequency of contraction of various cultured samples (E11.5 cultured for

6-8 days, E17.5-E19.5 equivalent) under normal culture conditions or in the presence of
tetrodotoxin (TTX). (A) Graph of the contraction frequency of cultured E17.5 equivalent ileum,
caeca and distal colon under normal culture conditions and with the addition of 1M TTX. No
sample type showedanysignificant difference in contraction frequency after the addition of
inhibitor. (B) Graph of the contraction frequency of cultured E19.5 equivalent ileum, caeca and
distal colon under normal culture conditions and with the addition of 1M TTX. Neither E11.5
lleum (n = 11) or caeca (n = 12) cultured for 8 days (E19.5 equivalent) showed anysignificant
difference to identical samples following addition of TTX (n = 7 and 8 respectively). Distal
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colon (n = 12) significantly increased the frequency of contraction after the addition of TTX (n
= 8) (p < 0.0001 Student’s t test) comparedto controls. * = P< 0.05. Error bars on graphs =
SEM:

Figure 3-6
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Graph showing frequency of contractions (Mean + SEM) with concurrent addition of L-

NAME and TTX producesa similar increase in frequency of contraction as individual addition.
A significant increase in frequency (One way ANOVAp<0.05) was noted with the addition of
either or both inhibitors. There was no difference between the frequenciesof either or both
inhibitors applied TOSEthe, + sscxcssscveccee, saxwesees sescrzewsteseveeraseneves zeaventeanvicneas caren svaestens ce eeeee a saet ce 117
Figure 3-7

Graph comparing the frequencyof contractions (Mean + SEM) of cultured distal colon

at 6 days culture (E17.5 equivalent) with (n=4) and without (n=12) tetrodotoxin (TTX). Thereis
no significant difference (50.0 v 42.5mHz p=0.273 Mann Whitney test). ............ceeeseeeeees 118
Figure 3-8

The effect of spermine and atropine on caeca, ganglionic and aganglionic distal colon

at E19.5. (A) In normally innervated caeca, addition of 100M Spermine produced a
significant decrease in the frequency of contractions (72.5 v 29.2mHz, p=0.0002 Mann
Whitney U test). Addition of 1M Atropine also produceda significant decrease in the
frequency of contractions (72.5 v 38.3mHz, p=0.0009 Mann WhitneyU test). (B) In ganglionic
distal colon the addition of 100M Spermine produced no changein the frequency of
contractions (42.2 v 48.3mHz, p=0.11 Mann Whitney test). However, addition of 1M
Atropine produceda significant increase in the frequency of contractions (42.2 v 91.9mHz,
p=0.0001 Student’s t test). (C) In aganglionic distal colon, the addition of 100,.M Spermine

produceda significant decrease in the frequency of contractions (59.6 v 41.4mHz, p=0.014
Student’s t test). Addition of 1M Atropine to cultured E19.5 equivalent aganglionic distal
colon produced a decreasein the frequency of contractions which showeda trend towards
significance (59.6 v 44.1mHz, p=0.051 Mann Whitney U TeSt).......... eee eeeeeeeesceeeseenseteeeeeeens 121
Figure 3-9

The frequency of contraction in samples of E11.5 8 day cultured (E19.5 equivalent)

distal colon (n=12) and caecum (n=12) was comparedfollowing the addition of 100M
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Verapamil (n=8 caecum and distal colon). The Verapamil completely abolished all
contractionsin the treated SAMPIeS............ cc ceeeeseeeseesseeeseseseseseeceeeceeeeesnecsaeeeseeseaeeeeessaeeeeeeesnes 122
Figure 3-10

Power spectrum analysis of the effects of TTX on motion of ganglionic and

aganglionic distal colon explants in culture. Explants were removed at E11.5 and cultured for
8 days (E19.5 equivalent). (A) Ganglionic distal colon (n=12) and Ganglionic distal colon plus
TTX (1M) (n=8). Using fast Fourier analysis, the power in the frequency range 0-0.3 seconds
was significantly reduced after the addition of TTX (801 +/- 55.7 vs. 310 +/- 36.6, p < 0.01, two-

tailed t test). (B) Aganglionic distal colon (n=15) and aganglionic distal colon plus TTX (1M)
(n=11). Using fast Fourier analysis, the power in the range 0-0.3 secondswas notsignificantly
different after the addition of TTX (875 +/- 53.1 vs. 802.1 +/- 127.9, p = 0.61, two-tailed test).
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Figure 3-11

Ca** wave analysis of E11.5 ganglionic distal colon explants on day in culture (E19.5

equivalent) treated with 1M tetrodotoxin (TTX). The Ca’ transients were measured at
0.5mm intervals along the explant. Tetrodotoxin treated ganglionic distal colon show no
coordinated propagation Of Ca7* WAVES.......scscccsssssssesessssessesesscsessssesesecsssesseetscsesscsesecscseeeceeseees 126
Figure 3-12

Graph of frequency of contractions (Mean + SEM) showingthe effect of addition of

10pg/ml anti Kit antibody to culture medium on bowel (caecum, ganglionic distal colon and
aganglionic distal colon) cultured for 8 days (E19.5 equivalent), resulting in complete abolition
of contractions in caecum,ganglionic distal colon and aganglionic distal colon (n=4 all groups).
eeewess saeswsessceesp ceuneevereessesseeervesvesseqersusureensencesneenveeassxanswesaeneusveseuesecuessxeessssepeeeveresecxerers 129

Figure 4-1

Day 21 embryonic mouse neurospheres (EMNS)and postnatal human neurospheres

(PHNS)prior to transplantation and at 8 days post transplantation onto E11.5 aganglionic
distal colon. EMNS(arrowhead) and PHNS(arrowhead) fuse with the aganglionic bowel. The
PHNS are consistently darker than the murine ones. Previous work from our group has also
shown that appropriate neural phenotypes are generated in both EMNSand PHNS [345]. Scale
Dar = LMM. 0.0... eeeececccceeeeeececcccccecsscececcecscescsececscscusccuseesccessscssecuasescececeecenessecesessseuaseseeceeeneaeueaees 144
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Figure 4-2.

The combined dataset (E11.5 ganglionic/aganglionic distal colon cultured for 8-10

days) showing the frequency of bowel wall contractionsis significantly slower in the E19.521.5 equivalent ganglionic distal colon (n= 23) compared to E19.5-E21.5 equivalent aganglionic
distal colon (n= 36)(p<0.01 Mann Whitney U test). .........cccccceccessecsseeesecssecesecesecesseseeeenseeens 146
Figure 4-3.

Frequency of contraction of ganglionic (normally innervated) distal colon (n=23), non-

transplanted aganglionic distal colon (n= 36) and embryonic mouse neurosphere (EMNS)(n=
24) and postnatal human neurosphere (PHNS) transplanted samples (n= 27). The nontransplanted aganglionic sample has a significantly faster frequency of contraction (one way
ANOVAwith Tukey’s correction) than all the other sample types. *p<0.05...........ccccesseeeseees 148
Figure 4-4

The effect of tetrodotoxin (TTX) on 8-10 day cultured ganglionic (n= 23, TTX n= 20),

non-transplanted aganglionic (n= 36, TTX n= 23), embryonic mouse neurosphere (EMNS)(n=
24, TTX n= 15) and postnatal human neurosphere (PHNS)(n= 27, TTX n= 22) transplanted
samples. All graphs show frequency of contraction (Mean +/- SEM) with or without addition
of 20ug/ml TTX. (A) Ganglionic distal colon showsa significant increase in frequency (p<0.01
Mann-Whitney test) after treatment with TTX. (B) Non-transplanted aganglionic distal colon
showsno significant change in frequency (p=0.23 Student’s t test) after addition of TTX. (C)
EMNStransplanted samples showed a significant increase in frequency (p<0.01 Student’s t
test) after addition of TTX. (D) PHNS transplanted samples also showed a significant increase

in frequency (p<0.01 Student’st test) after addition Of TTX... eee ee eeseeeesecessseeeeseeeeseeees 150
Figure 4-5

Effect of 20u! tetrodotoxin (TTX) on the contraction frequency of different sample

types. Thereis no significant difference in the frequency of contraction seen in the bowel wall
of non-transplanted aganglionic distal colon +/- TTX (n= 36, TTX n= 23), ganglionic distal colon
+ TTX (n= 20), embryonic mouse neurosphere (EMNS) transplanted + TTX (EMNS + TTX) (n=
15) and postnatal human neurosphere (PHNS) transplanted + TTX (PHNS + TTX) (n= 22)...... 151
Figure 4-6

Comparison between the inhibitor effects of tetrodotoxin (TTX) and L-NAME after 8

days in culture. Data for controls and TTX treated samplesis from the composite dataset
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E19.5-E21.5 equivalent, but data for L-NAME treated samplesin both graphs is only from
E19.5 equivalent. (A) Addition of 14M TTX or 1mM L-NAME to the culture medium produced
a significant increase in the contraction frequency of E11.5 embryonic mouse neurosphere
transplanted (EMNS) aganglionic distal colon specimens cultured for 8-10 (Control & TTX) or 8

days (L-NAME)(n= 24, TTX n= 15, L-NAME n= 7) (EMNSvs. TTX, 44.1 +/- 3.2mHz vs. 65.1 +/3.7mHz, p<0.01 Student’s t test) (Control vs. L-NAME, 44.1 +/- 3.2mHz vs. 60.0 +/- 3.8mHz, p =

0.03 Mann WhitneyU test). (B) E11.5 postnatal human neurosphere (PHNS) transplanted
aganglionic distal colon samples cultured for 8-10 days (Control & TTX) or 8 days (L-NAME) (n=
27, TTX n= 22, L-NAME n= 7)). The addition of 1M tetrodotoxin (TTX) produceda significant
increase in frequency of contractions (Control v TTX, 49.0 +/- 2.7mHz vs. 65.2 +/- 3.0mHz, p<

0.01 Student’s t test). Addition of L-NAME did not have a significant effect (Control vs. LNAME, 49.0 +/- 2.7mHzvs. 49.0 +/- 5.5mHz, p = 0.94 Student’s t test). * p < 0.03.............0. 153
Figure 4-7

Effect of tetrodotoxin (TTX) on the propagation of the calcium wave in embryonic

mouse neurosphere (EMNS) and postnatal human neurosphere (PHNS) transplanted distal
colon samples. All graphs show fluorescence(arbitrary units) v time (seconds). (A) EMNS
transplanted distal colon at day 8 shows coordination of the calcium waveacrossall 5
measuredareas. (B) This coordination is lost with the addition of 20u1 TTX. (C) PHNS
transplanted samples also regain coordination propagation of the calcium wave at day 8 in
culture, (D) which is lost with the addition of 20p! TTX. These results show that the
transplantation results in a neurally mediated restoration of the normal pattern of calcium
WAVE PlOPASatlON ssescccscevseserssecesnsavvcaverssssacesaevesencswsseossasvsearsresvsssssemesversuesesvansceemeererseersesexnesexs 157

Figure 4-8

EMNS and PHNStransplanted aganglionic embryonicdistal colon after 8 daysin

culture. (A) Light microscopy of semithin section, toluidine blue stained showing the wall of
EMNS transplanted distal colon; the site of the neurosphereis indicated (arrow). N: neurons;

M: smooth muscle cells. (B) Transmission electron microscopy of (A) showing the
ultrastructure of the smooth muscle cells. They display few small filament bundles, some
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cisternae of the rough endoplasmic reticulum but no smooth endoplasmic reticulum, few
caveolae and no gap junctions. Asterisks indicate specialized junctional areas. (C) Light
microscopy of semithin section, toluidine blue stained showing the wall of a PHNS
transplanted distal colon; the site of the neurosphereis indicated (arrow). (D) Transmission
electron microscopyof (C) showing the ultrastructure of the smooth muscle cells. Asterisks
indicate junctional areas. Scale bar represents: A = 100 um; C = 80 um; B = 0.6 um; D=0.5
PUN,

Figure 4-9
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Transmission electron microscopy of aganglionic embryonic distal colon after 8 daysin

culture +/- transplant with PHNS. (A) E11.5 aganglionic distal colon cultured for 8 days. Two
putative immature ICC-MY can be seen (red asterisks). The ICC-MY are spindle-shaped, with
an ovoid nucleus containing clear chromatin. The cytoplasm is clear and contains free
ribosomes, some cisternae of the rough endoplasmic reticulum (RER), a small Golgi apparatus
(G), several mitochondria and a few intermediate filaments. (B) The wall of E11.5 PHNS
transplanted distal colon cultured for 8 days. A group of neuroblasts (ganglion) and putative
immature ICC-MY (red asterisks) located around the ganglion can be seen. The neuroblasts
have manypolyribosomes, very few cisternae of the RER, and the Golgi apparatus is small.
Filaments and microtubules are absent. (C) Wall of EMNStransplanted distal colon. A group
of neurons (ganglion) and one putative immature ICC-MY (red asterisk) in its vicinity are seen.
Key: G Golgi apparatus; rer cisternae of the rough endoplasmic reticulum. Scale bar
represents: A = 0.9 um; B= 1.1 Pm; C = 1.2 UM... ec eceesseceeeeeeeennescneeeeeeeeeeesesenssaeeeeeeees 162

Figure 4-10

£11.5 Aganglionic embryonic distal colon transplanted with an EMNS neurosphere

after 8 days in culture. (A) Light microscopy, semi-thin section stained with toludine blue.
Two groupsof neurons (N) are seen. (B-E) Transmission electron microscopy. (B) Two
neurons (N) and oneglial cell (g/ia) present in close proximity. (C) Neurons (N) grouped to
form a ganglion with multiple nerve fibres (nf) visible. (D-E) Synapses (red asterisks) between
nerve varicosities and perikarya. They contain both large granular vesicles and small agranular
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vesicles. Numerous coated pits (arrowheads) are present on the plasma membrane ofthe
neurons. Key: G Golgi apparatus; nf nerve fibres and nerve endings; rer cisternae of the rough
endoplasmic reticulum. Scale bar represents: A = 25 um; B = 2.6 um; C= 2 um; D-E = 0.6 um...
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List of abbreviations

The text has been written to follow the convention that the gene (or mRNA) for any molecule is
written in italics and the protein in standard font. Human genes and products are given in capital
letters, those of animal models in lower caseletters.
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Acetylcholine
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Bone Morphogenic Protein

BMPRIA

Bone Morphogenic Protein Receptor 1A
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Bone Morphogenic Protein Receptor 1B
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Embryonic Mouse Neurosphere

ENK
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ENS

Enteric Nervous System
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ENS Progenitor Cells

Edn3

Endothelin-3
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Glial Derived Neurotrophic Factor
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Glial Fibrillary Acidic Protein
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Hirschsprung’s Disease
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N,.-Nitro-L-arginine methyl ester hydrochloride
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Neural Crest Cell
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Necrotizing Enterocolitis
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Nerve Growth Factor
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Nitric Oxide

NOS

Nitric Oxide Synthase

NPY

Neuropeptide Y

NT3

Neurotrophin-3

NT4

Neurotrophin-4

PGP9.5

Protein Gene Product9.5
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Postnatal Human Neurosphere

Shh

Sonic Hedgehog
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Smooth Muscle Actin

SP
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Transanal Endorectal Colloidal Anastomosis

TGFB

Transforming Growth Factor B
Tetrodotoxin

VIP

Vasoactive Intestinal Polypeptide

Wws4

Waardenburg syndrome
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Glossary

Autonomic nervous system

Division of the nervous system

Bowel

Synonym for gastrointestinal tract

Enteric

Relating to the gastrointestinal tract

Gastrointestinal tract

Hollow organ running from mouthto anus responsible of
digestion and absorption of food (amongst other tasks)

Gut

Synonym for gastrointestinal tract

Hirschsprung’s Disease

Disease characterised by lack of enteric nervesin the distal
bowel

Murine

Relating to mice.

Neural Crest

Specialised tissue found in embryos

Neurocristopathy

Illness caused by problem originating in the neural crest

Neurosphere

Aggregate of cells containing neural stem cells and
differentiated neuronsand glia

Parasympathetic Nervous system

Division of the autonomic nervous system

Stem Cell

A multi-potentcell capable of differentiating into various
cell lineages

Sympathetic Nervous system

Division of the autonomic nervous system
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Chapter 1 - Introduction

1.1.0

Background
“we see stem cells as a new way of approaching... horrifying diseases
that devastate the lives of so many people.” Stanley B. Prusiner, director
of University of California San Francisco's Institute for
Neurodegenerative Diseases and winner of the NobelPrize for
Medicine 1997[1]

The enteric nervous system (ENS) consists of nerve cells, ganglia and glia which extend across the
entire length of the gastrointestinal tract (GIT) from mouth to anus, and act to regulate its function.
It is the largest of the 3 divisions of the autonomic nervous system. This introduction will cover the
structure and function of the ENS in normal development, as well as the current understanding of
the constituent cells that are required to form the ENS, the route and timing of their migration and
differentiation, and the known genetic and molecular messages that ensure correct structure and
function. In addition to the ENS, the gastrointestinal tract also receives input from the interstitial

cells of Cajal (ICC), a group of mesenchyme derived cells, and ICCs are included in parallel with the
ENS. The relevance ofthis information will be then be considered with respect to motility
disorders, with particular reference to Hirschsprung’s disease (HSCR), which is characterised by a

continuous butvariable length of aganglionic bowel extending proximally from the rectum. Finally,
the role of stem cells in the treatment of HSCR and potential avenuesfor future research will be
examined.

1.2.0

Introduction to the gastrointestinal tract (GIT)

1.2.1

Structure

1.2.1.1

Enteric Nervous System

The ENSis capable of regulating gut motility, assisting with fluid and electrolyte balance in the
organism after birth, affecting exocrine and endocrine sections in the bowel, altering the
microcirculation and inflammatory and immunefunction responsesin the gut[2, 3]. It isa very
ancient system and well conserved, showing a great deal of concordance between the various
vertebrate groups investigated (primarily mice, rats, chickens and zebrafish) [4]. The anatomy of
the small and large intestine, from the lumen outwards, consists of the mucosa, submucosal

plexus, circular muscle, myenteric plexus, longitudinal muscle and serosa. In the oesophagus and

La
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stomach there is no submucosal plexus, and this is shown schematically in Figure 1-1.
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Figure 1-1

Cross sectional anatomy of mature adult gut. (A) Gut from the duodenum distally

possesses2 distinct layers of the enteric nervous system, the myenteric plexus (MP), located
between the longitudinal muscle (LM) and circular muscle (CM), and the submucousplexus (SM),
located between the CM and the luminal mucosa. (B) Oesophagus and stomachdo not possess the
submucous plexus. (C) Section of jejunum (Stained with haematoxylin and eosin) showing1:
Mucosa, 2: Submucosa, 3: Muscle layers (CM & LM), 4: Serosa, 5: Villi, 6: Glands. Submucosal

plexus lies between layers 1 and 2 (dotted line on diagram marked *). Myenteric Plexuslies
between CM and LM layers. Adapted from Gunin [5]. (D) Diagram showing relationship between
layers in human small bowel in 3 dimensions (adapted from Furness)[6].
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The nervesand glia in the ENS are arrangedin a very different way to those of the central nervous
system (CNS). The basic units of the ENS are ganglia which are located in both the myenteric (also
known as Auerbach’s) plexus and the submucosal (or Meissner’s) plexus. Each enteric ganglion
contains many different types of neuron, while neighbouring ganglia will contain similar types of
neurons but not necessarily in identical proportions [4]. The ganglia therefore form repeating units
of neuronal circuitry, although variations do occur along the length of the GIT. For example, the
myenteric ganglia are present throughout the GIT, while submucosal ganglia are absent from the
oesophagus and stomach, and myenteric ganglia in the colon tend to be larger than the myenteric
ganglia in the terminal ileum [4]. Also, in a given region of the GIT the myenteric ganglia tend to be
larger than the submucosal [4]. These differences in the number, size and neuronal composition of

ganglia along the length of the GIT may accountfor the differing functional attributes of regions of
the GIT. As well as the GIT, the ENS also innervates the pancreas and biliary tract [7], but only the

innervation of the intestines will be considered in detail here. Although each individual ganglion is
relatively simple, the ENS forms a very complex system byvirtue of its size and the multiple types
of neuron it contains: there are estimated to be over 1 million neuronsplus at least as many glia in
the adult mouse bowel, while in the human ENS there are estimated to be 10° neurons located in

the myenteric and submucousplexuses[8].

12.12

Interstitial cells of Cajal

ICC wereinitially identified by Santiago Ramon y Cajal in the mid-nineteenth century as a layer of
anastomosing cells in the muscular layers of the gut wall [9, 10]. He described small fusiform cells

with prominent nuclei and varicose processes,and initially classified them as a type of neuron [9,
11], although it has since become clear they are not derived from the ENS [11]. Cajal also
undertook descriptive anatomical studies of many other nervecells, and shared the 1906 Nobel
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Prize for Physiology or Medicine with Golgi [12]. The ICC networkhe identified is closely associated
with the external musculature of the gut, and ICCs have been identified in the oesophagus,
stomach, small intestine and colon of a large variety of species [13]. Until the advent of electron
microscopy (EM), there was considerable debate as to whether the cells were specialised Schwann
cells, but the more detailed analysis by EM suggested a fibroblast origin for the cells [14]. The
current viewis that the ICC are derived from mesoderm and are characterised by the emission of
electrical slow waves(which acts as a pacemaker in the GIT) [11, 14, 15]. Individual ICC vary
histologically between species and between locations in the GIT [13], but all are noted to have
connections with both smooth muscle cells and ENS cells [13, 16]. In the small intestine, ICC are

localised in distinct groups. There has been a variety of nomenclaturesgiven to the various groups
of ICC. Those that are found in the myenteric region (between thecircular and longitudinal
muscle) and are responsible for slow wave generation are referred to as ICC-MY(but also ICC-MP
and ICC-AP) [17]. ICC are also found near the submucosal layer of the circular muscle, in close
association with the nerve terminals from the deep muscular plexus (referred to as ICC-DMP),
along the submucosal surface of the circular muscle (ICC-SM), and in septa between smooth
muscle bundles (ICC-SEP) [17-21]. In the colon (and stomach), there are additional populations of
ICC located in-between smooth muscle fibres (ICC-IM) [17].

1.2.2

Function

1.2.2.1

Enteric Nervous System

Enteric ganglia contain a variety of neurotransmitters, and a wide variety of neuronal subtypes
have been identified. The vast majority of the published research has been carried out in the small
intestine. In the guinea pig small and large intestine, 17 structurally different types of neuron (14
6|Page
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of which are present in the small intestine) have been identified [7]. The neurons may be excitatory
or inhibitory, affect smooth, longitudinal or circular muscle, alter secretion, ascend or descend the

bowel, traverse the myenteric and submucosal plexuses, or receive or transmit information to the
CNS or Autonomic nervoussystem. Figure 1-2 represents the 14 types of neuron found in the small
intestine schematically, illustrating how neuronsin the various strata of the GIT are able to
communicate both within and acrosslayers, and giving the titles of each class of neuron.
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Gland

Schematic representation of the types of neuronsin the small intestine of the

guinea-pig (adapted from Furness, Journal of the Autonomic Nervous System 81 (2000) 87-96). 1,
Ascending interneuron; 2, myenteric intrinsic primary afferent neuron;3, intestinofugal neuron; 4,

excitatory longitudinal muscle motor neuron; 5, inhibitory longitudinal muscle motor neuron;6,
excitatory circular muscle motor neuron; 7, inhibitory circular muscle motor neuron; 8-10,
descending interneuron (local reflex)/descending interneuron (secretomotor reflex)/descending
interneuron (migrating myoelectric complex); 11, submucosal intrinsic primary afferent neuron; 12,
non-cholinergic secretomotor / vasodilator neuron; 13, cholinergic secretomotor / vasodilator

neuron; 14, cholinergic secretomotor (non-vasodilator) neuron. LM, longitudinal muscle; MP,
myenteric plexus; CM, circular muscle; SM, submucosal plexus.
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The variety of functions of these neurons necessitates a wide variety of neurotransmitters

including Acetylcholine (ACh), Vasoactive Intestinal Polypeptide (VIP), Nitric Oxide (NO) and
GammaAmino Butryic acid (GABA) [7, 22]. A more compete summaryof neurotransmitters and
their function in the ENS is shown in table 1.1. As the table shows, there are multiple
neurotransmitters that may perform similar functions, but their role is not equal. For example, ACh
is the primary excitatory motor ENS neurotransmitter, which was demonstrated by comparing
muscarinic inhibition with inhibition of the tachykinins (Neurokinin A) [23, 24]. As the table also

shows, a single neurotransmitter may produce a variety of effects depending on the neuron that
has producedit. The enteric ganglia receive input from vagal and autonomic sources, but are
capable offull autonomy, with complete reflex loops located within the ENS.
The ENSinput from the sympathetic nervous system is from nervesoriginating in the prevertebral
and paravertebral ganglia [6, 25]. These act via the neurotransmitter Noradrenalin, and the

synaptic vesicles can be found primarily in approximation to ENS ganglia [6, 25]. However, there
are also sympathetic innervation to blood vessels within the gut and to the sphincters [6]. The
motor function of the sympathetic supply acts to inhibit the activation of the ENS and to contract
the sphincters, both of which act to reduce transit of the luminal contents of the bowel [6].

With regards to motility, ENS reflexes affecting propulsion are the most studied [6]. Propulsive
reflexes contract the circular muscle on the oral side of a physiological stimulus while relaxing the
smooth muscle on the anal side. Intestine that has been removed from animals is still capable of

eliciting these responses[26], as well as intestine that remains in vivo but has all connections with
the central nervous system removed [27]. This has been demonstrated in a large number of animal
models including guinea pigs, cats and dogs [6]. Reflex dilatation and secretion of extrinsically

denervated intestine and colon have also been demonstrated in chronically extrinsically
denervated intestine and colon, which can be blocked by tetrodotoxin (TTX) [6], a non-specific
inhibitor of fast sodium channels found in axons [28]. There are therefore TTX sensitive reflex
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loops present in bowel that continue to function after external denervation has occurred, relying
entirely on ENScircuits, a fact we have exploited to test the onset of contractility and the
transplant of murine and human ENS neurospheres(See chapters 2, 3 & 4). The current knowledge
about the timing of onset of ENS function in the developing bowel is coveredlater in the
introduction (section 1.3.3), and is further expandedin chapter 2.
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Neurotransmitter
Acetylcholine (Ach)

Excitatory (motor) / Interneuron /
Secretomotor / Vasomotor / Endocrine

SubstanceP (SP)

Excitatory (motor)

Nitric Oxide (NO)

Inhibitory (motor) / Interneuron

Neurokinin A

Excitatory (motor)

Neuropeptide K

Excitatory (motor)

Neuropeptide y

Excitatory (motor)

Vasoactive Intestinal Polypeptide (VIP)

Inhibitory (motor) / Interneuron /
Secretomotor / Vasomotor

Pituitary Adenylyl Cyclase Activating Peptide (PACAP)

Inhibitory (motor)

GammaAminoButyric Acid (GABA)

Inhibitory (motor) / Interneuron

N

tide Y
eurpepticde

Inhibitory (motor) / Interneuron /
Secretomotor

Gastrin Releasing Peptide (Mammalian Bombesin)
(GRP)

Inhibitory (motor) / Interneuron /
Endocrine

Somatostatin (SOM)

Interneuron

5-Hydroxytrytamine (5-HT)

Interneuron / Sensory (chemoreceptors)

AdenosineTri-phosphate (ATP)

Inhibitory (motor) / Interneuron

Calretinin

Secretomotor / Vasomotor

Dynorphin

Secretomotor / Vasomotor

Table 1-1

Neurotransmitters found in the enteric nervous system (ENS) and their functions
[7].
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1.2.2.2

Interstitial cells of Cajal

Samples of bowel taken from various parts of the GIT have been shownto contract rhythmically, in
the absence of neuronal or hormonal stimulation. These contractions are of low frequency and
long duration, and are caused byelectrical activity called slow waves [29]. Older literature has
referred to slow wavesbya variety of terms including basic electrical rhythm (BER), electrical
control activity (ECA), slow wave-like action potentials (SWAP), pacemaker potentials and action
potentials [30]. The generator cells for slow wavesare the ICC [31, 32]. ICC also interact with the
ENS neurons (both excitatory and inhibitory) to modulate gut contraction [20, 33]. A slow waveis
defined as spontaneouselectrical activity derived from the ICC, that is not blocked by L-type
calcium channel blockers (dihydropyridines) such as Amlodipine or Nifedipine [11, 17]. A slow
waveis a depolarisation/repolarisation event, conducted to smooth muscle cells by the ICC, but
which cannot be propagated between smooth musclecells [17]. The mechanism by which slow
waves are generated bythe ICCis notfully elucidated. There is general agreementthat release of
Ca”* from inositol 1,4,5-trisphosphate (IP3) receptor operated stores is the eventthatinitiates the
pacemaker current[34, 35]. However, there is currently no consensus abouteither the ionic
conductance(s) necessary for pacemaker activity or the steps between Ca** release and activation
of the pacemaker current [17]. One theory is that a fall in intracellular Ca”* concentration in the ICC

is caused by mitochondrial uptake. This gates open non-selective cation channels in the plasma
membrane[17]. The steps thought to be involved are outlined schematically (adapted from
Sanders 2006)in Figure 1-3.

G
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¢ Inside a pacemakerICC, puffs of Ca2*+ released from IP3 receptor—
operated stores in sarcoplasmic reticulum (SR) gate open Ca2* uptake
channels in mitochondria. These are in close proximity to the release
sites in the SR.

J

¢ The mitochondria are notin equilibrium with the cytoplasmic space, so )
opening a Ca2* uptake pathway into the mitochondria. This removes
more Ca2* from the cytosol of the pacemaker unit than that released in
the puff.
y

e As Ca** concentration falls in the cytosolic space between the plasma
membrane and the Ca2* store/mitochondria complex, non-selective
cation channels in the plasma membrane are activated, and Ca2* and
Na* enter the ICC.

)
)

¢ The inward current resulting from the transient dip in Ca2* is the
primary pacemaker current in ICC and the conductance responsible for
unitary potentials in the pacemaker cells.

Figure 1-3

The sequence of events neededto initiate the slow wave generated byinterstitial

cells of Cajal (adapted from Sanders 2006) [17].
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The function of a slow waveis to alter the membrane potential of smooth muscle cells in the GIT
from a state of low open probability for voltage dependent Ca~* channels (-80 to -55mV) to one
wherethereis an elevated probability of channel opening (-40 to -25mV)[17, 36]. This results in
periodic Ca** entry to smooth muscle cells and organises the smooth muscle into a pattern of
phased contractions [17]. The shape, frequency, amplitude and duration of slow wavesvaries
between species and the area of the gut from which they originate [17]. The slow waves then
direct the rhythmic contractile activity used at certain times by the bowel (see later for additional
details) [37].
To propagate the slow wave throughouttheGIT, the ICC form a networkof electrically coupled
pacemaker cells [17, 36]. Within an organ in the GIT, each region contains ICC and all are capable

of generating pacemaker activity. However, the part of the organ with the fastest rate of
pacemaker activity will be dominant, regulating the pace of slow wave contractions seen in that
organ [17]. For example, in the stomach, the greater curvature provides the dominant frequency
[38]. A slow wavegenerated in the stomach does notpropagate to the small intestine [39, 40], and

there is a discontinuity of the ICC networkin this region [40]. The small intestine has pacemaker
activity from the duodenum to the terminal ileum, and a frequency gradient exists with higher
frequencies more proximally and slower onesdistally [41, 42]. This was originally noted in the
early 20"century as variation in contraction frequencies of the small intestine, and has become
known as the Alvarez gradient [43]. The slow waves generatedby the ICC of the dominant
pacemaker region in the stomach and small intestine act upon both thecircular and longitudinal
muscle [17]. The colon is different in a number of ways. In terms of ICC generated electrical
activity, the colon has greater variation than the remainder of the GIT, and greater variation
between species [17, 44]. Different frequencies of slow wave activity occur in the circular and
longitudinal muscles of the colon [44]. Canines show regular, well defined slow waveactivity in the

colon while murine and human colons display small, poorly defined cycles of slow waveactivity [44,
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45]. The frequency gradient of slow wavesin the colon is poorly characterised, but is believed to
run in a distal to proximal direction [46].

The method of slow wave propagation is not entirely clear. It is clear that propagation covers areas
of up to several centimetres, and the rate of propagation has been shownto bein the order of 540mm.s” [47]. The rate of propagation of slow wavesis greater than could be achieved by

diffusion alone, so an electrical mechanism is believed to be involved in the synchronisation of
pacemaker events [17, 47]. Experiments that have dissected out ICC, or used animals with genetic
abnormalities that result in loss of ICC networks, have demonstrated that when ICC are lost from a

region of muscle, active propagation fails through that region [48, 49]. Simultaneous recording of
slow wavesin ICC and neighbouring smooth muscle cells clearly demonstrates that slow waves
conductpassively to neighbouring smooth muscle cells [50, 51]. It has been assumedthat gap
junctions between ICC and enteric smooth muscle cells are responsible for the passive conduction
of the slow wave[52, 53], but a recent review has cast doubt on this as no gap junctions have been

found in the longitudinal muscle of the bowel [54]. Alternatively, it has been suggested that the
communication necessary to initiate the smooth muscle action potential could be achieved by
either an electrical field potential in a peg and socket junction between the ICC and the muscle, or
mechano-sensitive ion channels [54]. A peg-and-socket junction consists of a peg, from 0.5
micrometre in length, protruding from a smooth muscle cell into a narrow pocketor fold of the
plasma membrane of a neighbouring smooth muscle cell or ICC. There are no connective tissue

componentsin the space between the cells membranes. Pegs have been noted to have slender
necks, fitting into narrow socket openings, and may bereinforced by the presenceof small
intermediate junctions [31].
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1.2.3

Motility

To achieve ordered motility in the intestine, a complex interplay between the ENS, smooth muscle,
glia and ICC is required. Again, the vast majority of the published research has been carried out in
small intestine, but where additional work has been done in the large intestine as well, it will be

highlighted. The smooth muscle contained in the GIT is capable of spontaneous contractions
(without neural or endocrine input) in responseto stretch. A layer of control is added byelectrical
slow waves generated by ICC. These account for the regular spontaneouscontractile behaviour of
intestinal smooth muscle [11]. As shown in table 1.1, the ENS provides both excitatory and

inhibitory inputs to the smooth musclein the GIT, and input from the vagus nerve can modify this
input, generating 4 recognised patterns of intestinal motility in health [55]: the interdigestive
migrating motor complex (MMC), postprandial mixing, power propulsion and quiescence(also
knownasphysiological ileus) [55].

1.2.3.1

Migrating motor complex

The MMC is a regular event in many mammalian species including humans[56], and is ENS
dependent. It can occur in bowel that is externally denervated but cannotcontinue across an area
of bowel that is devoid of the ENS [57]. It can also be blocked by the addition TTX [28]. The MMC

has also been notedto occur in mice with specific mutations in the Kit oncogene. Kit is a receptor
tyrosine kinase [58], and the ligand for this receptor is stem cell factor (also known as steel) [59,
60]. The presence of a C to T point mutation at nucleotide 2007in the Kit genes W locus resultsin
a threonine to methionine substitution at amino acid 660, and is described as Kit” (also referred

to as Kit”, W" and Wv)[61]. Mice that are heterozygousfor this mutation (Kit’/Kit”’) have
disrupted ICC in the bowel [19]. The MMC is therefore believed to be ICC independent [62].

It

16|Page

occurs in postprandial periods and can bedivided into 4 phases, detailed in Table 1-2. The
initiation of the MMC is not fully understood, and the MMC can originate at various levels of the
GIT. When the origin of the MMC is at the gastro-duodenal junction, then in humansit correlates
with an increase in plasma motilin levels [63, 64]. The MMC is believed to have evolved as a

methodofclearing epithelial cells, secretions and indigestible debris from the intestinal lumen [65,
66]. In ruminant species, MMC occur almost continually, reflecting the near continuous supply of
indigestible material that occurs [67, 68]. The slow movingoral-anal contractions characteristic of

the MMC is seen from the gastro-duodenal junction to the terminal ileum. The human colon,
unlike the human small intestine, is not believed to exhibit MMC [6, 65], and the differences seen

in the colon are expanded upon below. The rate of propagation of phaseIII of the MMC varies
between species [6]. In humans, thereis also variation in the rate of propagation depending on the
anatomical site. In the proximal jejunum it is 4.3cm/min, 1.3cm/min in the proximal ileum and
0.6cm/min in the distal ileum [69]. In humans,in an isolated area of bowel, the total time taken for
the 4 phases of the MMC to occur is between 84-112 minutes, with the active component (phase

III) only taking up 5-10% ofthis time [65]. The biological necessity of the MMC is demonstrated by
the accumulation of bacteria that has been shownto occur in the small intestine after only a
couple of hours of impaired propulsion (e.g. after injury/ileus) [70-72]. Bacterial overgrowth has
also been postulated as a cause ofirritable bowel syndrome [72].
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Phase of Migrating Motor
Description
Complex
Quiescence

Irregular activity

Table 1-2

We

Slow moving contractions propagatedin an analdirection

IV

Irregular activity

The 4 phasesof the migrating motor complex [66, 73].

1.2.5.2

Postprandial mixing

Following the ingestion of food, the MMC is replaced by a mixing pattern (also known as
segmentation) [74]. These mixing movements wereoriginally noted on x-ray studies of cats fed
contrast media [75]. The change to postprandial mixing is not seen in bowel in which vagal
efferents have been removed (for example following transplantation), and following vagal nerve
blockade,indicating it is initiated by external influences [76]. There is some similarity between the
postprandial mixing movements and thoseof phaseII of the MMC [6]. Both conditions produce
stationary (contractions confined to a 3cm area or less, 15% of total observed contractions),

conducted (conducted for 3-9cm, 30% of observed contractions) and longer contracted
contractions (>9cm, 55% of observed contractions) [77]. Calculations have been made, based on
the pacemaker frequencyof ICC in the small intestine and propagation rates of the slow waves.
These suggest that the slow waveswill only propagate a few centimetres before colliding with
another slow wave generated in an adjacent segment [17]. Thus, although external denervation
blocks the onset of postprandial mixing, they would appear to also require ICC generated slow
waves to occur.

The duration of this postprandial mixing is determined by both the volume of food ingested and
the calorific content of the meal [55]. Lipids, in particular medium chain triglycerides, have been

shown to the mosteffective at suppressing MMC and initiating postprandial mixing [74]. The
typical postprandial mixing phase lasts 1-2 hours in humans, before the MMC are once again
observed [6]. The purpose of this form of contraction would be to mix the ingested material with
the digestive juices and ensure thatit is exposed to as great an area of absorptive villi on the wall
of the bowel as possible [6].
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1.2.3.3

Powerpropulsion

This form of contraction is seen in both normal states and disease, and is also referred to asa

peristaltic rush or giant migrating contraction [55]. In the healthy human colon, power propulsion
is used in the mass movement of intraluminal contents (e.g. defecation) [55], performing the same
function as the MMC in small bowel. It is also seen in situations such as vomiting, diarrhoea and

faecal urgency [55]. Power propulsion characteristically involves a very strong contraction of the
circular muscle, which propagatesfrom its origin long distances across the small and large intestine
[78]. Power propulsion can occur in both an anterograde and retrograde direction. Anterograde
power propulsion is associated with noxious stimuli in both the small and large intestine [79].
Specific pathogens/irritants known to inducethis type of contractility include E. coli [80], V.
cholerae [81], nematodes [82], ionizing radiation [83] and allergic reactions [55]. Anterograde
power propulsion terminates at a point of bowel anastomosis [84], butis still able to suppress
MMC atpoints in the small intestine situated more orally, leading authors to suggest that the ENS
controls propagation while extrinsic nerves control ascending inhibition [84]. Retrograde power
propulsion is associated with vomiting. The action of vomiting involves coordination of various
muscles including the abdominal wall, glottis and diaphragm [6]. Vomiting can be induced both by
local irritation of the gut and by input from the CNS, and requires vagal input to initiate the

retrograde power propulsions [6]. In addition to normal actions such as defecation, it would seem
clear that power propulsion provides a methodfor the rapid clearance of toxic or noxious stimuli in
the GIT.
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1.2.3.4

Normal colonic function

The function of the colon in health is different to the remainder of the bowel. It has undergone
less extensive physiological investigation than the small bowel, but there is data derived from
clinical measurements thathighlight the differences. Colonic manometry performed in adults who
had undergone bowel clearance and then had a colonoscopically placed pressure transducer
showed that over 24 hours the colonic motor activity was characterised by irregular bouts of
quiescence,alternating with various types of contractions [85]. These contractions included the
equivalent of postprandial mixing and power propulsion. Like the small bowel, the colon was
noted to increase contractions with the ingestion of food, and the manometric equivalents of
power propulsions correlated or preceded the urge to defecate [85], however there was a dramatic
decreasein colonic activity as measured by the manometer while the participants were asleep [85].
The power propulsions occurred on average 4.4 times per person per day [85], howeverthe
individuals in this study had undergone bowel preparation using laxatives and then taken a liquid
diet prior to insertion of the transducer [85], so they may notreflect the situation in a normally fed
individual.

There was nosignificant difference between the frequency of contraction as seen

using manometryat the 3 points in the colon studied in this work [85].

1.3.0

Formation ofthe gastrointestinal tract (GIT)

Having seen howthe fully developed GIT functions in health, this section will deal with the
embryological origin of the GIT. There will be specific focus on the various cell types that are
required to form a fully functional GIT in health, each dealt with in turn. Diseases associated with
each ofthe basic constituents will be dealt with later on.

pee)
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1.3.1

Basic embryology

In humans, the GIT begins to develop during the 4" week postfertilization [86]. The primitive gut
can be divided up into 3 areas, the foregut, midgut and hindgut. From the foregut, the pharynx,

oesophagus, stomach, 1* and 2™parts of the duodenum are formed, as well as the lower
respiratory system,liver, pancreas and biliary apparatus. In later development, the foregut
structures are supplied by the celiac artery. The midgut developsinto the remainder of the
duodenum,jejunum,ileum, caecum (including appendix), ascending colon and 1/2 to 2/3 of the
transverse colon. This region of the GIT becomes supplied by the superior mesenteric artery. The
hindgut forms the remainder of the transverse colon, descending colon, sigmoid and rectum, as
well as the superior portion of the anal canal. In addition, the hindgut forms the epithelium of the
urinary bladder and most of the urethra. The GIT portions formed by the hindgut are supplied by
the inferior mesenteric artery later in development [86].

1.3.2

Developmentof gutcell types

The componentsnecessary for the correct development of the GIT include the smooth muscle, ICC,
enteric nerves, glia, endoderm and visceral smooth muscle. This section will review those
constituents that affect the development and control of motility in the GIT (smooth muscle, enteric

nerves, ICC and glia). Each of these will be consideredin turn, giving the origins of the cells
involved, any markersthat can differentiate the cells, migration (if applicable) and stages of
differentiation. Broadly, the endoderm ofthe primitive gut gives rise to most of the epithelium of
the GIT while the muscle, connective tissue and interstitial cells are derived from splanchnic
mesenchyme. During development neural crest cells (NCC) colonize the gut and give rise to the
enteric nerves and glia. Developmentof the component tissues of gut occursat different rates that
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are both time- and location- dependent [87], but how this affects function is poorly understood.
Whereit is understood, details of how the developing tissues interact with each other will be
highlighted. Where there are animal models that demonstrate how particular cell type is
necessary for normal development, it will be highlighted here, but where specific problems cause
human disease (e.g. Hirschsprung’s Disease, HSCR), they will be dealt with in section 1.4.

1.3.2.1

Smooth muscle

Smooth muscle cells of the GIT are derived from splanchnic mesoderm [88]. Smooth muscle cells

can be identified by their expression of 2 specific isoactins that are involved in the formation of
functional contractile apparatus, a-smooth muscle actin and y-smooth muscle actin [89]. In the
murine GIT, a-smooth muscle actin preceded that of y-smooth muscle actin in all of the smooth
muscle tissues examined, andis first seen in the oesophagus and lung buds (both foregut
structures) at embryonic day 11 (E11) [90]. Development of smooth muscle of the GIT then
continuesin a cranio-caudal direction until by E13, there is evidence as far as the rectum [90]. In
humans, smooth muscle differentiation in the bowel (identified by expression of a-smooth muscle
actin) follows NCC colonization of the gut by several weeks [91]. Like the mouse,it also matures in
a rostrocaudal direction, with a-smooth muscle actin present in the oesophagus at week 8, and in
the hindgut by week 11 [87]. Thereis also a pattern to the developmentof the various areas of

smooth muscle, with the circular layer being found to have developed before the longitudinal one
in human intestine and colon [87]. A relationship between histological developmentdescribed

here and bowel wall motility has not been established [87, 92]. Spontaneous depolarisations in
smooth muscle of canine colon have been observed, but the timing of their onset is not known [87,
93]. One transcription factor, Serum Response Factor (SRF), knownto be importantin the

contractile actin myofilament has been studied an adult mouse model [94]. Complete knockout

mice were incompatible with life due to cardiac anomalies, but when a floxed Srf allele was

conditionally deleted in smooth muscle cells of the GIT, then impaired contraction andperistalsis
occurred, leading to the death of the mutant mice [94].

13.22

Gut Epithelium

The epithelium of the GI tract is derived from endoderm [95], rather than the mesoderm (smooth

muscle and ICC) or ectoderm (whichgives rise to the NCC and subsequently the ENS). The
endodermthatwill come to form the GIT epithelium is responsible for initiating GIT
morphogenesis, through the formation of two intestinal pockets, one at each end of the embryo,
shortly after gastrulation [95]. After the gut tube formation, visceral organs are formed from

specific regions of the GIT by local budding, swelling or coiling of endodermal tissues [96]. As with
the ENS development, a massive expansion of cell numbers to populate the substantial length of
gut formed is necessary [95, 97]. Within the endoderm forming the GIT, various developmental

fates (e.g. gut epithelium, hepatic tissue, and pancreatic tissue) are possible. This is controlled by
domains of gene expression and inductive interactions with other germ layer derivatives(e.g.
visceral mesoderm) [95]. Full development of the endoderm into the gut epithelium is beyond the
scope of this work, which is primarily aimed at cells of the GIT directly affecting contractility, but
has been recently reviewed by Lewiset al [95].

132.3

Interstitial cells of Cajal

Like smooth muscle,Interstitial cells of Cajal (ICC) are derived from splanchnic mesenchyme [11,
21, 98, 99]. After their discovery, the initial non-specific stains made identification of the cells and
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understanding of their function difficult [10]. Kit (also referred to as c-Kit in the literature), a
specific marker for ICC was discovered in 1988 [58], and since then there has been dramatic

progress in understanding the ontogeny and function of these cells, although the pictureisstill far
from complete. Again, most of the workin this area has been conducted in the small bowel, but
where additional information is available about the colon it will be highlighted. Kit is a receptor
tyrosine kinase [58], and the ligand for this receptor is stem cell factor (also known assteel) [59,
60]. One of the major sources of stem cell factor is enteric neurons [59, 60, 100]. It has been

shownthat ICC will revert to a smooth muscle phenotype in the absence of stem cell factor [59].
However ICC will still develop in the absence of ENScells indicating that ENS-derived stem cell
factor is neither necessary nor exclusive [101, 102].

In the mouse,Kit-like immunoreactivity has been noted in the small intestine from embryonic day
12.5 (E12.5) [103]. These cells formed a perimeter around the outer layer of the developing
intestine. In order to establish the origin of the cells with Kit-like immunoreactivity, the cells were
stained for a marker of neuronal origin, Ret, a receptor tyrosine kinase that is present in >95% of
NCC presentin the GIT. Its expression commencesat around the time that the NCC enter the
foregut (E9.5 in mice) [104], and it is necessary for the binding of the chemoattractant molecule
GDNF to the migrating neuronal precursors (see Figure 1-4 below). This comparison with Ret
revealed that the cells with Kit-like immunoreactivity were of non-neural origin [103].

Subsequently, the cells labelled with KIT at this time point differentiated into longitudinal smooth
muscle and ICC-MY, with the longitudinal muscle cells losing KIT expression at E18.5 [103]. ICCDMP did not develop until the post-natal period in the murine small intestine [103]. Using
dissected muscle strips maintained in an organ bath, the onsetof electrical rhythmicity measured
with glass microelectrodes was noted to be between E18.5 and E19.5, after the ICC-MY and
longitudinal smooth muscle have separated into distinct entities [103]. The pacemaker component
of the ICC is fully developed in the murine small intestine by 48 hoursafter birth [105].
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In humans, the data are less complete than in murine work, as bowel specimens tend to come from

either aborted infants (mostly less than 20 weeks) and from neonatal units (24 weeks and over)
resulting in gaps in the literature. What has been shownis that ICC emerge from the developing
gut mesenchymeat week 9, and have been noted to become closely related to the myenteric
plexus by week 11 [33, 59, 60, 100, 106, 107]. There is a rostrocaudal pattern of development seen

with ICC, with more proximal areas developing histologically before those moredistally [87]. In the
earliest samples there was generalised Kit staining of the outer (longitudinal) muscle layer, as seen
in the murine model [106]. By 12 weeks, in the stomach the generalised external staining has
decreased [106]. In the small bowel at 12 weeks there are Kit positive cells with 2-3 branching
processes located in the myenteric plexus, but no staining in the region of the ICC-DMP [106]. The
12 week gestation colon showsa very similar pattern to the small intestine in humans [106]. At 17
weeks,in ileum, the only identifiable ICC are those corresponding to ICC-MY in later life [107]. Ileal

developmentof ICC continues so that at 19 weeks the spindle shaped ICC become longer, larger
and morefrequent, and clearly form a network[107]. The small bowel of pre-term infants (26
weeks gestation) showed increased staining and branching of the ICC-MY butstill not staining at
the ICC-DMP [106]. 29 week gestation colon has been shownto have some evidence of ICC-SM
forming [106]. By 36 weeks, ICC-MYs are becoming maturein the small intestine. Thereis also
evidence of formation of ICC-IM at this gestation [107].

1.3.2.4

Enteric nervous system

The cells that make up the ENS are derived from the neural crest, a paired transient tissue thatis
formed dorsolateral to the developing neural tube and arises at the junctions between the neural

plate and ectoderm on tube closure. NCC undergo extensive migration and differentiation to form
numerous diverse structures around the bodyincluding most of the peripheral nervous system in
addition to the ENS. There is a complexseries of factors that can affect the process, including the
characteristics of the cells, growth/differentiation factors and their receptors, transcription factors
and cellular adhesion molecules and extracellular matrix components. each of which will be
considered in turn.

1.3.2.4.1 Neural Crest Cell migration

The migrating NCC cover a greater distance than any other crest cell lineage [108]. It is also a very
long duration of migration, taking over % of the gestation period in the mouse [109]. Unlike the
CNS, wherecell death is the main mechanism of controlling cell number, the driving force in

populating the ENS is rapid cell proliferation [110]. Studies that have reduced the number ofvagal
NCC prior to migration by ablation [111-113] also reduce caudal migration. This may be because
migratory behaviour is modified by cell number and the resultantcell to cell contact [114].
However, once the NCC have commenced the colonisation of the bowel, it has been shown that

only a small number ofcells from the leading edge of the waveof migration is sufficient to colonise
the entire bowel [115]. The completion of this rostrocaudal wave of NCCis essential for normal gut
development.

NCCsoriginating in the vagal region (Somites 1-7) of the neural crest form the vast majority of the
ENS[113]. This discovery was achieved by performing selective neural crest ablations at various
levels in the chick embryo. Most of the ablations did not affect the ENS, but the loss of the vagal

region resulted in the complete absence of the ENS. It was therefore concluded that the NCC from
this level were responsible for the formation of the entire ENS [113]. This hypothesis was
supportedby the chick-quail chimera work from the 1970’s [116]. Vagal NCC also contribute to the
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formation of facial features (as connective tissue), cardiac structures and melanocytes, in addition

to the ENS. Subsequently, it has been discovered that the sacral and thoracic NCC play a part in the
innervation of the gut, which will be covered after the vagal NCC.
The NCCs from the vagal level are morphologically identical to cells around them as they are
formed. However, there is a degree of pre-specialisation in the vagal NCCs prior to migration that is
essential for complete GIT innervation. Chick-quail chimera work has shownthat thoracic NCCs
transplanted into the vagal region are unable to produce a normal ENS, with failure to innervate

distally, while vagal NCCs transplanted into the thoracic region still retain ENS forming capabilities
[112]. In contrast, the transplanted vagal NCCs were muchlessefficient than the thoracic NCCs at
producing melanocytes. This work has been extended, transplanting avian mesencephalic crest
cells (i.e. cranial to the vagal NCC) into vagal positions. The mesencephalic cells usually produce
non-neuronal tissue, but were capable of populating the entire ENS, indicating that the most
cranial tissues of the neural crest retain the ability to form an ENS [117].

NCC phenotypespecification has been found to be under the control of a number of genes
including snail, Sox, FoxD3 and c-Myc [118]. This has been investigated in zebrafish, avian,
amphibian and murinecell culture models using techniques such as transplantation experiments
(substituting different areas of the developing neural crest either within or between species),

chemically coated bead implantation, or addition of media containing additional growth factors
[118]. The induction of the cells to become NCC appearsto be controlled by a series of factors
including bone morphogenetic proteins (BMPs), Wnts and FGFs [118]. BMPs are membersof the

TGF family of secreted ligands, the activity of which is regulated by a series of binding proteins.
The BMPssignal through receptor kinases that activate Smad DNA binding factors [119]. These
signals are often reiterated during the subsequent development of the NCC progeny, with identical
signals producing different cellular developmental outcomes depending on context(e.g. what
previous signals the cell has received) [120].

Once induced, the vagal NCC can either migrate along ventral or dorsolateral pathways [121]. The
ventral pathway migration occurs earlier and producesa variety of tissues including the ENS, while
the dorsolateral migration is later and produces mostly melanocytes [122], although some ENS
precursors have been found migrating this way in birds [123]. The ventral pathway is segmented,
with NCC only able to exit through the anterior portion of the somites [124, 125]. The initial
migration of the NCCis not well characterised, but the arrival of NCC in the foregut occurs at
embryonic day 9.5 (E9.5) in the mouse,and this has been extrapolated to be approximately E26 in
humans [116, 126, 127].

Arriving in the primitive foregut, the NCC from the vagal neural crest populate the GIT ina
rostrocaudal wave [102]. Murine studies have shown that the leading edge of this rostrocaudal

waveenters the midgut on E10.5, the caecum on E11.5 and has completedits colonisation of the
GIT by day 14.5 [102, 126]. In human embryosand foetuses NCC(identified by their expression of
p75, the low affinity nerve growth factor receptor) enter the foregut at week 4, and reach the
terminal hindgut by week 7 [87]. Comparisons between the murine and human advance of NCC
are shown in Table 1-3. A detailed mathematical model, based on vagal NCC migration, which
takes into account these and other factors including the concomitant growth of the bowel during
the migration period, has recently been published [128]. This model has shown that population
pressureis sufficient to achieve migration throughout the entire developing gut in terms of number
of cells. It does not explain how thecells are guided, or the nature of any potential
chemoattractants.
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Species

Table 1-3

NCC enter foregut

Colonisation complete

Comparison of the points in gestation when neural crest cells enter the

primitive foregut and complete their migration between mouse and human embryos[87, 102,
126).
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It appears that NCC-derived cells migrate through the embryonic bowel in chains and that the
leading cells in the migratory wave lay downa scaffold which is then maintained for several hours
[114], creating the route followed bylater cells. The nature of this scaffold is not known. Authors
have speculated that it could comprise non-migratory wave front NCC (pioneers) whose processes
form the scaffold. Alternatively there could be pre-existing cues in the gut environment which
guide the detailed migration of all cells, or pioneer cells leave a “molecular trail’”’ | or otherwise alter
the environmentto guide the migration of later cells [114]. Although the migration is very
predictable in terms of the population as a whole, individual cells follow unpredictable routes
[114]. It has also been noted that the net speed of migration of the NCCs in mouse embryos was
35um per hour. The vagal NCCs that populate the gastrointestinal tract subsequently differentiate
into the neuronsand glia of the ENS.
There are several differences in the way the migrating NCC-derived cells occupy the mid- and hindgut. In the midgut, the migrating NCC initially occupy the future myenteric region of the gut, only
later distributing themselves to the submucosal layer [129]. In the hindgut, there has been
reported to be an apparent difference between the avian and murine models. In avian embryos,
the vagal wave advancesin the submucous layer, then extending out to the future myenteric layer
[130]. In the murine model the myenteric layer is colonised first, then the submucosaas in the rest
of the gut [131]. Following the migration into uncolonised bowel, the changein direction of

migration from theinitial longitudinal rostrocaudal to radial directions appears to be in response to
netrins secreted by the gastrointestinal mucosa. Netrins are long range guidance moleculesthat
can either attract or repel neural tissues [132]. The netrins attract the NCC derived cells to form

the submucosal layer closer to the mucosa [133]. The NCC derived cells express the netrin receptor
Deleted in colorectal cancer (Dcc) at this time, and mucosal migration can be abolished by use of
Dec antibodies or transgenic mice that do not express Dec [132, 133].

Despite the detailed evidence aboutthe vagal origin of the rostrocaudal wave of NCC that
populates the GIT to form the ENS, there was controversy for many years about whether the sacral
(or lumbosacral in birds) NCC provided a contribution. The sacral neural crest is defined as cells

caudal to somite 24 in mammals(28 in birds). In the avian model it was conclusively proven using
molecular markers, showing that in the post-umbilical GIT there are neurons and glia derived from
the sacral NCC [130]. In chick-quail chimera experiments, the sacral neural crest has been shown to

contribute to both myenteric and submucosal plexuses, but is not sufficient to establish the ENS in
the hindgut in the absenceof the vagal neural crest following vagal NCC ablation [111]. In a mouse
model, a sacral contribution was initially claimed, based on cell marking studies with sacral neural

crest cells emigrating from the neural tube at E9 — E9.5 [134], but there are concernsthat this may
be artefactual, with the pelvic plexus supplying the neurons. However, it has now been conclusively
demonstrated by transgenic mousework,that sacral crest cells in the murine system colonize the
distal hindgut only after the arrival of the rostrocaudal wave of vagal NCC at E14.5 [135]. During the
delay the sacral NCC are locatedin either the pelvic plexus in mice, or the ganglion of Remak in
birds, both of which are immediately adjacent to the distal hindgut. In both species, once the NCC
enter the hindgut, the majority are distributed in the myenteric plexus [130].
The density of sacral NCC in the avian bowel decreases proximally up the bowel, being
approximately 20% of neuronsin the distal colon and only 2% in the caecum [130]. It has also been
noted that the number of sacral NCC derived neurons are consistent despite experimental
manipulation of the number of vagal NCC derived cells, suggesting that a vagal NCC does not
provide a necessary signal for sacral NCC to form neurons[111]. The presence of sacral NCC in the
bowel is not sufficient to prevent clinical phenotype of Hirschsprung’s disease, suggesting a degree
of pre-specialisation of vagal NCC that makes them uniquely suited to form a functional ENS.
There is some contradictory evidence regarding the possibility of there being a thoracic
contribution to the ENS in the oesophagus. Using tracer studies, some researchers have suggested
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that oesophageal neurons arise from somites 6-7 (the most cranial of the thoracic somites) in mice
[136]. There have also been ablation studies of the vagal neural crest that havestill resulted in
oesophageal ENS formation [112]. However these studies have several methodological problems
[126] and have been countered by some additional chick-quail chimera work showing oesophageal
ENS formation from somites 1-2 (rostral vagal somites) [111].

1.3.2.4.2

Factors Affecting Neural Crest Cell Migration and ENS

development

The vagal NCC that colonise the GIT have been the subject of intense scrutiny. During migration
they are not differentiated into neurons or glia. Numerous moleculesare involved in this process,
each performing different functions during the NCC migration. The most commonly used, best
understood, and thosein which abnormalities affect NCC migration will be considered in individual
sections, followed by additional information on thosethat are currently less well described.

1.3.2.4.2.1 Glial Derived Neurotrophic Factor & Ret

During developmentof the GIT, expression of Glial derived neurotrophic factor (GDNF), GDNF
family receptor a (Gfra, also referred to as GDNFRa & GFRa,of which various subtypesexist e.g.
Gfra1, Gfra2) and Ret are extremely important. GDNF is secreted by the mesenchyme, while Gfra
and Ret are expressed in NCC migrating through the bowel [104]. GDNF is a secreted growth factor
that is important for the development of subpopulations of both peripheral and central neurons. It
is part of a family of signalling molecules distantly related to transforming growth factor B (TGFB)
[137], and other closely related membersinclude neurturin, artemin and persephin. Retis part of a

transmembranereceptor for glial derived neurotrophic factor (GDNF). This marker is presentin
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>95% of NCC presentin the GIT.Its expression commencesat around the time that the NCC enter
the foregut (E9.5 in mice) [104]. The expression of Ret is retained in nitric oxide (NO) producing
mature neuronesas identified by nitric oxide synthase immunoreactivity (NOS*). GDNF acts
through the Ret receptor via an accessory molecule, Gfra1 (see Figure 1-4), other membersofthis
family being responsible for the binding of neurturin, artemin and persephin (see below) [138,
139]. GDNF promotes NCCsurvival, proliferation, differentiation and migration [140-144]. The
migrating NCC in mouse and avian modelsareinitially not responsive to GDNF,at the stage of
emigration from the neural tube [145, 146]. They commenceRet expression and respond toit as
they enter the foregut, as detailed above. Having begun to expressthe Ret receptor, the migrating
NCC can bedirectionally attracted by GDNF [146]. As well as the chemo-attractant properties of
GDNF,it also regulates proliferation, differentiation and survival of the NCC as they progress
through the fetal GIT [147-149]. Expression of GDNF by mesenchymal tissues is not uniform
throughout the developing gut, with both GDNF and Edn3 (see later) having maximal levels of
expression in the caecum [98, 150]. The other members of the GDNF family (artemin, neurturin
and persephin) all utilize a Gfra to bind to the Ret receptor (e.g. Neurturin binds to Gfra2). Murine
models which are Neurturin- or Gfra2- negative have a decreased number of neurons in the ENS,
but the mice survive and breed normally [151, 152]. This situation is slightly different in humans, as
detailed in the HSCR section later on.
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Gfra binds GDNF with highaffinity but has no
transmembrane domain

ae t
Dimerization of Gfra may occur
before or after GDNF binding

te

RET tyrosine kinase is activated by association
with Gfra/GDNF complex

Figure 1-4

A model for GDNF binding andsignalling via the Gfra and Ret (adapted from Jing et

al.) [138].
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Gfra is a glycosyl-phosphatyl-inositol anchored membrane protein [153]. Ablation of Gfra in late
gestation (after the migration of the NCC has been completed) in mice leads to widespread
neuronal death in the colon, and a HSCR like picture [154], although no human disease caused by

Gfra has yet been identified.
Ret is a single membranepasscell surface molecule with a cytoplasmic domain with tyrosine kinase
activity [155]. Homozygous Ret knockout mice show completeintestinal aganglionosis (except the
oesophagus), as well as defects of the superior cervical sympathetic ganglia and kidney agenesis
[156]. An identical phenotype in mice is created in GDNF-/- mutants [157-159]. Ret encodes two
different isoforms, Ret9 and Ret51 [160]. These two isoforms differ in the amino acid sequence of
the C-terminal tail as a result of alternate splicing [161]. Homozygotes for Ret9 develop a normal
enteric nervous system. Expression of Ret51 in the absence of Ret9 (i.e. Homozygosity for Ret51) is
associated with renal hypoplasia and lack enteric ganglia restricted to the colon [161]. Genetic
abnormalities with Ret have been known to be associated with HSCR in humans for some time, but
the exact mechanism was notclear (see section 1.4). Recently it has been shown that, similar to

Gfra, ablation of Ret in post migratory NCC leads to widespread ENS neural death in the colon and
aganglionosis [162]. In addition, reduced Ret expression in post migratory NCC (a moresimilar
situation to HSCR in humans) led to impaired migration and then death of NCC, mimicking HSCR

[162].

1.3.2.4.2.2

Endothelin-3 & Endothelin Receptor B

Endothelin-3 (Edn3) is a member of the family of intercellular messenger molecules (Endothelin-1,2 and -3) that act via cell surface receptors (in the case of Edn3, endothelin receptor B or Ednrb).
The endothelins are secreted as precursor molecules that require selective cleavage to form the
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active 21 amino acid peptides. The final cleavageis carried out by endothelin converting enzyme
(ECE-1). Ednrb is a G protein coupled receptor with 7 transmembrane domains [98, 100, 163]. Its
expression is controlled by Sox10 [164] and it is expressed earlier than Ret, being noted to be

presentin neural folds prior to NCC migration [98, 100, 163]. The Ednrb will bind any of the three
endothelins with equal affinity but Edn3 is the only one producedin significant amounts by
mesenchymal cells in the developing bowel [163, 165-167].
The functional effects of Edn3 and Ednrb are complex and experimental results between in vivo
and in vitro systems sometimesconflict. Edn3-Ednrb action in the developing bowel is restricted to
the hindgut, unlike the Gdnf-Ret interaction which influences events along the entire length of the
intestine. Edn3, throughits receptor Ednrb, acts to prevent or retard differentiation of the NCC
driven by Gdnf[145], so as to avoid complete differentiation into neurons prior to colonising the
distal part of the gut [143, 145]. This is supported by work that has shown that migratory cells in
the rostrocaudal wavein the colon do not express a neuronal phenotype [114]. This implies that
the differentiated neurons are not able to migrate, and has been supported by recent work that
has characterised the NCC during migration and found that migrating cells express the NCC marker
Sox10, but not the neuronal markers [114]. The effects of Edn3 in vivo on proliferation and survival

of NCC are more complex.
Edn3 does notalter the improved survival and mitogenic effects promoted by Gdnf [143]. In Edn3

or Ednrb knockout mice there is a perturbation of the normal colonisation of the GIT by the ENS,
resulting in aganglionosis of the terminal colon and rectum similar in phenotype to HSCR in
humans, plus pigmentation defects [168, 169]. The greatest expression of Edn3 in the embryonic
bowel has been located in the caecum and proximal colon, coincident with the migration through
the area of the NCC [167]. The Edn3 signalling via the Ednbr receptor is also time specific. The
development of normal bowel only requires the signalling to occur between E10.5 and E12.5 in
mice [150]. It is interesting to note that the complete migration of NCC to rectum takes until E14.5,
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so the effect of Edn3-Ednrb interaction on distal bowel innervation is not a direct one [98, 150].
Mice lacking ECE-1 have a complex multiple neurocristopathy, lethal in the neonatal period, with
cardiac defects, craniofacial abnormalities and aganglionosis of the terminal colon,a picture thatis
purported to representthe effects of removal of both Edn1 and Edn3 [170]. Recently, an Ednrb
transgenic rescue mouse has been developed,in whichall of the anomalies associated with Ednrb
deficiency are reversed [171]. There is some evidence that Edn3 promotesthesurvival or
persistence of a NCC cell population in early embryonic life [172, 173] but that this early

dependenceis lost by the time migrating NCC reachthe colon [174]. Overexpression of Edn3 has
been found to cause NCC proliferation in avian gut tissue culture [175].

1.3.2.4.2.3

Sox10

Sox10 is a member of the SRY-like HMG box family of transcription factors, and is expressed from
very early on in the formation of NCC. All of the membersof this family are characterized by a
highly conserved DNA-binding and bending domain, referred to as the HMG box becauseofits
similarity to a DNA-binding domain on the high mobility group B (HMGB) proteins [176, 177]. There
have been morethan 30 Sox genesidentified through cDNAanalysis [176]. They have a range of
roles including endoderm formation, neural crest development, gliogenesis, cartilage development,
sex determination, haematopoiesis, and lens development [178, 179]. Sox10 is a marker for early

NCC at around the time that the NCC enter the foregut of embryonic mice (E9.5), a time at which
many of the NCCare Ret negative [180]. The majority of migrating cells in the rostrocaudal waveof
NCC populating the ENS are Sox10" but negative for neuronal markers, suggesting that the
migrating cells have notyetdifferentiated into a neuronal phenotype[114]. In a range of
experiments, using techniques including monoclonal antibodies to Sox10, incubation with

extracellular signalling molecules (e.g. Glial growth factor/BMP2/BMPA4) and retrovirus infected
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stem cells, Sox10 has been shownto be necessary for ensuring the survival and maintaining the
multi-potency of NCC prior to lineage separation [109, 181-183]. Defects of sensory, autonomic
and enteric ganglia as well as high rates of apoptosis have been noted in Sox10 deficient mice [164,
182]. It is also a regulator of peripheral glial development [164]. Mutations in Sox10 have been
shownto cause dominant megacolon in mice [109, 184]. Sox10 and Pax3 both activate Ret and like
Ret deficient mice [185], NCC die without traversing the hindgut in Sox10 deficient mice [109].

1.3.2.4.2.4 Bone morphogenic proteins

Bone morphogenic proteins (BMPs) comprise a subgroup of the TGF-B family of secreted signalling
molecules. BMP 2,4, and 7 transducetheir signal by binding to a heterodimer consisting of a type |
receptor (Bone morphogenic protein receptor 1A or 1B [BMPRIA/BMPRIB], or in the case of BMP7,
activin receptor-like kinase [Alk-2]), and a type Il receptor (BMPRII)[175]. Bone morphogenic
proteins 2 and 4 (BMP2and 4) have been found to affect the developmentof the ENS.As well as
very early effects at the time of NCC specification, they are also believed to limit the size of the ENS
while promoting the developmentof specific subsets of neurons (including TrkC enteric neurons)
[186]. This was shown using transgenic mice over-expressing noggin (a known BMP receptor

antagonist), which resulted in greatly increased numbers of neurons in both the myenteric and
submucous plexusesat E18.

1.3.2.4.2.5 Sonic Hedgehog
Sonic hedgehog(Shh) belongsto a family of signalling moleculesfirst identified in Drosophila. Shh,
acting throughits receptor called Patched, controls cellular differentiation in a variety of tissues

[187]. In the developing vertebrate gut, Shh is initially expressed in the endoderm [188, 189]. The
colonisation of the GIT has been shown to be complete in Shh” mice, however there is abnormal
neural plexus formation and placement [190]. Shh has been shownto promotethe proliferation
but inhibit the differentiation of NCC./n vitro effects of Gdnf such as differentiation into neuronal
phenotypesand migration towards Gdnf sources were abolished by addition of Shh [191]. These
results suggesta role for Shh signalling in “fine tuning” the spatial relationships of the developing
ENS, perhapsby regulating cell-cell guidance cues such as Gdnf.

1.3.2.4.2.6

Other factors and markers present during NCC migration

During migration, the most caudal neural crest-derived cells at the front of the wave co-express the
cell surface receptors p75 and Ret [192]. The marker p75 is a low affinity neurotrophin receptor.
Dependingon the ligand that binds to the p75 receptor, one of three major signalling pathways can
be activated controlling cell survival, apoptosis or growth cone motility [193]. p75 continues to be
expressed in post-migration enteric glial cells, and is therefore found in both embryonic and
postnatal bowel wall [99, 192]. It has also been noted that p75 expression increasesin gut
mesenchymal cells after more than 72 hoursin culture [174].
PGP9.5 is a pan-neuronal protein that has been shown to be expressed at high levels in at least
95% of NCC,and it is expressed in the cell bodies and axons of differentiated neurons as well [99].

However,it is not limited to this site. PGP9.5 expression in the mouse embryo (E10.5) is also found
in otic vesicular cells, Wolffian ductal cells, notochord cells and intestinal epithelial cells, as well as
in cultured gut endothelium (especially after >72h) [194].

Phox2b is a transcription factor that has continued expression in NCC through differentiation so
that it is presentin virtually all differentiated neurons and glia in the adult. In studies looking at
embryonic mouse bowel E11.5 to E14.4, Phox2b appeared to be expressed byall crest derived cells
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[192]. Phox2b is known to regulate the expression of Ret as well as enzymes necessary for the
production of adrenergic neurotransmitters (tyrosine hydroxylase and dopamine B hydroxylase).
Phox2b knockout mice have an identical phenotypeto Ret deficient mice, with no migration of NCC
beyond the foregut [195].

The Hu family comprises neuron specific RNA binding proteins, and human anti-neuronal antibody
(anti-HU) is another intracellular marker. Hu proteins arecritical in both the proper development
and function of mature neuronsin the human, and are located in all neuronal tissues [196]. It has
been shownto effectively mark neuronal cell bodies and nuclei but not cell processes in the guinea
pig small intestine [197] and has been usedto identify neuronsin the avian gut from E3.5, and
follow their migration through the GIT [198].
A few NCC havealso been noted to express the enzymeTyrosine hydroxylase (TH) [192] transiently
during progression of the rostrocaudal wave, althoughthe significance ofthis in relation to
successful colonisation of the bowel is unknown.

The neurotrophin signalling system consists of several neurotrophic factors including nerve growth
factor (NGF), BDNF, and NT4 and 5. NT3is the only one that has been shownto haveanyeffects in
early ENS development. /n vitro, NT3 promotes ENS precursorsto differentiate [199], andwill
promote neurite outgrowth and neuronal differentiation from ganglia in infant rats [200]. Studies
in knockout mice lacking either NT3 or its receptor have shown reduced numbersof myenteric and
submucosal neurons, while overexpression of NT3 leads to increased numbers of myenteric

neuronsonly.It has therefore been suggested that NT3 is required for the developmentofspecific
neuronal subpopulations within the ENS [201].
Ciliary Neurotrophic Factor (CNTF) is another growthfactor, acting through an unidentified
signalling pathway, that has been noted to promote neuronal differentiation [147, 201].
Neuregulin/ErbB2 is a growth factor/receptor complex that has been shown to maintain postnatal

4]

ENS neurons via epithelial signalling. The developmental effects of this are not currently known
[202]. Indian hedgehogis a differentiation factor that is involved in later ENS development.
Knockout mice have patchy aganglionosis but also other abnormalities of gut development [190].

Pax3 is part of the paired-box-containing family of transcription factors, and in miceit is expressed
in many NCCderivedcell lines [203]. The heterozygote has a normal ENS and a white belly spot,
and is knownas the “splotch” phenotype. Homozygote Pax3”mice die in utero with neural tube
and cardiac defects. There is also no ENS development caudal to the stomach in these mice [185].
Pax3 synergizes with Sox10 to activate an enhancer in the c-Ret gene, and Pax3 and Sox10 bind to
adjacent sites within this enhancer [185]. It has been concluded that Pax3is essential for the

initiation of Ret expression [185].
Mammalian achaete-scute homologue1 (Mash1) is a transcription factor that both CNScells and
NCC express in development, including those that colonise the gut [204-206]. Mash1”mice lack
ENSin the oesophagus andhavea limited phenotypeof neurons in the remainder of the GIT as
they lack serotoninergic neurons.It has therefore been suggested that Mash1 is necessary for
differentiation of neural precursors in the majority of the ENS [207]. It has been established that
the pre-stomach ENS is derived from thoracic NCC(see later), so the regional differences(e.g. lack
of ENS specifically in oesophagus) in the effects that MASH1 has maybe dueto the differing origins
of cells from within the neural crest [136].

ZFHX1B/Sip-1 is a transcription factor which may regulate E-cadherin expression. Abnormalitiesin
ZFHX1B producesa specific HSCR-mental retardation phenotype in humans [208, 209].
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1.3.2.5

Enteric Glia

Enteric glia constitute the non-neuronal section of the ENS. They are derived from the samevagal
NCCas the ENS,and as such have the same requirements for developmentlisted abovefor their
correct developmentas the nerves in the ENS. In the adult, mammal enteric glia outnumber the

neurons by about 4:1 [87]. As a group the enteric glia have some distinctive features including the
ensheathing of groups of axons instead of individual ones [210], and the cells within it are capable
of division for some time after birth [210]. In mice, the earliest glial precursors are identifiable at

E11.5 [211]. When mature they share manysimilarities with astrocytes in the CNS,including
expression ofglial fibrillary acidic protein (GFAP) and vimentin (both intermediate filaments), the

calcium binding protein S-100, glutamine synthetase and Ran-2 (a glial surface antigen) [212].
Factors knowntoaffectglial development include Glial derived Neurotrophic factor (GDNF,
inhibits) and Neurotrophin-3 (NT-3, promotes) [213]. Enteric glia are also believed to be organised
into functional glial networks, which can coordinate activity through calcium signalling [147]. The
glial cells may also regulate neuronal communication. L-arginine is the precursor neededfor the
neurotransmitter nitric oxide, and the enzyme necessary to form nitric oxide synthase (NOS)is
located in ENS neurons. However immunohistochemical studies have shownthatthe entericglia
may be the reservoir ofL-arginine [214], transferring it to neurons when required.

The gut wall is in a constant state oflow level inflammation [215] and in vitro data suggests that
enteric glia are specifically activated by pro-inflammatory cytokines [216] and proliferate in
responseto inflammation [217, 218]. The glia can also be the target of immune cells, with cytotoxic
T lymphocytes (CD8+) cells being activated by the entericglia in vivo [219].

1.3.3

Developmentof function

The onset of motion in the fetal bowel is poorly understood. Given that coordinated motions
detailed in section 1.2 require interactions between the various cell populations within the GIT, the
onsetofactivity is considered in terms ofindividual cell types, each of which are detailed
separately. Not all have been examined to the same degree, and the current understanding (or
lack thereof) is detailed below.

1.3.3.1

Onset and developmentof ENS function

The leading edge of the migrating NCC do not exhibit any neuronal markersin the embryonic
mouse bowel prior to E9.5 [220]. The first cells to express neuronal markers are catecholaminergic

[220], although this phenotypeis ultimately lost from the ENS [221]. In the mature ENS there are
neuronsusing the following neurotransmitters: 5-hydroxytryptamine (5-HT), acetylcholine (ACh),
neuropeptide Y (NPY), enkephalin (ENK), calcitonin gene related peptide (CGRP), vasoactive
intestinal polypeptide (VIP), substance P (SP) and nitric oxide (NO) [221]. There are unpublished
observationsthat in the mouse bowel, the catecholaminergic neurons develop further, becoming
nitric oxide synthase positive and using NO as their neurotransmitter [126], and this correlates with

findings showing that the axons of catecholaminergic neuronsall project anally, the same direction
as the NO inhibitory neuronsin adult mammals [222, 223]. A change in neurotransmitter typeis
not described for any other type of ENS neuron. Table 1.4 (below) showsthe dates in embryonic
life that the mature neuronsusing various neurotransmitters are first able to be detected.
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First expressed
Neurotransmitter

Table 1-4

(Embryonic mouse ENS)

Catecholamine

E9.5

5-HT

E12

Ach

E12

NPY

E12

VIP

E14

sP

E14

CGRP

E16

NO

E12.5

Time in gestation when the embryonic mousefirst expresses

neurotransmitters [224-227].
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Although there is a marked difference in the embryonic date thatthe first NCC differentiate into
neuronal subtypes, the process continues for a prolonged period and there are therefore many
different neurotransmitters being formed simultaneously in the developing bowel [126].

1.3.3.2

Onset and developmentof ICC function

As detailed in section 1.3.2.2, Kit can be used to identify ICC (murine models have been shown to

express Kit from E12.5 [103]), defining cells that derive from mesoderm. The presenceofKit also
appears necessary for ICC function in terms of generation of slow waves. The earliest recording of
slow waveswas in embryonic murine bowel at E18 [103], although this work required use ofstrips
of tissue placed under tension in an organ bath, and was therefore limited in how far prenatally the
experiment could be extended. Experiments where the small intestine and colon of mice have
been cultured in the presenceofan anti-Kit antibody have shownabolition of the inherent slow
waveactivity generated by the ICC [228].
Loss of the slow wave activity is knownto affect the function of the ICC after birth. When
administeredin vivo postnatally to mice, anti-Kit antibodies produce a paralytic ileus in the small
intestine [229]. Furthermore, anti-Kit antibodies also disrupted the formation of ICC networksin
stomachs and small intestines studied [228]. There is also a non-lethal mutation in mice at the W

locus of the Kit gene (Kit, see previous section MMC and normal function of bowel) that
demonstrates the necessity of Kit for ICC function [230]. When compared to wild type mice

(Kit*/Kit’), heterozygotes for the mutation (Kit’/Kit””) show loss of ICC-MY,and associated loss of
slow wave generation [231, 232], as well as abnormalities of the haematopoietic system and

gametogenesis. Loss of stem cell factor (the ligand for Kit), generates a similar phenotypein the
mice studied [231, 232].
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1.3.3.3.

Onset and developmentof contractility

Thereis verylittle published data linking the developmentof ICC and the ENS with onset and
developmentof contractions in mammalian bowel. Spontaneous depolarisations in smooth muscle
of canine colon have been observed, but the timing of their onset is not known [87, 93]. There is

some data from investigations in premature human infants. It has been shownthat the
appearance of MMC only occursin small intestine after 34 weeks [233]. This correlates with
clinical studies in premature babies whereintestinal motility has been shownto be poorly
developed before 28 weeks gestation [234]. The study of functional intestinal motility in
prematureinfants has been limited to manometry and electrogastrography [235, 236]. Ultrasound
has been used to examinethe prenatal bowel, but primarily in the context of diagnosis or
treatment of pathology (e.g. Meconium perforation, gastroschisis or intussusception [237-240]),
rather than in terms of developmentof normal function.
Manometry studies examine the pressure changesin stomachto distal duodenum during fasting
and feeding [235], and provide largely descriptive accountsof the level of bowel function. They
have shown that the motor activity in the upper reaches of the small bowel in premature infantsis
different to that seen in adults, and also that it changes at the point when the prematureinfants
become able to tolerate enteral feeds [235, 241]. The clinical benefit of the manometry studies has

been to ascertain that early enteral feeding increases the rate of maturation of the bowel, for
example migrating motor complexes appear earlier [242]. Importantly, this maturation effectis not
volume dependent,with aslittle as 10% ofdaily feed volume being requiredto achieveit [242],
reducing the chancesof the infant developing necrotizing enterocolitis (NEC). Electrogastrography

measuresthe electrical activity in the stomach and again provides a descriptive account of
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development. However, neither manometry nor electrogastrography provide any explanation for
differences in gut contractility in premature babies of differing states of maturity.

1.4.0

Motility related disordersof the gastrointestinal tract

Having examined the normal function of the constituent parts of the GIT in health and through
development,it is time to examineit in various human diseasestates that can arise from problems
in the developmentof the GIT or oneofits constituent cell types. Special consideration will be
given to Hirschsprung’s disease (HSCR)as this is the focus of much of the subsequent workin the
thesis.

1.4.1

Smooth muscle

There are a number of disorders of smooth muscle that can cause motility issues in humans and
they can be divided into primary and secondary causes. Primary causesare very rare and consistof
the primary visceral myopathies [243]. The primary visceral myopathiesare further classified into
types | (autosomal dominant), II (autosomal recessive) andIII (autosomal recessive) [244-246], on
the basis of mode of inheritance andclinical features. Type | presents as mega-duodenum andis
the only oneofthese that is amenable to surgical intervention [243, 246]. Secondary causes of
smooth muscle disorders affecting the bowel include collagen vascular diseases (such as
scleroderma, dermatomyositis/polymyositis and systemic lupus erythematosus [SLE]), muscular
dystrophies and amyloidosis. Scleroderma is knowntoaffect the GIT in about 40% of patients, who
may manifest with a variety of symptoms including nausea and vomiting, difficulty with swallowing,

constipation, diarrhoea, gastro-oesophageal reflux disease and small intestinal dysmotility. The
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latter may present as mega-duodenum or pseudo-obstruction [247], and can result in delayed
transit time, bacterial overgrowth and malabsoprtion [247]. Small intestinal and colonic
involvementin scleroderma can result in the formation of widemouth diverticula on X-ray [248]. In

affected patients, small intestinal manometry reveals a pattern of activity typical of a myopathy
[243]. Unless there is pseudo-obstruction, the survival of patients with scleroderma is not usually
adversely affected by GIT involvement[249]. Dermatomyositis and polymyositis can also involve
the GIT, resulting in giving smooth muscle dysfunction secondary to inflammation and atrophy
[250], however this occurs less frequently than in scleroderma [251]. It is not common for SLE to

affect the GIT, but the associated vasculitis can produceileus or pseudo-obstruction [252, 253].
A muscular dystrophy can affect the motility of any or all of the GIT [254], with patients primarily
complaining of abdominal pain and distension [243], which may precede other symptoms [243]. A
myopathic pattern is seen on manometry, although barium studies are often normal [255]. In
amyloidosis, theinfiltration of the smooth muscle and ENS by amyloid can affect the motility of the
entire GIT, resulting in a wide variety of symptoms including pseudo-obstruction, constipation,
diarrhoea and malabsoprtion [256]. For all of the secondary causes of smooth muscle dysfunction
in the GIT, the treatmentis aimed at relieving the causativeillness [243].

1.4.2

Interstitial cells of Cajal

Since the recognition of the central role of ICC in pacemaker activity in the gut, there has been
substantial interestin their role in gastrointestinal disease. Table 1-5 lists the diseasesin children
and adults that have been reported to have an ICC component to them. The paediatric diseases, as
well as those with significant colonic involvement, will be covered in greater detail below since the
development ofthe GIT andits constituent tissues (especially the colon), and the relationship of
this development to human diseaseis key to the later work presentedin this thesis.
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Paediatric Disease

Idiopathic gastric perforation

Adult Disease

:

Achalasia of the oesophagus

Hypertrophic pyloric stenosis

Gastroparesis

Transient neonatal pseudo-obstruction

Chronic intestinal pseudo-obstruction

Neonatal meconium ileus

Diabetic gastroenteropathy

Hirschsprung’s disease

Paraneoplastic dysmotility
Chaga’s disease

Afferent loop syndrome

Inflammatory bowel diseases

Table 1-5

GIT disorders linked to abnormalities of the interstitial cells of Cajal (adapted from

Streutker et al.) [257].
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Idiopathic infantile gastric dilatation and perforation is a condition of unknownaetiology in which
the infant presents in pain, with abdominal distension, vomiting and shock [258]. Histological

comparisonsof the stomachsofinfants who died following gastric perforation (n=7) with infants
who died of other causes (n=10) showed reduced or absent ICC-MY and ICC-SM [258]. The authors
concludedthatlack of ICC, leading to gastric hypomobility, may be a possible cause for the
perforation, but there is currently no additional work to support this theory.
A causal link between lack of ICC and infantile hypertrophic pyloric stenosis (IHPS) has been
proposed. This common condition affects approximately 1 in 400 infants [259], and presents with
gradually increasing severity of non-bilious vomiting after feeds in infants, associated with weight
loss and a palpable pylorus on abdominal examination. The infant is characteristically hungry
immediately after a vomit. Although there are several ENS abnormalities noted in the condition
[259], the ICC are also different. Three different studies have all shown a virtual absence of ICC in
the pylorus of affected infants compared with controls, although whether this is a primary or
secondary phenomenon is notclear [259-261]. The absence of slow wavesin the pylorus would be
biologically plausible as a possible underlying cause for the condition, as ordered contractions
would not occur. However, following the surgical repair of the condition (pyloromyotomy), the ICC
pattern returns to normal at the same time as the muscle hypertrophy, suggesting the possibility
that the ICC are not absent but have delayed maturation for some as yet undetermined reason,
and weretherefore not expressing Kit at the time ofthe illness [260].

As well as IHPS, there are other examples of possible delayed maturation of the ICC causing
disease. Transient neonatal pseudo-obstruction is rare. In this condition a term infant presents
with intestinal obstruction but without a precipitating cause (e.g. cystic fibrosis causing meconium
ileus) [257]. A total of 8 cases have been published(in 2 case series), both showing delayed
maturation of the ICC in affected infants [262, 263]. Repeat biopsy at the time of stoma closure,

when symptoms had resolved, then showed a normal patternof ICC staining, suggesting the
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normalisation of function may be related to ICC maturation [262]. A case series has also been

reported of meconium ileus in infants being associated with either complete or patchylossofICC,
whichclinically and histologically improved over time, suggesting ongoing ICC development[264].
The various (and contradictory) changes reported in infants with HSCR are discussed alongside the
ENS deficits further on.

There are other conditions, that can affect adults or children, related to ICC and involving the

colon, including chronic idiopathic intestinal pseudo-obstruction (CIIP) and slow transit
constipation [257]. CIIP is similar to the neonatal form in that the symptoms suggestintestinal
obstruction (pain, abdominal distension, vomiting), and can involve any part of the GIT [257].
There have been several studies that have shown decreased or absentICC in CIIP patients [265268]. With regard to slow transit constipation, whichis clinically similar to CIIP, there have been
variable results found with respect to ICC. Some teams have found reduced populations of ICC
[269-272], while others have not [273]. There are therefore a variety of diseases that can affect
adults and children, from one end of the GIT to the other, which may be caused by abnormalities in

ICC.

1.4.3

Enteric nervous system

There have been a number ofdiseasesaffecting motility that have been associated with
developmental abnormalities of the neuronal componentofthe ENS,including Hirschsprung’s
disease (HSCR), intestinal neuronal dysplasia (IND) [274]. HSCR, and the prospect of using stem
cells as a therapy, is a key theme in this thesis and will be dealt with in significant detail below. IND
was first described in 1971 [275], as a cause of intestinal (pseudo)obstruction in children, and has

since been subclassified into Type A (<5% cases, congenital hypoplasia/aplasia of sympathetic
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innervation of the bowel) and Type B ( malformation of the parasympathetic and myenteric
plexuses) [276, 277]. Type B is described as being associated with characteristic histological
features including hyperganglionosis and giant enteric ganglia [274]. However, there remains no
consistency in the diagnostic criteria [274], leading to difficulty in ascribing it’s relative importance
(or lack of). Many authors doubtin the very existence of the condition [278-280].

1.4.3.1

Hirschsprung’s disease

With an incidence of 1:4500-5000, HSCR is the most common neurocristopathy in the human
population [281]. The backgroundto this condition, including known genetic associations will be
covered, as well as the current treatment options and complications. HSCR may occur sporadically
or asa familial trait, with various possible underlying genetic causes. The sporadic cases are the
most common (80-85%) and are predominantly the short segmentdisease type. Familial cases
comprise the remaining 15-20%, with an autosomal dominant pattern with incomplete penetrance
and variable expression [282, 283]. One in three of the familial cases have additional congenital
anomalies [282]. There is considerable variation in how the known genetic defects associated with
the disease are expressed in humans. Inheritance is usually polygenic in nature, and requires
detailed analysis to determine the cause.

Mutations in the coding sequence of the Ret gene are responsible for approximately 50% of familial
HSCR cases [284], and can produce a variety of phenotypesin the same family including variable
long or short segment HSCR,constipation or normality [285, 286]. Work using association studies
in affected populations has also identified a non-coding mutation to be significantly associated with
spontaneous HSCR [287]. This mutation, in intron 1 of the gene,lies within a conserved enhancer-

like sequence, and could explain several features of the complexinheritance pattern of HSCR [287].

For example, the long established male preponderance noted in HSCR maybe explained by

differential transmission frequency of the gene to sons and daughters, with male offspring much
morelikely to receive this particular gene [287]. The authors conclude that Ret mutations in coding
and/or non-coding sequencesare probably a necessary feature of all cases of HSCR. However, the
non-coding mutationsin isolation are not sufficient for HSCR to occur, and need to be coupled with
another mutation of some kind [287].
There have been no reports of homozygous GDNF mutations in humans with HSCR. Polymorphisms
in Gfra1 have not been associated with any case of HSCR, and polymorphisms in Neurturin,
Artemin or Persephin alone are notsufficient to cause Hirschsprung’s in humans [288, 289].

In contrast to the variable degree of aganglionosis associated with the various Ret polymorphisms,
the phenotype of knockout mice lacking either Edn3 or Ednrbis very similar to short segment
HSCR, and thereis also a genetic link in man. People with mutations in either EDN3 or EDNBR have
developed HSCR [290, 291], as well as individuals with decreased levels of EDN3 expression [292].

However, overall only about 5-7% of HSCR appearsto result from EDNBR mutations.
The search for disease-causing mutations in HSCR has included mutation analysis of the
transcription factors that are necessary for correct NCC migration. Currently there are no published
studies linking mutations in PHOX2b with HSCR. One of the variants of Waardenburg syndrome
(WS4)is associated with HSCR, and has been shown tobe related to SOX10 deficiency, with
patients showing defects in NCC necessary to derive both melanocytesas well as the ENS. WS4 can
also be caused by mutations in EDN3 and EDNRB [182, 293, 294]. A single female patient has also
been described with a heterozygous SOX10 mutation and symptoms ofchronicintestinal pseudoobstruction, but no pigment abnormalities [295]. Human heterozygotes for PAX3 mutations usually
suffer with WS without HSCR, but the homozygote PAX3”is a lethal mutation in humans [296-298].
The human version of Mash1 is denoted as Human achaete-scute homologue 1 (HASH1). To date

no polymorphisms in HASH1 have been linked to any disease [4].
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As well as the genetic influences on HSCR, there is considerable interest in whether additional

factors can influence the severity of the condition. There is disagreementin the literature about
the potential role of ICC in HSCR. Studies have shown disruption of the ICC in the aganglionic
section, no difference, or a decreased density. In one of the decreased density studies only certain
subtypes were affected, with ICC-MY appearing normal and other ICCs associated with circular
muscle reduced [299-303]. That there could be abnormalities in the ICC of HSCR patients is backed
up by one of the mouse models of HSCR in which there is a mutation in the Edn3 gene (Edn, a
missense C to G mutation at nucleotide 409). Mice homozygous for this mutation (Edn'/ Edn’) are
also knownas “lethal spotted mice”, have a Hirschsprung’s phenotypeas well as widespread ENS
and ICC changesproximal to the affected bowel [304]. There remainssignificant debate in the
literature, particularly about the interpretation of ICC distribution in bowel that does not contain
ganglia.

1.4.3.2

Clinical presentation

In this condition a variable length of the terminal large bowel is aganglionic. This causes the
affected section of bowel to become permanently constricted, and unable to pass stool, leading to
megacolon, and potentially death in severe untreated cases. This condition does not present any

problemsin utero, and babies are born in good condition, but it becomesrapidly apparentafter
birth, with failure to pass meconium, abdominal distension and poor feeding.
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1.4.3.3

Current treatment and outcomes

The main treatmentcurrently is surgical resection of the affected length of bowel, plus a short
segment of the normal bowel that has become extremely dilated. This procedure was pioneered by
Swenson 50 years ago [305] and now a range of operations exist, from conventional open surgery
[306, 307] through to laparoscopic [308] and other minimally invasive [309] techniques. One recent

advanceis a single stage procedure knownas transanal endorectal coloanal anastomosis (TECA).
This operation was pioneered in Mexico [310-312] and involves laparoscopic visualisation of the
bowel, rapid pathological identification of the aganglionic section, and then transanal resection of
the rectum and aganglionic bowel. The normal bowel is then anastomosed to the anus. Medium
term follow up has shownsimilar rates of side effects to the traditional operations [313].

1.4.3.4

Complications of current therapies

Unfortunately, all of the surgical treatments discussed above leave a residual aganglionic bowel
segmentbehind whichincludesthe internal anal sphincter (IAS) muscle. The innervation of the IAS
is also altered in HSCR [314], with greater cholinergic innervation and a lack of sensitivity to NO
mediated relaxation compared to IAS taken from non-HSCR patients [314]. This altered IAS

innervation and responseis thoughtto be part of the reason for the long term problems with
continence and constipation that result in HSCR patients in the post operative period. Problems
with continence are reported in up to 75% of patients with HSCR, with incontinence or a colostomy
in 20% [315]. Residual functional obstruction has also been reported to be a problem in HSCRassociated enterocolitis, which is a significant cause of morbidity post-operatively [316-318]. Table
1-6 (adapted from Baillie et al.) shows a summary of published series of post-op surgical patients
operated on for HSCR. Althoughit is very hard to comparedirectly between individual series due
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to variable length of follow up, definitions, methods of data capture, and expertise of the centres
involved, those who used questionnaires appear to demonstrate a significant burden of disease
persisting into adolescence [315].
Therefore despite a potentially curative surgical procedure, the outcome of theinterventionsis
often unsatisfactory. The patients may have short term postoperative complications and/or failure
to restore bowel function in the long term [319]. There is therefore considerable utility in looking
for ways to improvethe care of this population.
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No of
:
patients
Duhamel

270

Hung

198

Jung

107

Rescoria et al

103

Martyet al

91

Heij et al

Follow u
3.7% constipation, 100%

‘i

Followed up
(%)

Not mentioned

100(r)

<9yr

100(r)

1-2yr

100(r)

Mean 6yr

56 (q)

Faecal soiling 12.1%

Not mentioned

78 (q)

63

Good, 20.4% >4yr

Mean 6yr

84 (q)

48

Normal 77%

>2yr

100(r)

Sieber

44

Good 93%

>5yr

100 (r)

Fosteret al

43

“Asymptomatic” 100%

>7Yr

100 (r)

Median 8.4yr

100 (q)

Louhimo and
Rintala

continence
100% “good” outcome, 5
re-pullthroughs
91.6% “normal”
Normal 65%, 94% normal

at 15 years

“Satisfactory” outcome 4Baillie et al

89

8yr 27%; >14yr 79%;
10.1% failure rate

Table 1-6

Summary of the long term outcomes of Duhamel procedure for Hirschsprung’s

disease from published case series (adapted from Baillie et al.) [315]. Abbreviations: r
retrospective case note review; q prospective questionnaire.
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1.4.3.5

Enterocolitis

Both pre- and post- operatively, enterocolitis associated with HSCR is a potentially fatal
complication. The inflammation produces symptoms of diarrhoea and abdominal distension in the
child [320], and the parents of children treated for HSCR need warning about these symptoms to
ensurerapid surgical opinion is sought. In case series, including those of Swenson who pioneered
surgery for HSCR, enterocolitis (usually post-operative) is the leading cause of mortality [320, 321].
Interestingly it is not residual aganglionic bowel that acts as a source for the enterocolitis, but the
“normally” innervated proximal colon thatis left postoperatively [320, 322]. Abnormalities have
been notedin the quantity of mucin production from both aganglionic and ganglionic bowel of
HSCR patients compared to controls [323]. No qualitative differences have been noted [324]. This

reduced turnover of mucins has since been shownto correlate to those patients who develop
enterocolitis [325]. Therefore there is a plausible biochemical reason for the enterocolitis, but at

the time of writing no clinical test that can predict it. There is a need for continual education and
vigilance amongstclinical staff dealing with HSCR, as despite this being a complication that has
been knownabout for manyyears, there arestill cases that are not picked up in a timely manner
[326].

1.4.4

Enteric Glia

Therole ofthe glia in the ENS is poorly characterised, but there is evidence showingthat they are
of importance. In transgenic mice, deletion of the ErbB3 neuregulin receptor produces mice with
no enteric glia (althoughin this model the astrocytes are unaffected) [327]. The loss of the enteric
glia (by this method or chemical insult) leads to disruption of ENS architecture, destruction of
epithelial integrity and subsequent intestinal inflammation, which is fatal for the mice [328]. A
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submucosal vasculitis is an early prominent sign in the immune mediated model of mice with no
enteric glia [219, 329], leading to submucosal disruption. This disruption is not mediated through
the ENS, but reflects a direct interaction between enteric glia and intestinal epithelial cells [329].
Given that the enteric glia are formed from the same wave of NCC as the neuronsin the ENS,it
would be reasonable to speculate on enteric glial abnormalities being responsible for
Hirschsprung’s enterocolitis, but there is no published workin this area currently. There are
theorieslinking glia to the formation of a blood-gut barrier similar to the blood brain barrier in the
CNS. Diseases that have been linked with alterations in the quantity or quality of enteric glia
include Crohn’s disease, Ulcerative colitis, Necrotising Enterocolitis, intestinal atresia and slow
transit constipation [330]. For Crohn’s disease, it is believed that low level inflammation of the gut

wall may induce enteric glia to proliferate [215-218], although how this modifies the disease in
humans is not clear [329]. The glia can also be the target of immunecells, with cytotoxic T
lymphocytes (CD8+)cells being activated by the enteric glia in vivo [219]. Enteric glia have
therefore not been subject to the same scrutiny as the neuronal componentof the ENS, but there
are biologically plausible mechanisms through which they could produce or modify disease states
in humans.

1.5.0

Stem Cells

It has been suggested that HSCR could be treated by stem or progenitor cell transplantation to
generate a neo-ENS to restore function to the aganglionic bowel [331], although there are
considerable differences in how this is hoped to be applied to patients. Some groups appear to be
in favour oftransplanting ENS stem cells into HSCR bowel, whereas our group feels that the use of

surgery in the neonatal period would still be valid, with efforts at stem cell repopulation aimed

primarily at the internal anal sphincter in the postoperative period. The backgroundtothis, the
knownproperties of ENS stem cells and progress made in this area are covered in this section.

4.5.1

Background

There has been longstanding interest in using ENS stem cell transplantation in the treatment of
HSCR [331]. Recently, tangible advances in stem cell transplantation have occurred [332]. There
has also been work showing functional success of stem cell transplantation into bowel, but in a

different context. Embryonic central nervous system (CNS) neural stem cells have been shownto
have a functional effect when transplanted into the stomach of nNOS-deficient mice [333].
However,as a treatment for HSCR, there are problems with using CNS derived tissue. The source

of this tissue would beethically controversial at best. Even if the concerns of using embryonic
human tissue in this fashion are set aside, and even if such stem cells could generate a complete
set of ENS neuronal phenotypes, treating HSCR in this manner would involve the use of allogenic
transplants which mayinvoke a host immune response. These problems could be avoidedif a
source of autologous ENS stem cells could be identified, and additional work has suggested that
such a sourceis available.

1.5.2

ENS stem cell sources & properties

As well as differentiating into neurons andglia, the NCC that populate the ENS leave a small
population of ENS stem cells spread throughout the bowel thatpersist into the postnatal period
[334, 335]. It has been demonstrated by several groups thatit is possible to culture enteric
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nervoussystem stem cells in vitro from mice and rats using samples from both embryonic and
postnatal bowel [199, 334-337].
Table 1-7 details the various published methods ofisolating and culturing ENS stem cells from
animals and humans.
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Age

Species

Isolation
Dissociation of whole

Rat

Embryonic

Mouse

Embryonic

gut and magnetic micro:
bead selection for p75
oh
positive cells
Whole gut dissociation
with FACSsorting of
Ret+ cells

Rat

Embryonic

Culture

Reference

Adherent conditions on collagen
and laminin substrate with serum
Se
supplemented medium initially

(147, 338]

.
Cultured in explantee _
mousegutin organ bath

[339]

Dissociation of whole
gut with FACS for

Adherent conditions plates
coated with poly-D-lysine (PDL)
and fibronectin (FN), controlled

p75+/a4 integrin+

atmosphere with <21% oxygen.

[340]

Colonies, not neurospheres
Rat

Embryonic
and
postnatal

As per [340]

As per [340]

[334]

Rat

Embryonic

eeies
:6
:
6
for p75+/a4 integrin
a
positive cells

Adherentconditions, plates
coated with PDL and FN.
:
Colonies, not neurospheres

[336]

Mouse

Embryonic

Mouse

Mouse

Hissaciation ef whole

flask, adherent and mechanically
loosened

[341]

Embryonic

Whole gutdissociation

poherenone!
coated plates

[335]

Embryonic
and
estaatal

See /eispase
.
.
gut, differential

Adherent conditions on chamber
slides at low density (50-100 cells
er 25mm’)

[342]

8

P

Move’

sedimentation

i
ete
Embryonic

Mouse

Human

Neurospheres grown in culture

at

and

postnatal
Postnatal

Dissociation of whole
gut
.

.

Piessuone —

P

Adherent conditions plated
coated with PDL and FN, , recultured clusters and eventually
neurospheres

4
BS!

Adherent conditions

[344]

Adherent conditions

[345]

Y
Colon
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Table 1-7

The method of isolation and culture conditions used to generate population of ENS

stem cells in culture (adapted from Hawcuttet al.) [337].
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These stem cells have been isolated and cultured to form neurospheres(cellular aggregates
containing cells with characteristics of stem cells and more differentiated cell types including
neuronsand glia [346]), capable of differentiating into a variety of neural phenotypesin vivo and
forming axons and colonising wild type and aganglionic bowel in a mouse model in vitro [335].
When the murine NCC are cultured to form neurospheres,the cell marker expression appears to
regress to a Sox10+/Ret- phenotype [335], consistent with the multi-potentdifferentiation seen
during colonisation. Recently, the generation of neurospheres from neonatal human bowel
samples, including ganglionic bowel from children with HSCR, has been described [345, 347].
These human samples have been reported as coming from embryonic and postnatal samples, up to
age 5 years [345, 347]. However, the oldest recorded child’s sample to have produced functional
neurospheresis 7 months of age [345], as closer inspection of the other groups’ work showsthat
although a rangeof ages up to 5 years was attemptedto be cultured (and suggestedin thearticles
abstract as successful), the oldest child to have neurospheres generated was 5 months of age
[347].

15.3

Progress so far

Wehave therefore described the generation of neurospheres from both prenatal mouse and
postnatal human ENS stem cells, and noted their ability to differentiate into many neuronal

subtypesand glia. It has also been shown that murine and human neurospheresare capable of
migrating into and colonising embryonic aganglionic gutin vitro [345, 347]. Following the
transplantation into aganglionic embryonic bowel grown in vitro, the ENS stem cells contained
within a neurosphere were shownto have migrated along appropriate pathwaysinto the bowel,
expressing neurotransmitters appropriate for the ENS and glia [345]. Of particular noteis that one

of the samples in the work of Almond etal. was derived from the bowel of an infant diagnosed
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with HSCR (from a ganglionic section) [345]. This shows that autologous stem cell transplantation

is theoretically possible, as the stem cells are present in the tissue, able to be isolated, and possess
some ability to migrate and differentiate. However, it remains to be proven whether cells derived
from the transplanted ENS stem cell neurospheres can evoke functional changesin the recipient
bowel and restore function to normal.

1.6.0

The aimsofthis thesis

There are a large number of issues related to the developmentof the human bowel that have not
been thoroughly explored. Of particular note, the problems associated with premature bowel
function could be better understood through the developmentof an accessible animal model. This
would allow assessment of normal and abnormal developmentof contractility, and contributions
of constituent tissues to normal function [348]. The main method utilized in this thesis will be the

explant culture system originally described by Almond etal. [345], which involves removal of
embryonic bowel at E11.5 and in vitro culture. This system is adaptable enoughto allow study of
various anatomical areas of bowel, and is compatible with digital imaging to allow functional
assessment. We aim to:

1)

Characterise the onset and developmentof function of bowel (both normally innervated
and aganglionic) grown from E11.5 to E19.5 in the culture system described by Almond et
al. [345].

2)

Determine the contributions to function of smooth muscle, ICC and ENS in the cultured

bowel at various points in gestation in bowel grownin the culture system.
3) Study the functional effects of ENS neurosphere (embryonic mouse neurosphere [EMNS)
and postnatal human neurosphere [PHNS]) transplantation into aganglionic samples of
bowel grownin culture.

4)

Establish if any alterations in function in transplanted samples of bowel compared to
aganglionic are in response to formation of a neo-ENS.

5) Ahistological assessment of neurosphere transplantation has already been undertaken
(see Almond etal. [345]). Additional information on the ultrastructure of the transplants,

using electron microscopy, would help establish if any functional alterations noted from
aim 4 are biologically plausible. This would require collaboration with other teams and/or
departments.
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Chapter 2 - Developmentof gut contractility in culture

2.1.

Introduction

2.1.1.

Background

Regulation of postnatal gut contractility is well described, but its onset during prenatal
development has received less attention [233, 349-353]. This field is of clinical relevance, given the

incidence (1:5000) of Hirschsprung’s disease (congenital aganglionosis, HSCR) [281, 350, 353].
Furthermore, immature gut function in preterm infants often results in the delayed establishment
of enteral feeding which is associated with potentially fatal complications [354]. The development
of pharmacological interventions to stimulate premature gut motility to avoid such complications is
hindered by a lack of knowledge about the mechanisms controlling pre- and perinatal gut motility.
As discussed in chapter 1, contractility of the postnatal gut is coordinated by interactions between
smooth muscle (SM), interstitial cells of Cajal (ICC) and the enteric nervous system (ENS)[55].
Although these three components develop atdifferent rates that are both time- and locationdependent [87], their contributions to function in the prenatal bowel is poorly understood. Thus,
while SM developmentin the human gut has been shown to occur in a rostro-caudal direction, the

relationship between histological development and bowel wall motility has not been established
[87, 92]. Furthermore, although spontaneous SM depolarisations have been observed in prenatal
canine colon, the timing of their onset is not known [87, 93].

Functional ENS cholinergic innervation of longitudinal muscle has been demonstratedin the late
prenatal period in rabbit and mouseileum [355]. However, the onsetof colonic migrating motor
complexes, an ENS-controlled slow oral-anal contraction, has not been noted in the mouse colon

until after birth [351], suggesting incomplete ENS functional developmentin the colon at delivery.
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Nevertheless, mice can already defecate at birth, and late prenatal murine bowel (E17.5) has been
shown to be capable of mobilising bile in a cranio-caudal direction even in the absence of the ENS
[352] and prior to the developmentof the ICC-dependentelectrical slow wavesthat regulate
contractions in mature bowel [103]. These observations therefore leave open to question any
roles of the ENS andICCin the early development of bowel motility.

2.1.2.

Aims & hypotheses of Chapter

The overall aim of this chapter is to undertake experiments designed to achieve point 1 from aims
of the thesis section (see 1.6):
1)

Characterise the onset and developmentof function of bowel (both normally innervated
and aganglionic) grown from E11.5 to E19.5 in the culture system described by Almond et
al. [345].

To achieve this wewill initially test a characterised a tissue culture system to ensure that the
explanted bowel samples develop in a histologically appropriate manner. Once samples have
demonstrated both survival and appropriate histological developmentin the tissue culture system,
then the onset and frequencyof contractions in defined anatomical areas would be assessed. It
was hypothesised that, despite the lack of established ENS and ICC function in the pre-natal period,
contractions do occur (consistent with the mobilisation of bile in embryonic aganglionic mouse gut
[352]) and may haveregional variations. Once established, additional testing of the model against
the frequency of contractions seen in bowel from newborn mice at term would be undertaken,
with the expectation that the rates of contraction would be the same. If the culture system is able

to produce aganglionic samples, then the onset and frequencyof contractions in these sampleswill
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be investigated, comparing with the ganglionic samplesat different points in gestation as well as at
term.

In addition to the measurementof contractility at a point on the bowel wall using a video capture
system, an assessmentof the propagation of the contractions in explanted samples using
fluorescent calcium dyes in ganglionic and aganglionic samples wasalso undertaken.

2.1.3.

Study overview

This chapter represents essential preliminary work. The ultimate aim of this projectis to describe
the onset of control of any prenatal contractions (from SM, ENS and/or ICC) before undertaking a
functional assessmentof a previously described technique for transplanting ENS stem cells into an
aganglionic distal colon sample [344]. This transplantation work will also assess SM, ENS and ICC to
see if any functional alterationsare utilizing the same control mechanisms. The testing of the
tissue culture system and recording of the normal pattern of developmentof contractility is an
essential piece of work upon which the remainder of the projectis built.

2.2.

Materials and methods

2.21:

Culture of prenatal gut

In order to observe and manipulate motility within developing bowel wall, we have adapted an
organ culture methodpreviously usedto follow gut maturation [356, 357]. However, before using
this system to analyze bowel wall motility, it was necessary to determine if histological and

functional developmentin vitro reflected that in vivo. Embryonic mouse bowel was obtained in the
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following way. Time-mated female CD-1 mice (Charles River Laboratories, Margate, UK) were
sacrificed by cervical dislocation in accordance with UK Government regulations. Embryonic day
(E) 11.5 mouse embryosweredissected to give 3 different types of explant (Figure 2-1). The types
of explants dissected were:
i) lleum to caecum (the most proximal point ofileum was identified as the point where the
embryonic bowel exited from the abdominal cavity, and divided there. Distally, the bowel was
divided immediately after the caecal pole, and the section between removedas a single specimen
(Figure 2-1)).
ii) Caecum-distal colon (to generate ganglionic distal colon as the leading edge of the migrating
waveof ENS cells is known to be in the caecum atthis gestation [102]). The embryonic bowel was
divided at the point wherethe ileum joins the caecum,and the longest possible length of
continuous caecum to distal colon was removed. This included retroperitoneal distal colon that
approachedthe rectum of the embryo(Figure 2-1)).
iii) Isolated distal colon (to generate aganglionic distal colon, as the migrating wave of ENS
precursors has not reached the bowel to be dissected at this time point [102]. The embryonic
bowel was dividedat the point it re-enters the abdominal cavity and the longest possible length of
colon distal to this point removedas a single specimen,(Figure 2-1)).

Explants were transferred onto 0.4 um semi-permeable membraneinsert (Millicell®, Millipore,
Watford, UK) in 50mm Petri dishes (Sarstedt, Leicester, UK)(Figure 2-2). Dishes contained 3ml
tissue culture medium comprising HEPES-buffered Dulbecco’s modified Eagle medium with
4500mg/I glucose, 1% v/v foetal calf serum, 100 U/ml penicillin, 100 ug/ml streptomycin, 2mM
glutamine and 0.05mM 2-mercaptoethanol (all Gibco Invitrogen, Paisley, UK), and were incubated
at 37°C in a humidified atmosphere containing 5% (v/v) CO2. The medium was changedevery 2
days.
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Figure 2-1

Differential dissection used to generate ganglionic caecum and both ganglionic and

aganglionic distal colon samples for culture in E11.5 bowel. At £11.5 the leading edge of the
rostrocaudal wave of NCCis at the level of the caecum. (A) By culturing a sample containing the
leading edge of NCC,a fully ganglionic sample with caecum and colon can be generatedafter 8
days culture. (B) Culture of only colon distal to the advancing wave of NCC generates an

aganglionic colon sample after 8 days culture. Adapted from an original diagram by R. Lindley.
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Culture medium

Sample

Millicell® Membrane

\ 50mm Petri
Dish
Figure 2-2

Schematic representation of culture system. The sample was placed into a Millicell”

0.4m membraneinside a 50mm petri dish. At the first culture change 0.5yl culture medium was
aliquotted onto the sample (shownhere).
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Bdonbes

Newborn mouse gutcontrols

Control mice (born at term, equivalent to E19.5) weresacrificed by cervical dislocation. The bowel
was identified and the longest possible section from the caecum distally was removed. The luminal
contents of the colon were removed using gentle pressure parallel to the axis of the bowel. The
intact and empty colonic samples were then maintained under identical conditions to cultured
prenatal samples (2.2.1). Measurements of bowel wall motion were carried out on the same day as
collection.

2.2.3.

Immunofluorescence

Tissues and cultured explants were fixed in acetone (-20°C, 20 minutes), then rinsed with
phosphate buffered saline (PBS), before embedding (7.5% (w/v) gelatine (Sigma-Aldrich) in 15%
(w/v) sucrose). Serial sections (7m) were cut using a cryostat (-20°C). For immunostaining,
sections were pre-treated (30 min) with PBS containing 1% (v/v) goat serum (Sigma-Aldrich) and
0.5% (w/v) Triton X100 (VWR International, Poole, UK). Primary antisera were applied (16h, 4°C)at
the following concentrations: rabbit anti-protein gene-product 9.5 1:4000 (PGP9.5, Biogenesis,
Poole, UK); Cy3 conjugated mouse anti-smooth muscle actin (SMA) 1:200 (Sigma-Aldrich); rat antimouse ACK2 1:50 (Chemicon International). PGP9.5 was used as a marker of post-differentiation
enteric neurons [99, 212], SMA is a marker of differentiated smooth muscle [89, 90], and ACK2 is a

marker for differentiated interstitial cells of Cajal [229]. Slides were rinsed (x3) with PBS before
incubating (2h) with appropriate secondary antisera: Texas Red conjugated sheep anti-rabbit 1:400
(Abcam, Cambridge, UK); fluorescein isothiocyanate conjugated goat anti-rat 1:200 (Sigma-Aldrich).

After PBS rinsing, sections were mounted using fluorescent mounting medium (DAKO,Ely, UK).
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2.2

Measurementof Bowel Wall Motion

The technique was based on optical recording of motion becauseclassical physiological
measurementsof contractility are difficult to apply to the small and friable tissue of the embryonic
gut, and would reflect longitudinal rather than circular muscle activity. Given that the
developmentofthe cultured sample’s longitudinal muscle is reduced (detailed below), the use of
circular muscle motion is necessary. The rate of bowel wall movement was measured using a Nikon
TMS inverted phase contrast microscope with heater/thermocouple (Air Therm™, World Precision
Instruments, Sarasota, FL) to ensure a constant 37°C temperature. Bowel wall motion

perpendicular to the lumen was observed at defined anatomical areas along the gut, and the
images captured using a Hitachi KP-143 video camera, connectedvia a Picolo port (Euresys,
Angleur, Belgium). Image analysis was performed using Diamtrak3+ software (Professor T Neild,
Flinders University, Adelaide, Australia). Data were recorded for 5 minutes per explant. After a
maximum of6 recordings each dish was returned to the incubator for at least 30 minutes. A
contraction is defined as any radial displacement of the bowel wall 2 5% ofits thickness, and
contractions were measuredat the point of maximum displacement in each specimen. This

laboratory set up is shown schematically and photographically below (Figure 2-3, Figure 2-4).
Where samples were curved, measurementsof contractility were made on the greater (free) curve.
A representative graphical representation of contractile activity generated by Diamtrak is shown in
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Figure 2-8A.

2.2.5.

Fast Fourier Transformations

A Fast Fourier transformation (FFT) is a powerful technique that is used to analyze the frequencies
contained in a sampled signal. Mathematically, a Fourier transform is an operation that transforms
on function of a real variable (usually time) into another one (usually frequency), and has found
applicationsin fields as diverse as optics, wave theory and a wide variety of biological systems(e.g.
assessing cell motility [358], analysing proteomic data [359] and assessing dermal fibrosis in
scleroderma patients [360]). In the context of the samples being analysed here, they are being
used to establish the periodicities of the contractions seen on digital imaging as well as the relative
strengths of any periodic components. FFT of bowel wall movementwith respect to time (the data
measuredusing digital video capture was performed with MATLAB® (MathWorks, Natick, MA) to
produce power spectra (showing displacement against frequency). Weare grateful for the
assistance of Professor A Rietbrock (Departmentof Earth and Ocean Sciences, University of
Liverpool) in creating the Fast Fourier transformations.

2.2.6.

Calcium Imaging

A limitation of the digital video capture method of assessing contractionsis thatit is restricted to a
single point on the bowel wall, and propagation of the contraction cannot beestablished. In
contrast, it is possible to follow the propagation oftheintracellular fluctuations in the
concentration of calcium associated with a contraction, using the florescent dye Fluo-4AM. This
dye undergoesan alteration toits fluorescent properties upon binding to free calcium ions in the
cytosol [361]. In the bowel this corresponds with the releaseof calcium from the endoplasmic
reticulum immediately prior to a contraction [361]. The following protocol for visualising the

calcium wavein the tissue explants was devised with the help and advice of Professor S. Wray and
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Dr K. Noble (Department of Physiology, University of Liverpool). Cultured E19.5 equivalent
ganglionic and aganglionic distal colon samples were incubated for 4h with medium containing dye
(3ml of standard culture medium supplemented with 100pl of a 4:1 DMSO (Sigma-Aldrich) (to aid
permeability of the dye through the cell membrane) and pluronic acid (Gibco Invitrogen) solution
and 50yg Flou4 AM (Invitrogen)) [362]. The samples were intermittently agitated during the
incubation period [363, 364]. Individual explants were transferred to a microscope slide and
confocal microscopy was performed using an Ultraview LCI spinning Nipkow disc, widefield
Olympus1X70 inverted microscope (Perkin-Elmer, Cambridge, UK) with an ORCA ER cooled CCD
camera (Hamamatsu Photonics, Hamamatsu, Japan) using a x10 objective lens. Fluo-loaded
specimens wereexcited by a laser at 488nm andresulting fluorescence recorded at 510nm for 2
min. To prevent sample deformation, slides were mounted with additional supporting cover slips
on either side of the sample (Figure 2-5A). To minimize photo-bleaching the laser was switchedoff
when data was not being recorded. Where samples were curved, measurementsof contractility
were madeon thegreater (free) curve. Analyses were performed using Ultra VIEW 5.5™ (Ultraview
Corporation, Orinda, CA). This software allowsfixed reference points to be positioned along the
border of the sample to allow determination of the rate of propagation of the Ca** wave.
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Figure 2-3

Schematic representation of the system used to record the contraction of bowel

wall samples.

78|Page

Figure 2-4

Laboratory set up for measurement of bowel wall contractility.
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Coverslips

Figure 2-5

(A) Methodto protect sample integrity during measurementof the calcium wave

in a cultured distal colon explant at E19.5 (ganglionic or aganglionic): an additional cover slip was
positioned either side of the sample to prevent deformation by the central coverslip during
measurementof calcium wave. (B) Representative screen shot of E19.5 cultured distal colon
sample loaded with Fluo-4AM andilluminated by laser at 488nm. Notethe increased fluorescence
at the periphery of the sample corresponding with the smooth muscle.

80|Page

2.2.7.

Statistics

Data wereanalyzed using Origin 5.0™ (Microcal, Studio City, CA), Graphpad prism 4™ (Graphpad
Software, San Diego, CA), Microsoft Excel™ and Matlab™ (Mathworks, Natick, MA). Data are

expressed as mean (+/- SEM). Significance was defined as p < 0.05. The normality of values was
established using the Kolmogorov-Smirnovtest [365]. Significance was determined using Mann
WhitneyU test, Students t test, or one way ANOVA with Bonferroni’s or Dunn’scorrections as
appropriate.

81|Page

2.3%

Results

2.3.1.

Histological developmentof gut explants in vitro mimics in
vivo development

During the period of culture (up to 10 days) the E11.5 explants remained viable and distinct
anatomical areas remained distinguishable (e.g. caecum with appendix) (Figure 2-6).
Immunofluorescence using PGP9.5 (neuronal marker), Kit (ICC marker) and SMA (smooth muscle
actin, a smooth muscle marker) was performed on ganglionic and aganglionic distal colon explants
after 8 daysin culture (term equivalent), and freshly explanted colon from newborn mice. The ENS
developed normally-situated myenteric plexuses in cultured ganglionic samplessimilar to those
seen in perinatal bowel (Figure 2-7A & C). Ganglia in the submucosal plexus are not present until
after birth, and ganglionic explants appeared developmentally appropriate, showing occasional
PGP9.5 positive cells in the submucosal plexus region (Figure 2-7C arrowhead) [98, 366].
Aganglionic samples contained no PGP9.5 positive cells (Figure 2-7E). ICC developmentin cultured
samples appeared normal: both aganglionic and ganglionic cultured explants displayed a discrete
band of Kit positive cells in the same location as that in control mice, peripheral to the circular
muscle (Figure 2-7A, C & E). In ganglionic distal colon, ICC were intercalated between myenteric
ganglia, corresponding to the positioning of |CCwyc (Figure 2-7A). Aganglionic distal colon showed

reduced thicknessof the Kit positive cell layer, reflecting the absence of interspersed enteric
ganglia (Figure 2-7E). Smooth muscle actin staining showed that while longitudinal muscle layer
developmentwas reduced,the circular muscle in the explants did develop, although at a smaller
size than in neonatal mice due to the growth restriction seen in the explants (Figure 2-7B, D, & F)

and previously noted in various bowel culture systems [366]. The lack of growth is, in part,
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attributed to the lack of blood supply to the organ in culture, and hencereliance on diffusion as a
meansof supplying nutrients [366].
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Figure 2-6

Photographsof cultured bowel showing various anatomical areasat 1 day (E12.5)

and 8 days (E19.5) post explantation. Maturation of the samples appears to progress, as evidenced
by the developmentofinternal structures thatare visually consistent with haustrae (arrows). Scale
bars Imm.
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mouse

distal colon
distal colon

Colon from term

Cultured ganglionic
Cultured aganglionic

Figure 2-7

Immunofluorescencestaining of freshly explanted newborncolon, ganglionic and

aganglionic distal colon explants grownfor 8 days in culture. Samples were dual stained with antiPGP9.5 (Red) and anti-Kit (Green) (A, C, E), or single-labelled with anti-smooth muscle actin (SMA)
(Red) (B, D, F). In all figures, M represents the side of the sample on which the mucosais located.

Freshly explanted colon showsICCin a discrete peripheral band with intercalated myenteric ganglia
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(A), and circular (CM) and longitudinal (LM) smooth muscle layers (B). Day 8 cultured ganglionic
distal colon showsappropriate myenteric ganglia and ICC distributions (C). Occasional PGP9.5positive cells are seen in the area of the submucosal plexus (C arrowhead). Circular smooth muscle
developmenthasalso occurred but thereis a lack of longitudinal muscle (D). Aganglionic distal
colon cultured for 8 days has appropriate ICC (E) and circular smooth muscle (F) but PGP9.5
positive cells are absent (E). Scale bars = 50 um.
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Developmentof bowel wall motility

The numberof specimensused in the experiment and proportion of contracting explants are
detailed in Table 2-1. With regard to function, deflection was measured on standardized graphs
with a y axis (deflection) of at least 50pm (Figure 2-8A). When the mean frequencyof contraction
at 8 days culture (term equivalent) of caecum or ganglionic distal colon explants was compared
with that of term controls (freshly isolated newborn mouse caecum or distal colon), it showed no
significant difference (Figure 2-8B). Taken together, these observationsindicate that while thereis
longitudinal smooth muscle deficit in cultured E11.5 mouse gut explants, they nevertheless
develop appropriate functionality [351].
The E11.5 explants (n=12) were quiescentfor the first day in culture, with no motion of the bowel
wall detectable in any region (Table 2-1, Figure 2-8C). Subsequently, bowel wall motion began in a
time- and region- specific manner. A representative graph showing contractions is shownin Figure
2-8A.
For calculation of frequency of contractions, only samples exhibiting bowel wall motility were
measured. Clear spatiotemporal differences were seen in the onset and frequency of contraction
between different regions of the gut. The earliest onset was in ileum,all explants exhibiting
motion after 2 days in culture (E13.5 equivalent). Caecum and ganglionic distal colon became
motile on day 4 of culture (Table 2-1, Figure 2-8C). After 6 days in culture (E17.5 equivalent), bowel
wall motility was seen in all regions of all explants (Table 2-1). The rate of bowel wall motility of
explants from all gut regions increased in a time-dependent manner. At all time points the rate in
the ileum was faster than that of the caecum, which in turn was faster than ganglionic distal colon
(Figure 2-8C, Table 2-1). Aganglionic isolated distal colon bowel wall became motile after 4 days in

culture (E15.5 equivalent), and by 6 days (E17.5 equivalent) all samples were contracting (Table
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colon for the first 6 days in culture (Figure 2-9, Table 2-1). However, after 8 days in culture (term
equivalent) aganglionic distal colon wassignificantly faster than that of ganglionic distal colon
(Table 2-1, Figure 2-9A). As stated earlier, there was nosignificant difference between the
frequency of contractions in the caecum or distal colon of term newborncontrols and the cultured
specimens(Figure 2-8B).
Using a fast Fourier transformation, the power spectra of bowel wall motion in explants was
calculated. The frequency and power of ganglionic distal colon bowel wall motion increased during

88 Pas:

La

the culture period (Figure 2-10). No underlying frequencies were detected using this method.
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Rates of bowel wall motion of cultured and fresh bowel explants determined by

digital video analysis. (A) Representative graph of bowel wall motion showing deflection against
time. Peaks on the graph correspond to a movementof the bowel wall perpendicular to the lumen.
(B) Graph comparing frequency of contraction (Mean +/- SEM) of E11.5 ganglionic caeca (n=12) and
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distal colon (n=12) cultured for 8 days (to E19.5 equivalent) and newly explanted term caeca (n=4)
and distal colon (n=7). Rates of bowel wall motion are notsignificantly different (caeca p = 0.51
Mann-WhitneyU test, distal colon p = 0.23 Student’s t-test). (C) Graph showing frequencyof
bowel wall motility (Mean +/- SEM) of cultured E11.5 bowel explants at 2 day intervals. Ileum
(n=12) begins to contract on day 2, caecum (n=12) and ganglionic distal colon (n=12) begin on day
4. The difference in frequency between ileum/caecum (p < 0.01, Mann-Whitney U test) and
caecum/ganglionic distal colon (p < 0.01, Mann-WhitneyU test)is significant after 8 days culture.
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(A) Frequency (Mean +/-SEM) of bowel wall motion of cultured ganglionic (n=12)

and aganglionic (n= 12) distal colon explants. E11.5 explants were cultured for 8 days. Therateis
identical until day 6, after which contraction frequency in the ganglionic distal colon explant
becomessignificantly slower (p < 0.01 Student’s t test).
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Time in culture

Explants Contracting (%)

Frequency (mHz)

0 days (E11.5)

lleum

0/12 (0)

Caecum

0/12 (0)

Distal colon

0/12 (0)

Aganglionic distal colon

0/12 (0)

2 days (E13.5)
lleum

12/12 (100)

Caecum

0/12 (0)

Distal colon

0/12 (0)

Aganglionic distal colon

0/12 (0)

54.7+/- 5.1

4 days (E15.5)

lleum

16/16 (100)

69.4 +/- 6.0

Caecum

10/12 (83)

50.3 +/-7.2

Distal colon

3/12 (25)

25.5 +/- 4.0

Aganglionic distal colon

6/12 (50)

30.0 +/- 3.2

lleum

10/10 (100)

94.3 +/- 8.0

Caecum

12/12 (100)

61.4 +/- 6.1

Distal colon

12/12 (100)

42.5 +/- 3.2

Aganglionic distal colon

12/12 (100)

44.2 +/-4.2

lleum

11/11 (100)

139.7 +/- 16.0

Caecum

12/12 (100)

72.5 +/- 8.5

Distal colon

12/12 (100)

42.2 +/- 3.4*

Aganglionic distal colon

16/16 (100)

59.6 +/- 4.2*

6 days (E17.5)

8 days (E19.5)
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Table 2-1

Proportion and frequency of bowel wall motion in E11.5 explantsat different times

in culture. Bowel wall motility frequency expressed in mHz with means +/-SEM shown. Timein
culture expressed in days with equivalent gestation in parentheses. Only active samples measured.
*Significance for difference between ganglionic distal colon and aganglionic distal colon after 8
days culture (p<0.01, Student’s t test).
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Figure 2-10

Power spectrum analyses of cultured bowel. E11.5 explanted ganglionic distal

colon determined at 2 day intervals during culture. The power of contractions increases at each
time point.
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Propagation of calcium waveonly occurs in ganglionic
samples

Twodistinct patterns of calcium waves were observedfollowing the addition of fluo-4AM dye to
E19.5 samples, depending on whether the cultured sample was ganglionic or aganglionic. A
representative graph from an E11.5 ganglionic distal colon cultured for 8 days (E19.5 equivalent)
sample is shownin
Figure 2-11(A) and an aganglionic sample in
Figure 2-11(B). The E11.5 ganglionic distal colon cultured for 8 days (E19.5 equivalent) samples
demonstrated coordination of the calcium wave along the samples(
Figure 2-11A, Supplemental video 1), which was absentin the aganglionic samples of cultured
distal colon. The propagated calcium wavesoccurred in both an anterograde and retrograde
directions. There were periodic increasesin the fluorescence associated with the aganglionic
samples (Supplemental Video 1), but these wereisolated and did not propagatein either direction
morethan fraction of a millimetre. By plotting the timing of the mid-point of the upstroke of the
calcium wavein Figure 2-11A (arrowed) against the distance between the measured points, the
velocity of the calcium waveis seen to be constant over the measured distance (2.0mm) and
travels at 0.7mm/s.
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Figure 2-11

Ca** wave analysis of E11.5 distal colon explants on day8 in culture (E19.5

equivalent). Graphs of fluorescence (arbitrary units) against time (seconds) for a (A) cultured E19.5
ganglionic distal colon sample and (B) an aganglionic E19.5 distal colon sample. Each colouredline
represents a point 0.5mm apart on the sample (numbered sequentially 1-5). (A) There is a
coordination of the increase in fluorescence, correspondingto the increasein intracellular calcium
that accompaniesa contraction [361]. (B) Aganglionic samples did not exhibit coordination,

instead demonstrating a chaotic pattern of calcium waves. (C) Plot of half-maximal point of
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1

3.0

upstroke of Ca" transient (Figure A arrow)in ganglionic bowel with time. The propagation velocity
of the arrowed Ca** wavein (A) is constant over a distance of 2 mm at 0.7mm/s.
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2.4.

Discussion

In the in vitro culture system used, the growth of embryonic gut explants was poor;in particular,
the longitudinal muscle does not develop to the same extentas in vivo. This reduction in
longitudinal muscle developmenthas not been quantified. However, the migration of ENS
precursor cells within the bowel wall occurs at the same rate as in vivo, and the development and

spatial relationships of the circular smooth muscle, myenteric ENS and ICC appear normal [352]. In
aganglionic samples, there was no immunohistochemical evidence of any enteric nerves, but the
smooth muscle and ICC both developed similarly to those in the ganglionic samples (Figure
2-7E&F). In addition, as the bowel was maintained in culture, there was observable evidence of

maturation, such as the appearanceofinternal structures that are visually consistent with haustrae
(Figure 2-6). We have demonstrated that onset of bowel wall motility in prenatal murine gut
occurred in a time- and location- dependent manner, beginning proximally in the ileum and
extending craniocaudally. Onset of bowel wall motion occurred after E13.5, when a-smooth
muscle actin (a marker of smooth muscle development) is known to be expressedacross the entire
length of the murine GIT [43, 90]. Significantly, the frequency of bowel wall motility that develops
in the caecum anddistal colon in vitrois identical to that of term control bowel, andis similar to
the rate of “ripples” seen in newborn mice using a spaciotemporal mapping system [367]. Given
the similarities in contraction frequencies despite the poor development of the longitudinal muscle
in the gut explants,it suggests that the contractions we measured result primarily from circular
muscle activity, with little contribution from the longitudinal muscle.

The method with which we have measured the contractions of the bowel utilizes digital video
capture and analysis using the Diamtrak program. This has been widely used in several biological
systems, but has notto our knowledge been used in this way before. The digital video capture
system is limited in that it only studies a single point on the bowel wall. Other researchers in this

area have used spatiotemporal mapsto assess the propagation of contractions [351]. However, as
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part of the investigation of the regulation of contractions, calcium imaging using fluorescent dye
has been usedin chapters 3 & 4, and this does allow an assessmentof the coordination of
contractions along the length of the samples.
A frequency gradient of contractility running from ileum to distal colon in the prenatal mouse gut
was also noted, indicating that the long recognized Alvarez gradient has its origins in prenatal
development [368, 369]. The ENS appearsto havelittle role in the majority of these pre-natal
contractions: for the first 6 days of culture, the aganglionic and ganglionic distal colon displayed
identical frequencies of contraction, before a divergence of frequencies at E19.5 equivalent. As the
only difference between these samplesis the presence of migrating neural crest cells, it suggests
that the onset of ENS control may occur in the distal colon at this time point. The increase in rate
of contractions in ganglionic samples at E19.5 suggests that any ENS modulatedeffectis inhibitory,
and is consistent with the fact that the first neurotransmitter that develops in the murine ENSis
nitric oxide (NO), an inhibitory neurotransmitter [226]. A full assessment of the regulation of
contractility (by the ICC as well as the ENS)is the subject of Chapter 3. ENS independent
contractions have been previously noted, with a report showing anally directed propulsion of gut
contents in ENS deficient mouse embryos[352].

There are several examplesof the use of fast Fourier transformations in different biological
systems [368, 369]. Using this analysis we have shown thatas the distal colon maturesthere is an
increase in the power of contractions as well as the previously noted increase in frequency (Figure

2-10). The greatest increase in power is coincident with the presumed onsetof ENScontrol.
The digital video capture system we haveused is not able to determineif the contractions it is
measuring are propagated, as it relies on measuring a single point on the bowel wall. We have
therefore used calcium waveanalysis to compare ganglionic and aganglionic cultured distal colon
at E19.5 equivalent. This Ca”* imaging data showsthat over small lengths of ganglionic distal colon

(=3mm) there is coordinated propagation of the Ca** wave, whichis absent in aganglionic samples.
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The requirementfor the ENS to coordinate calcium waves has previously been demonstrated in
adult mouse colon [370, 371]. Alterations in the calcium waves in Endothelin-3 receptor deficient

mice (who havedistal aganglionosis in a pattern similar to HSCR — see Chapter 1) have been
described, but only in adult mice (age 20-90 days old) [362]. Our datais the first study to look at
immature distal colon, and showslack of the coordinated calcium waves at term equivalent in

aganglionic cultured samples.
This apparent late onset of ENS control in the distal colon may explain the clinical observation that
prenatal sonography (USS) is of no use as a diagnostic tool for Hirschsprung’s disease in the
neonatal period [372]. If human bowel undergoesa similar pattern of rostrocaudal functional
development, with ENS control only being instituted at approximately term, at the time of the USS
the bowel would be utilizing ENS independent contractions, successfully mobilising bowel contents
and leaving HSCR affected children to present in the neonatal period.
Having ensured that the culture system maturesin a reasonably similar way to bowel in vivo both
histologically and functionally, the work in the subsequent chapterswill use this culture system and
methodof assessing frequency of contractions for the additional experiments. The finding of a
difference in contraction frequencies at term in the distal colon is particularly beneficial, as we now
have an aganglionic model that has different functional properties. This will allow comparisons
with distal colon samples in which the ENS is inhibited (chapter 3) or into which ENS neurosphere
transplantation has been performed (chapter 4), to determineif these actions alter the contraction
frequencies.
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Chapter 3 -Regulation of contractions in developing
bowel

a1.

Introduction

3.1.1.

Background

Neither the prenatal developmentof contractility in developing bowel nor the control mechanisms
influencing contractility have received as much attention as they have in postnatal gut, as detailed
in Chapter 1 [233, 349-353]. As well as being of academic interest, there are potential clinical
applications for this data. In Hirschsprung’s disease (HSCR)little is known about how the
aganglionic gut contracts prior to birth and why HSCR cannotbe diagnosed antenatally. The gut
function in preterm infants is also different to that of older (term) infants, which can result in
delayed establishmentof enteral feeding, with potentially fatal complications [354]. The
developmentof pharmacological interventions to stimulate premature gut motility to avoid such
complications is hindered by a lack of knowledge about the mechanismscontrolling pre- and
perinatal gut motility.
As discussed in chapter 1, contractility of the postnatal gut is coordinated by interactions between
smooth muscle (SM), interstitial cells of Cajal (ICC) and the enteric nervous system (ENS)[55].
Although these three components develop at different rates that are both time- and locationdependent[87], their contributions to function in the prenatal bowel is poorly understood. Thus,
while SM developmentin the human gut has been shown to occur in a rostro-caudal direction, the

relationship between histological development and bowel wall motility has not been established
[87, 92]. Furthermore, although spontaneous SM depolarisations have been observed in prenatal
canine colon, the timing of their onset is not known [87, 93].
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Functional ENS cholinergic innervation of longitudinal muscle has been demonstratedin the late
prenatal period in rabbit and mouse ileum [355]. However, the onset of colonic migrating motor
complexes, an ENS-controlled slow oral-anal contraction, has not been noted in the mouse colon

until after birth [351], suggesting incomplete ENS developmentin the colon at delivery.
Nevertheless, mice can already defecate at birth, and late prenatal murine bowel (E17.5) has been
shownto be capable of mobilising bile in a cranio-caudal direction even in the absence of the ENS
[352] and prior to the developmentof the ICC-dependentelectrical slow wavesthat regulate
contractions in mature bowel [103]. These observations therefore leave open to question any
roles of the ENS andICCin the early development of bowel motility.
In chapter 2 we have shownthat murine bowel that is explanted on embryonic day(E) 11.5 is
capable of being cultured to term,andthatits histological and functional developmentis
consistent with term explanted controls. In addition, this model has highlighted that the
developmentof contractility varies with anatomical location in the gut both in terms of the timing
of onset and frequencyof contractions, although no information was obtained about the
underlying control mechanisms. This work also showed that explanted aganglionic distal colon
cultured to term displayed contraction onset and frequencyidentical to ganglionic distal colon
exceptfor the final time point (E19.5, term equivalent) when significant increase in the frequency
of contractions compared to ganglionic bowel was observed.

B.A.

Aims & Hypothesis of this Chapter

The overall aim ofthis chapter is to address point 2 from the aims of the thesis section (see 1.6):
2) Determine the contributions to function of smooth muscle, ICC and ENS in the cultured
bowel at various points in gestation in bowel grown in the culture system.
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Given the results of chapter 2, we hypothesise that, by term equivalent there will be effects of the
ENS and ICC on the contraction frequency of cultured bowel, particularly in the distal colon. If ENS
effects are noted at 8 days culture (E19.5/term equivalent), it will be necessary to comparethis to
term explanted bowel, and also compare ganglionic and aganglionic distal colon at previous time
points to establish the timing of onset of ENS action. We therefore elected to use tetrodotoxin
(TTX), a non-specific inhibitor of neural transmission, and an NO synthaseinhibitor (N,,-Nitro-L-

arginine methyl ester hydrochloride [L-NAME]) as a means ofinhibiting any inhibitory ENS function
mediated by NO in the samples. The NO-donor Spermine was also used to try and reverse any
effects from blockade of NO synthesis. For ICC effects, we are limited to examining term
equivalentas the neutralising antibody requires 8 daysto actto full effect, and this model is
created with bowel explanted 8 days prior to term (E11.5).

3.2.

Materials and Methods

8.21.

Culture technique

Culture of prenatal gut and harvesting of term bowel was performed as described in chapter 2.
Briefly, embryonic day (E) 11.5 mouse embryos weredissected to give 3 different types of explant
(ileum to caecum, caecum to distal colon and distal colon only). Explants were transferred onto 0.4
um semi-permeable membrane insert (Millicell®, Millipore, Watford, UK) in 50mm Petri dishes

(Sarstedt, Leicester, UK). Dishes contained 3ml tissue culture medium, and medium was replaced
every 48 hours(see Figure 2-2). Samples were incubated at 37°C in a humidified atmosphere
containing 5% (v/v) CO). Control mice (born at term, equivalent to E19.5) weresacrificed by
cervical dislocation. The bowel was identified and the longest possible section from the caecum

distally was removed. The contents of the colon were removed using gentle pressureparallel to the
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axis of the bowel. The intact and empty colonic samples were then maintained under identical
conditions to cultured prenatal samples.

3.2.2.

Measurementof bowel wall motion

The frequency of contractions in samples was assessed using digital image capture, as described in
Chapter 2, with the addition of various inhibitors. To inhibit neural activity, 201 0.5 mg/ml
tetrodotoxin (TTX) (Sigma-Aldrich, Poole, UK) was added to the medium togive final
concentration of 1M. This concentration has been shown to abolish all nerve activity via fast
sodium channels in similar sample types [371, 373]. In order to inhibit the production of the
inhibitory neurotransmitter nitric oxide (NO), explants were placed in culture medium containing
1mM N,,-Nitro-L-arginine methyl ester hydrochloride (L-NAME) (Sigma-Aldrich) [348]. This
concentration has been shownto completely inhibit the production of NO in tissues [374].
Spermineis an agentthat allows the controlled release of nitric oxide in solution. Pharmacological
data has placed the ECsy between 10 and 100uM [375-377]. 0.3ml of a 1mM solution of spermine

was added to the culture medium to give a final concentration of 100M [375-377]. To inhibit
cholinergic neurotransmission, explants were placed in culture medium containing atropine at a
concentration of 1M. This concentration has previously been used in to inhibit the ENS in vitro
samples [378, 379].

Smooth muscle contractions were inhibited by placing explants in culture medium containing the
calcium channel antagonist verapamil at a concentration of 100UM [380].
ACK2 anti Kit antibodies (rat anti-mouse CD117 monoclonal antibody, Chemicon Europe, Chandlers
Ford, UK) have been shown to inhibit Kit [229, 381], abolishing the normal pattern of slow wave

activity [229]. Concentrations of 5 ug/ml and 10 pg/ml of ACK2 (previously used in culture and
notedto inhibit Kit positive cells [59]) were added to the culture medium from the beginning of the
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culture, and medium containing this concentration of ACK2 antibodies was used for each medium
change [229]. Controls used a non relevant antibody (mouse anti-actin monoclonal antibody, clone

AC4O, Sigma Aldrich) at 10yg/ml.

Bei

Establishing methodology

Thefirst series of experiments used distal colon and added TTX for 5 minutesprior to timing of
contractions. This work showed a trend towards a difference in contraction frequency, but it was
notsignificant (see Figure 3-1). Given that the samples were being maintainedin a petri dish rather
than an organ bath, we decided totest if duration of incubation would alter the effect of TTX, and

thus establish the optimum length of time for addition of the inhibitors to the explants. Therefore
a series of explants had TTX added and contractions measured at 5 minutes, 1 hour, 12 hours and

24 hours. For 12 and 24 hour samples, the inhibitor was added the day before (E18.5) to ensure
the measurementsof contractility would remain the same and fresh medium andinhibitor was
added one hour prior to measurementof contractions to ensure that each sample had optimum
conditions. The results of this can be seen in Figure 3-1. Using this data, it was subsequently
decided to incubate all samples for 12 hours with the inhibitor (TTX/L-

NAME/spermine/atropine/verapamil), refreshing the medium and inhibitor (TTX/LNAME/Spermine/Atropine/Verapamil) 1 hour prior to measurement of contractions. The controls

for these experiments were explants in which no inhibitor was added, but the same pattern of
medium changeswas undertaken,including a change 1 hour prior to measurementof contraction.
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3.2.4.

Calcium Imaging

This was carried out as described in Chapter 2. Samples were treated with 1M TTX to assess the
effect of inhibition of the ENS on the co-ordinated wavesof calcium seen in chapter 2.

S.2a de

Statistics

Data were analyzedusing Origin 5.0™ (Microcal, Studio City, CA), Graphpad prism 4™ (Graphpad
Software, San Diego, CA), Microsoft Excel™ and Matlab™ (Mathworks, Natick, MA). Data are

expressed as mean (+/- SEM). Significance was defined as p < 0.05. The normality of values was
established using the Kolmogorov-Smirnovtest [365]. Significance was determined using Mann
WhitneyU test, Students t test, or one way ANOVA with Bonferroni’s or Dunn’s corrections as

appropriate.

3.3.

Results

3.3.1.

Effect of TTX addition on cultured bowel samples over time

The addition of 11M TTX for various times produced a non-significant increase in frequency of
contractions in the cultured distal colon samples after 5 minutes. However, comparing the
frequency of contractions between the control (E11.5 ganglionic distal colon cultured for 8 days
(E19.5 equivalent)) and identical samples that had been inhibited for 12 hours and 24 hours
revealed an increase in contraction frequency from a mean of 42mHzto one of greater than

70mHz. Analysis with a one way ANOVA demonstrated that this wasa significant increase in the
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contraction frequency comparedto the controls (p<0.05) (Figure 3-1). Following this experiment, a
12 hour incubation period was used for all ENS inhibitors (Verapamil, atropine & L-NAME).

i

Enteric Nervous System Regulation is limited to the Distal
Colon at Term Equivalent in cultured samples

To investigate any regulatory effects of the ENS in cultured bowel, inhibition studies were
performed, using TTX and L-NAME initially. As a control, freshly harvested colon from newborn
mice underwent measurementof contraction frequency with and without 1M TTX.

Addition of

TTX to the newborn colon samples produceda significant increase in the frequency of contractions,
doubling the average frequency (49.5 v 114.8mHz p<0.01 Student’s t test) compared with
untreated newborndistal colon (Figure 3-2), showing that in normally developed murine colon
there is ENS regulation at this point in development. The appropriateness of our model was then
assessed, by comparing the effect of adding 1M TTX to E11.5 ganglionic distal colon cultured for 8
days (E19.5 equivalent). The addition of TTX to E19.5 equivalent ganglionic distal colon produced a
significant increase in the frequency of contractions (42.2 v 73.8mHz p<0.01 Student's t test)
similar to that seen in the newborndistal colon when it was treated with TTX (Figure 3-2 & Figure

3-3).
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Figure 3-1

Graph showing contraction frequencies of cultured distal colon (Mean and SEM)

withoutinhibitor (n=12, frequency 42.2mHz +/- 3.4) and after addition of 1M tetrodotoxin (TTX)
for 5 minutes (n=8, 62.1mHz +/- 5.2), 1 hour (n=7, 70.5mHz +/- 8.6), 12 hours (n=7, 75.7mHz+/7.5) and 24 hours (n=8, 73.8mHz +/- 4.2). Results were compared using a one way ANOVA,and
there was a significant increase in frequency of contractions (P<0.05) between E11.5distal colon
cultured for 8 days (E19.5 equivalent) without TTX and those incubated for 1 hour, 12 hours and 24
hours. Error bars = SEM.
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In bowel explanted at £11.5 and cultured for 8 days (E19.5 equivalent), TTX produced no changein
the overall frequency of contractions in caecum or aganglionic distal colon (Figure 3-4A & E). As
previously noted (Figure 3-3), addition of TTX to E19.5 equivalent cultureddistal colon significantly
increased the rate of contractions (Figure 3-3 & Figure 3-4C) (p < 0.01 Student’s t test). The
addition of the nitric oxide synthasespecific inhibitor L-NAME to caeca and aganglionic distal colon
produced no changein bowel wall movementfrequency(Figure B and F), but the ganglionic distal
colon bowel wall motion increased to a similar degree as that seen with TTX (Figure 3-4D) (p< 0.01
Student’s t test). Cultured ileum was also tested using TTX, with no effect on bowel wall frequency
at the time points measured (E11.5 ileum cultured for 6 and 8 days - E17.5 and E19.5 respectively,
demonstrated in Figure 3-5). The only E19.5 equivalent cultured bowel specimens where there
was anyeffect from ENS inhibition were the ganglionic distal colon ones. The increase in frequency
of contractions seen in E19.5 equivalent cultured ganglionic distal colon with the addition of TTX
was suchthat the rate was similar to aganglionic cultured distal colon samples.In fact, when
comparingthe rates of contractions of bowel explanted at £11.5 and cultured for 8 days (E19.5
equivalent), the frequency of contractions of ganglionic distal colon was significantly slower than
ganglionic distal colon plus TTX, aganglionic distal colon, and aganglionic distal colon plus TTX (p <
0.05 one way ANOVAwith Bonferroni’s Correction), but there wasnosignificant difference
between any of the other samples contraction frequency.
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NewbornDistal Colon

NewbornDistal Colon TTX

Graph of the frequency (Mean +/- SEM) of contractions of newborndistal colon,in

the absenceor presence of tetrodotoxin (TTX) (n=7 for both groups). Addition of TTX results in a
significant increase in contraction frequency (49.5 v 114.8mHz p<0.01 Student’st test).
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Figure 3-3

Graph comparingthe effect of tetrodotoxin on cultured distal colon (E11.5 cultured

for 8 days, E19.5 equivalent) and distal colon from newborn mice (Mean + SEM). Cultured
ganglionic distal colon +TTX (n=8) and -TTX (n=12) showsa significant difference in frequency (42.2
v 73.8mMHz p<0.01 Student’s t test) as does newborn (n=7) v newborn +TTX (n=7) (49.5 v 114.8mHz
p<0.01). There is no significant difference between cultured distal colon and newborndistal colon
(see Chapter2).
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Inhibition of the enteric nervous system in E11.5 explants cultured for 8 days. All

graphs show frequencyof contraction (Mean +/- SEM) for 8 day cultured samples with or without
addition of 20 pg/ml tetrodotoxin (TTX)(A,C,E) or mM N,,-Nitro-L-arginine methyl ester
hydrochloride (L-NAME) (B,D,F). (A) Caeca, with (n=8) and without (n=12) TTX. (B) Caeca, with
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(n=10) and without (n=12) L-NAME. (A & B) No difference in frequency was noted. (C) Ganglionic
distal colons, with (n=8) and without (n=12) TTX. (D) Ganglionic distal colon, with (n=8) and
without (n=12) L-NAME. (C & D) TTX and L-NAME increased the contraction frequency of
ganglionic distal colon significantly (TTX p<0.01, L-NAME p<0.01, Student’s t tests). (E) Aganglionic
distal colon, with (n=7) and without (n=16) TTX. (F) Aganglionic distal colon, with (n=8) and without
(n=16) L-NAME. (E & F) No differences in frequency were noted.
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Figure 3-5

Graphsof the frequencyof contraction of various cultured samples (E11.5 cultured

for 6-8 days, E17.5-E19.5 equivalent) under normal culture conditions or in the presenceof
tetrodotoxin (TTX). (A) Graph of the contraction frequency of cultured E17.5 equivalent ileum,
caeca anddistal colon under normal culture conditions and with the addition of 14M TTX. No
sample type showedanysignificant difference in contraction frequency after the addition of
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inhibitor. (B) Graph of the contraction frequency of cultured E19.5 equivalent ileum, caeca and
distal colon under normal culture conditions and with the addition of 1M TTX. Neither E11.5
lleum (n = 11) or caeca (n = 12) cultured for 8 days (E19.5 equivalent) showedanysignificant
difference to identical samples following addition of TTX (n = 7 and 8 respectively). Distal colon (n
= 12) significantly increased the frequencyof contraction after the addition of TTX (n = 8) (p<
0.0001 Student’s t test) compared to controls. * = P< 0.05. Error bars on graphs = SEM.
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In order to confirm that the frequency changeseen by addition of either TTX or L-NAME was
caused by the same mechanism, samples were tested following addition of both inhibitors. The
results (Figure 3-6) show that there is no additional increase in the contraction frequency after
addition of both inhibitors. Using a one way ANOVAwith Bonferroni's correction, there was a

significant difference (p<0.05) between the ganglionic distal colon and samples with TTX, L-NAME
or both added,but no difference between TTX, L-NAME or TTX & L-NAME supplemented samples.
It was notedin chapter 2 that the difference in contraction frequencyin distal colon between
aganglionic and ganglionic distal colon was only apparent at 8 days in culture (E19.5 equivalent)
(Figure 2-9), suggesting that the onset of neural control occurs after E17.5. To confirm that the
timing of onset of ENS regulation is after E17.5, TTX was addedto cultured ganglionic distal colon
samples at 6 daysin culture (E17.5 equivalent) to see if the inhibition of ENS at this earlier time
point had anyeffect on contraction frequency. As seen in Figure 3-7, there was no differencein
the frequency between distal colon at E17.5 equivalent with or without addition of TTX (50.0 v
42.5mHz p=0.273 Mann WhitneyU test).
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Figure 3-6

Graph showing frequency of contractions (Mean + SEM) with concurrent addition

of L-NAME and TIX producesa similar increase in frequency of contraction as individual addition.
A significant increase in frequency (One way ANOVA p<0.05) wasnoted with the addition ofeither
or both inhibitors. There was no difference between the frequencies of either or both inhibitors
applied together.
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Figure 3-7

Graph comparing the frequency of contractions (Mean + SEM) of cultured distal

colon at 6 days culture (E17.5 equivalent) with (n=4) and without (n=12) tetrodotoxin (TTX). There
is no significant difference (50.0 v 42.5mHz p=0.273 Mann WhitneyU test).
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Additional pharmacological inhibition was performed on a separate series of cultured bowel
specimens. The effect of addition of 100UM Spermine (a NO donor), 1M Atropine (a
parasympathetic antagonist) and 100M Verapamil (Calcium channel antagonist which inhibits
smooth muscle) were examined. The results for these experiments are showngraphically in Figure
3-8 and Figure 3-9. The addition of 100M Spermine to cultured caeca and aganglionic distal colon
resulted in a significant reduction in frequency of contractions. E11.5 caeca cultured for 8 days
(E19.5 equivalent) contracted with a mean frequencyof 72.5 (+/- 28.5) mHz, which was
significantly reduced by the addition of spermine (29.2 +/- 10.95mHz, p=0.0002 Mann Whitney U
test). For E11.5 aganglionic distal colon cultured for 8 days (E19.5 equivalent), addition of
spermine also significantly reduced the contraction frequency from 59.6 +/- 16.6mHz to 41.4 +/4.3mHz (p=0.014 Student’s t test). However, no changein the frequency of contractions was seen
when spermine was addedto explants of cultured ganglionic distal colon, with contraction
frequencies of 42.22 and 48.33mHz respectively (p=0.11 Mann WhitneyU test).
Addition of 14M Atropine to the three sample types produced significant decrease in the
contraction frequency of the caeca (72.5 v 38.3mHz, p=0.0009 Mann Whitney test), a significant
increase in the frequency of ganglionic distal colon (42.2 v 91.9mHz, p=0.0001 Student’s t test), and
a decrease in the frequency of aganglionic samples that trended towardssignificance (59.6 v
44.1mHz, p=0.051 Mann WhitneyU Test).

The addition of 100,.M Verapamil abolished contractions in the cultured E19.5 equivalent caeca
and ganglionic distal colon samples on which it was tested (Figure 3-9).
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Figure 3-8
colon at E19.5.

The effect of spermine and atropine on caeca, ganglionic and aganglionic distal
(A) In normally innervated caeca, addition of 1004M Spermine produced a

significant decrease in the frequency of contractions (72.5 v 29.2mHz, p=0.0002 Mann Whitney U
test). Addition of 1uM Atropine also produced a significant decrease in the frequency of
contractions (72.5 v 38.3mHz, p=0.0009 Mann Whitney U test). (B) In ganglionic distal colon the
addition of 100uM Spermine produced no change in the frequency of contractions (42.2 v
48.3mHz, p=0.11 Mann WhitneyU test). However, addition of 1M Atropine produceda significant
increase in the frequency of contractions (42.2 v 91.9mHz, p=0.0001 Student’s t test).

(C) In

aganglionic distal colon, the addition of 100M Spermine produceda significant decrease in the
frequency of contractions (59.6 v 41.4mHz, p=0.014 Student's t test). Addition of 1M Atropine to
cultured £19.5 equivalent aganglionic distal colon produced a decrease in the frequency of
contractions which showed a trend towardssignificance (59.6 v 44.1mHz, p=0.051 Mann Whitney

U Test).

j
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Figure 3-9

The frequencyof contraction in samples of E11.5 8 day cultured (E19.5 equivalent)

distal colon (n=12) and caecum (n=12) was comparedfollowing the addition of 100M Verapamil
(n=8 caecum anddistal colon). The Verapamil completely abolished all contractions in the treated
samples.
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Following the observation in chapter 2 that the power spectra of cultured distal colon increased
with time, with the greatest increase at the point where ENS control was surmised to occur, the

power spectra of ganglionic distal colon samples were assessed in the presence or absence of TTX
(Figure 3-10A). In samples treated with TTX there is a marked decreasein the displacement
(power) of bowel wall together with the increased frequency of movement(Figure 3-10A).
Treatmentof aganglionic distal colon with TTX did not affect either the displacement or frequency
of contractions (Figure 3-10B).
As detailed in Chapter 2, Ca** imaging of short sections of ganglionic distal colon after 8 days
culture (E19.5 equivalent) showeda coordinated waveofincreased cytosolic Ca”* propagation
along the smooth musclelayer of the explants (Figure 2-11A). The waves propagated in both
cranial and caudal directions (Supplemental video). By plotting the half maximal point of the
upstroke of each Ca”* transient against time, the propagation velocity was shownto beconstantat
0.7mm/s over distances of up to 2mm (Figure 3-11C). No coordinated Ca”* wave propagation was
seen in isolated aganglionic explants (Figure 2-11B) or as shownbelow,in (Figure 3-11) TTX-treated
ganglionic explants (although both aganglionic and TTX treated ganglionic samples both possessed
small sections of bowel wall that had periodic increasesin intracellular Ca”* concentration but
without any apparentdirected propagation).
Taken together, these results indicate the ENS modulates and coordinates smooth muscle
contractions in the distal colon at E19.5, producing less frequent but more powerful waves of

coordinated contraction. This effect is not seen in the caecum or any other region of the prenatal
large bowel at this gestation or at E17.5, consistent with the observation that the ENS only exerts
this modulatory role in the distal colon at this point in development.
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Power spectrum analysis of the effects of TTX on motion of ganglionic and

aganglionic distal colon explants in culture. Explants were removedat £11.5 and culturedfor 8
days (E19.5 equivalent). (A) Ganglionic distal colon (n=12) and Ganglionic distal colon plus TTX

(1M) (n=8). Using fast Fourier analysis, the power in the frequency range 0-0.3 seconds was
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significantly reduced after the addition of TTX (801 +/- 55.7 vs. 310 +/- 36.6, p < 0.01, two-tailed t
test). (B) Aganglionic distal colon (n=15) and aganglionic distal colon plus TTX (1M) (n=11). Using
fast Fourier analysis, the power in the range 0-0.3 seconds wasnotsignificantly different after the
addition of TTX (875 +/- 53.1 vs. 802.1 +/- 127.9, p = 0.61, two-tailed test). Both graphs show Mean
+/- SEM.
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Ca”* wave analysis of E11.5 ganglionic distal colon explants on day 8 in culture

(E19.5 equivalent) treated with 1pM tetrodotoxin (TTX). The Ca** transients were measured at
0.5mm intervals along the explant. Tetrodotoxin treated ganglionic distal colon show no
coordinated propagation of Ca** waves.
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3.3.3.

Interstitial Cells of Cajal are Necessary for the Developmentof
Gut Wall Motility

Presence of ACK2 anti Kit antibodies in the medium throughoutthe culture period resulted in a
concentration-dependentinhibition of contractions in the explants. There was a reduction in the
number of samples showing bowel wall motion on days 6 and 8 of culture with S5ug/ml (Table 3-1).
Using 10ug/ml concentration of ACK2, there was a reduction in the number of samples exhibiting
bowel wall motion atall time points up to day 8 (Table 3-1). No samples had any detectable bowel
wall motility after 8 days in the presence of 10ug/ml ACK2 (Figure 3-12).
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Bowel wall

Bowel wall

Bowel wall

motion in

motion with

motion with

normal culture

5ug/ml anti Kit

10pg/ml anti Kit

(%)

antibody (%)

antibody (%)

Time in culture
Day 4

Caecum

10/12 (83)

2/4 (50)

0/4 (0)

Ganglionic Distal Colon

3/12 (25)

1/4 (25)

0/4 (0)

Aganglionic Distal Colon

6/12 (50)

1/4 (25)

0/4 (0)

Caecum

12/12 (100)

1/4 (25)

2/4 (50)

Ganglionic Distal Colon

12/12 (100)

1/4 (25)

0/4 (0)

Aganglionic Distal Colon

12/12 (100)

2/4 (50)

0/4 (0)

Caecum

12/12 (100)*

2/4 (50)

0/4 (0)*

Ganglionic Distal Colon

12/12 (100)*

3/4 (75)

0/4 (0)*

Aganglionic Distal Colon

12/12 (100)*

3/4 (75)

0/4 (0)*

Day 6

Day 8

Table 3-1

Number of samples exhibiting bowel wall motility at various times in normal tissue

culture conditions and with the addition of 5ng/ml or 10ng/ml of anti Kit neutralising antibody, for
various anatomical areas. *Significance for difference between number of explants contracting

with and without addition of 10ug/ml anti Kit antibody after 8 daysin culture:

p<0.05 for all

regions, 1-way ANOVA with Dunn’s multiple comparison test.

10
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100;

Figure 3-12

*

Graphof frequency of contractions (Mean + SEM) showingthe effect of addition of

10yg/ml anti Kit antibody to culture medium on bowel (caecum,ganglionic distal colon and
aganglionic distal colon) cultured for 8 days (E19.5 equivalent), resulting in complete abolition of

contractions in caecum,ganglionic distal colon and aganglionic distal colon (n=4all groups).
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3.4.

Discussion

As shown in Chapter 2, and consistent with a recent report showing anally directed propulsion of
gut contents in ENS deficient mouse embryos [362, 370], the onset and initial development of

bowel wall motility in the prenatal colon is independent of the presence of the ENS. The work we
present hereis largely in agreement with previous reports noting that inhibition of preterm ENS
activity by TTX, or inhibition of nitric oxide synthase, doesnotaffect overall colonic motility [351].
For example we concur with their finding for the caecum, where at term equivalentthereis no
demonstrable effect of TTX or L-NAME addition. However, the system that we have developed
uses localized observations, while the group above have examined the colon as a whole, using

spatiotemporal mapsto assess the overall level of activity (they also termed the immature
movementsthey saw “ripples”) [351]. The spatiotemporal map is created by measuring variations
in the diameter of the colon, and plotting the diameter of the entire colon against time, using
colours to show the alterations of diameter at a given point [351]. Immature movements not
affected by TTX (the ripples) predominated until at least postnatal (P) day 6. Subsequently, ENS
controlled colonic motility becomes inducible and is fully established by P10 [351]. As detailed in

Chapter 2, the digital video capture system we have developedusesdiscrete local measurements
and a specific distal colon effect not visible when examining the bowel as a whole has been
demonstrated here.

To establish that this changein contraction frequencyis related to the ENS, we examined
aganglionic distal colon samplesand found that the frequencyof contractions was unchangedafter
either TTX or L-NAME addition, excluding a direct effect of the inhibitors on the ICC or SM.
Furthermore, treatment of explanted newborn mousecolons with TTX showed a symmetrical
increase in the contraction frequency, suggesting the culture system weare using developsina
similar fashion to distal colon in vivo.
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The effect of blocking NO synthesis with L-NAME in cultured distal colon was equivalent to that
seen after TTX, suggesting NO-induced hyperpolarisation and relaxation of circular smooth muscle
is the major neuronal regulator in distal colon at this point in development[234]. This hypothesis
was strengthened bothby the result of dual addition of L-NAME and TTX, which produced the
same increase in contraction frequency, and by the addition of spermine to samples. Spermine,
acting as an NO donor,did not have anyeffect on the already slowly contracting ganglionic distal
colon, whereasall of the other samples underwent a reduction in the frequency of contractions
measured. This would suggest that in the ganglionic distal colon after 8 days culture, thereis
already a maximal NO effect acting to suppress the contractions seen in this region. Indeed, the
reduction in the contraction frequency of E19.5 equivalent aganglionic distal colon in the presence
of exogenous NO from spermine (Figure 3-8) resulted in a contraction frequency notsignificantly
different to that seen in the ganglionic distal colon (ganglionic distal colon 42.2 +/- 11.7mHz,
aganglionic with spermine 48.3 +/- 4.3mHz, p = 0.152 Student’s t test).
Just as the difference in contraction frequencies of ganglionic and aganglionic distal colon seen in
Chapter is only seen after E17.5 equivalent (6 daysin culture), there is no difference in the
contraction frequencies of ganglionic distal colon +/- TTX observed earlier than E19.5 equivalent
(Figure 3-7), suggesting that there is no active ENS control of the contractions earlier in the
prenatal period. Thereis little published evidence about the onset of ENS function (as opposed to
cell migration or differentiation — see Chapter 1). The nearest equivalent is work done in the early

1970’s usingelectrical field stimulation, which did note changesin the response of longitudinal
muscle of mice to ENSinhibition, using the small bowel at E16 (suggesting prenatal onset of a
functioning ENS) [355]. Our work would suggest that although the ENS may have developedbythis
time point in the small bowel, it does not become functional until later on. However, the
constituents of a functional ENS do appear to be present before the onset of ENS control, as
evidenced by the response of caecum to the NO donor spermine. Given that electrical field
stimulation is an artificial method of stimulating the ENS to react rather than a measure of ENS
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function, the results of our work and the field stimulation, in addition to the spatiotemporal

mapping, point to a developed but notyetfully functional ENS in the bowel during the late prenatal
period.
Following the addition of atropine (a muscarinic antagonist), a reduction in the function would be
expected occur, and in adult humans it has been reported as causing paralytic ileus and pseudoobstruction [382, 383]. In the cultured samples, the expected reduction in contraction frequency

was seen in caeca (significant) and aganglionic distal colon (trend towards significance), but
ganglionic distal colon increased the contraction frequency seen. Previous work that has shown
that circular muscle in colon is capable of contracting in the presence of 11M atropine [378],
althoughit is entirely unclear why ganglionic distal colon would increase its frequency of
contraction when challenged with atropine. Although not a key factor with regard to the additional
experiments in Chapter 4,this is an anomaly and would merit additional investigation in future.
Verapamil was expected to produce complete abolition of movement, acting to inhibit the SM, and
in all the samplestested all contractions were abolished. The functional data presented is
therefore consistent with the observation that contractionsin the distal colon after E17.5 are
under the control of the ENS, acting via nitric oxide, which reduces the frequency and increase the
power of bowel wall contractions.
As noted in chapter 2, there are several examples of the use of fast Fourier transformations in

different biological systems, although to our knowledgeit has not previously been used to analyse
the amplitude of bowel wall motion [372]. Applying this analysis to bowel wall movement, we
have shown the increase in frequencyin TTX treated ganglionic distal colon when compared to
ganglionic distal colon was accompaniedby a decrease in displacement, as slower, more powerful
bowel wall motion occurred. Furthermore, Ca”* imaging data showsthat over small lengths of
ganglionic distal colon (3mm) TTX blocked coordinated propagation of the Ca”* wave, which is

absent in aganglionic distal colon. This requirement for a functional ENS to coordinate calcium
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waveshas previously been demonstrated in adult mouse colon [370, 371]. Alterations in the
calcium waves in Endothelin-3 receptor deficient mice (who havedistal aganglionosis in a pattern
similar to HSCR — see Chapter 1) have been described, but only in adult mice (age 20-90 daysold)
[362]. Our workis the first study to look at term distal colon, and showsthat the alterations in

calcium wavesare present from term equivalent in the cultured samples. The coordinating effect
of the ENS shownbythe calcium data would explain the increase in power and frequency
regulation seen in power spectra data of ganglionic distal colon. This increase in power is lost
following treatment with TTX and is not noted to occur in the samples without an ENS, suggesting
that it is an ENS mediated event. This is in addition to the ENS functions on longitudinal muscle
previously shownin prenatal bowel using electrical field stimulation [355].
The addition of ACK2 antibody to the culture medium resulted in a time and concentration
dependentinhibition of function. The first recorded appearance of slow wavesfrom the ICC in the
murine small intestine is E19 [103] (no equivalent data for the colon could be found), and using
ACK2 the length of time needed for complete inhibition of slow wavesin older bowel specimens
has been found to be 8 days [59]. Recent work using 7 week old Ws/Wsmutantrats (the rat
equivalent of the Kit”’’/ Kit” mice with disrupted ICC, and in this case have no ICC in Auerbach’s

plexus but do retain reduced numbers in Meissner’s plexus) has shown that pacemaker activity in
the colon is altered by the lack of ICC, with decreased and disordered motion (in addition to
decreased NO signalling). Closer examination of this work showsthat although spontaneous
activity is recorded in all areas of the colon, there is a decrease, most evidentin the distal colon

[384]. Indeed, the example recording of spontaneousactivity in the distal colon shows no motion
at all. The lack of observed activity in our samplesis therefore consistent with the generalised
reduction seen in mutant animals that lack ICC, but shown atan earlier point in developmentthan
previously. This data showsthat in our culture model, functional ICC are essential for normal onset
of contractions.

For clinicians, although thisis in vitro work, it may help to explain the lack of pre-natal diagnosis in
HSCR. The confirmation of the suggestion made in chapter 2, that ENS control in the murine colon
is limited to the distal colon, may explain why prenatal sonographyis of no use as a diagnostic tool
for Hirschsprung’s disease neonatal period [372], as at the time of the USS (usually approximately
20 weeks gestation) the bowel would beutilizing ENS independent contractions, leaving children to
present in the neonatal period. In addition, although this is mouse workcarried outin vitro, the
lack of ENS input adds to the direct information regarding the functional difficulties experienced by
prematureinfants in whom feeding can be very difficult. Our work provides new data, and
correlates with the observation that MMC onlyoccur in later gestation [233], and may act asa
pointer to redirect future pharmacological intervention in this area to direct SM or ICC stimulating
agents as the ENS is not developedto the pointof full function at the gestations the preterm
babies are bornat.
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4.

Chapter 4 - Functional effects of ENS transplantation

4.1.

Introduction

4.1.1.

Background

It has been previously noted (Chapter 1 [233, 349-353]) that there is a paucity of information
regarding the control mechanisms present in developing bowel. The workin the previous chapters
has focussed on the assessmentof a murine in-vitro culture system for embryonic bowel from a
functional perspective. This was initially done through the observation of the normal motility
(Chapter 2) and then throughassessing the role played by smooth muscle, ICC and ENS
mechanisms present in samples (Chapter 3). Particular attention has been paid to the results from
ganglionicdistal colon and aganglionic distal colon, which suggests that the onset of ENS control is
late in gestation (E17.5 equivalent in the mouse), and acts to slow the rate of contraction while
increasing the power in each contraction primarily through NO releasing neurons (Chapter 3).
As has been previously mentioned, Hirschsprung’s disease (HSCR)is caused by failure of
migration of the ENS precursor cells, and some progress has been madein theisolation and
transplantation of ENS stem cells in order to restore function to the aganglionic bowel [331]. Part
of the motivation for this work was the observation that as well as differentiating into neurons and
glia, the ENS precursor cells that migrate through the embryonic bowel leave a small population of
ENS stem cells spread throughout the bowel that persist into the postnatal period [334, 335]. It
has been demonstrated byseveral groups(including ours) that it is possible to culture enteric
nervous system stem cells in vitro from mice, rats and humans using samples from both embryonic
and postnatal bowel [199, 334-337]. These ENS stem cells have been isolated and cultured to form

neurospheres(cellular aggregates containing cells with characteristics of stem cells and more
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differentiated cell types including neurons and glia [346]), which are capable ofdifferentiating into
a variety of neural phenotypesin vivo. Other work from our group using the explanted aganglionic
distal colon culture system used previously in this thesis has shown that human and mouse
neurospheresare capable of forming axons and colonising embryonic aganglionic mouse bowel in
vitro [335]. They are also capable of generating appropriate neuronal subtypes [345]. However,
this work did not address whether this ENS transplantation was capable of altering the function of
the cultured bowel, and if so, what control mechanisms are in place to achievethis alteration in
function.

4.1.2.

Aims and Hypothesis of this Chapter

The overall aim of this chapter is to undertake experiments designed to achieve points 3-5 from
aims of the thesis section (see 1.6):
3) Study the functional effects of ENS neurosphere (embryonic mouse neurosphere [EMNS)
and postnatal human neurosphere [PHNS]) transplantation into aganglionic samples of
bowel grown in culture.
4)

Establish if any alterations in function in transplanted samples of bowel compared to
aganglionic are in response to formation of a neo-ENS.

5) Ahistological assessment of neurosphere transplantation has already been undertaken
(see Almond etal. [345]). Additional information on the ultrastructure of the transplants,

using electron microscopy, would help establish if any functional alterations noted from
aim 4 are biologically plausible. This would require collaboration with other teams and/or
departments.
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To achieve this we used the culture system [345] (Chapter 2), with digital imaging (Chapter 2) to
measure contraction frequencies in transplanted and non-transplanted samples(as controls).
Postnatal human and embryonic mouse neurospheres (PHNS and EMNSrespectively) were grown
in culture [335, 345] and transplanted (at the normal gestational age for this to occur in the distal
colon (E11.5) [345]). Frequency of contraction of samples was recordedat days 8-10 of culture
(E19.5-E21.5 equivalent) and compared with non-transplanted cultured samples of identical
gestations. This combined time pointis later than in previous chapters as the work of Richard
Lindley (thesis pending) has shown thatthe differentiation of postnatal human neurospheres is
slower than those of embryonic mouse samples. In the event of differences in the contraction
frequency being noted, additional transplanted samples were cultured and the frequency of
contraction measured at the same equivalent gestations in the presence of ENS inhibitors (TTX and
L-NAME as per Chapter 3). This was to determine if any changes recorded in contraction frequency
were due to a functional ENS acting on the explanted sample or through another, non-ENS
mediated mechanism.

In addition, calcium imaging of the transplanted samples were undertaken to determine if
transplantation would result in a coordinated calcium wavesimilar to that seen in ganglionic distal
colon, and whether TTX would abolish this. In addition to function, we also hypothesized that

transplantation would produce neuronscapable of forming normal relationships (e.g. synapses)
with constituent tissues (smooth muscle and ICC) of the recipient bowel, and examined this using

electron microscopy in collaboration with Professor Faussone-Pelligrini of the University of
Florence.
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4.2.

Materials and Methods

4.2.1.

Generation of embryonic mouse neurospheres (EMNS)

This technique is identical to that previously published by our group [345]. Time mated female CD1 mice (Charles River) were sacrificed at 11.5 days gestation. The uterus was removed immediately
and transferred to a 50ml container with culture medium. The embryos were then removed from
the uterus using scissors and gentle squeezing to extrude an amnion covered embryoplus
placenta. Under a dissecting microscope (x16 magnification), the amnion wasdissected and the
vessels connecting the placenta to the embryo were divided. The embryo was then stabilised with
entomology pins and the caecum identified (an extra-peritoneal structure at this gestation). The
caecum was then dissected away from the remainder of the gut and transferred to a 15ml test
tube containing DMEM, maintained in a water bath at 37°C. Onceall the caeca were removed

from the embryos,the test tube was centrifuged gently (800rpm, 3 mins) and the tissue culture
solution removed. This was replaced by 2ml PBS containing 100pl Trypsin (Gibco), and incubatedin
a water bath (37°C) for one hour. Following additional centrifuging (800rpm, 3mins) and
trituration, the resulting single cell suspension was transferred to 35mm Petri dishes, and
incubated (372C, 5% CO). Embryonic mouse neurospheres (EMNS) formed in the culture and the
transplantation experiments were carried out using 21 day incubated EMNS throughout, as

previous work has shown thatat this time point the resulting EMNSare capableof transplanting
aganglionic bowel [345] and differentiating into appropriate neural phenotypes[345].
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4.2.2.

Generation of postnatal human neurospheres (PHNS)

Ethical approval for the generation of human neurospheres wasobtained from the Liverpool
Research Ethics Committee (04/09/RE “Isolation of Human Enteric Nervous System Stem Cells”).
Human bowel samples werecollected from extra bowel that would routinely have been removed
at surgery (e.g. closure of a stoma). The method for postnatal human neurosphere was identical to
that previously published by our group [345]. Following excision at surgery, the sample was
immediately wrappedin sterile gauze soaked with sterile normal saline and placed in a
microbiology sterile screw-top container for transportation to the laboratory. After transportation,
the sample was washedin sterile PBS three times. The free muscle layers were dissected from
submucosa and mucosa, with the serosal side cleaned to remove blood vessels and fat, and the

muscle layer cut into small pieces (1-2mm”). These muscle strips were transferred into a conical
15ml container containing PBS and centrifuged gently (800rpm 1 min) to ensurestrips are at the
base of the container. The PBS was then removed and replaced with 2ml of a 0.5% (w/v)
collagenase/0.5% (w/v) dispase (Gibco) solution, and placed in a water bath for 1 hr (372C).
Following a second gentle centrifuge (800rpm, 1 min), the collagenase/dispase solution was
replaced, and the mixture vortexed for 30s to break up tissue, then triturated gently using plastic
Pasteur pipette to further break up the muscle strips, before returning to the water bath for 1 hr.
For neonatal samples, the samples werecarefully reviewed after trituration: if most of the tissue
had dissolved and a single cell suspension resulted, then the cells werefiltered (see below). Ifa
single cell suspension had not resulted, then the sample was triturated again and replacedin the
water bath with fresh collagenase/dispase solution. Once a single cell suspension was achieved
(usually after 2-3 cycles), the resulting suspension wasfiltered through a SOmicrometer mesh filter
over a large 50ml sterile conical tube, and the resultantfiltrate collected and centrifuged (800rpm
5 min). The supernatant was then removed and replaced with 1ml culture medium. This was
divided between 35mm Petri dishes and the dish topped up with warm culture medium to 4-5 ml
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volume. The cell culture was then incubated (37°C, 5%CO,) and cultured for 21 days, as per
previous protocols [345]. Medium was changed every 48 hours.

4.2.3.

Transplantation of Neurospheresinto aganglionic hindgut

The neurospheres (EMNS & PHNS)used in these experiments were 21 days old, and
transplantation was carried out in an identical manner to that previously published [345].
Neurosphereswereagitated in their Petri dish using a 100pI pipette. Individual neurospheres were
then selected under the dissecting microscope (x16 magnification) and transferred by plastic
pipette onto the membranecontaining the aganglionic hindgut samples. Anindividual
neurospherewas then positioned sothat it was in contact with the proximal end of the aganglionic
hindgut. Unlike non-transplanted samples, where a small volume of culture medium wasplaced on
top of the samplesatthefirst medium change at 24 hours,in transplanted samples the addition of
tissue culture medium on top of the sample is delayed until 48 hours to allow time for the
neurosphere and sample to fuse. Samples were otherwise cultured in an identical manner to those
described in chapter 2.

4.2.4.

Culture of Prenatal Gut

The transplanted samples were keptin culture under identical conditions to those detailed in
chapter 2. In samples in whichinhibition of the ENS was required, Tetrodotoxin (TTX) (a nonspecific inhibitor of neural transmission) and N,-Nitro-L-arginine methyl ester hydrochloride (L-

NAME) (a nitric oxide synthase inhibitor) were added as per the method described in Chapter 3.
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4.2.5.

Measurement of bowel wall motion

Digital image capture was carried out on samples as described in Chapter 2, with TTX and L-NAME
added as described in Chapter 3. However, transplanted samples were analysed at the additional
time points of 9 and 10 daysin culture. This is because the postnatal human neurospherestake
moretime to develop into neurospheres and innervate bowel ([345] and workbyRichard Lindley —
thesis pending).

4.2.6.

Calcium Imaging

The calcium imaging wascarried out using the same materials, methods and techniquesas those
described in Chapter 3.

4.2.7.

Immunhistochemistry

Immunhistochemistry of transplanted samples, including characterisation of the neuronal
phenotypesseen in the transplanted samples was carried out by Sarah Almond (thesis pending)
and Richard Lindley (thesis pending), and has been published by our group [345].

4.2.8.

Transmission electron microscopy

As previously mentioned, collaboration was undertaken with Professor Faussone-Pelligrini
(University of Florence). As part of this collaboration, several samples were fixed following analysis
at the laboratory in the University of Liverpool and delivered to the team in Florence for electron
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microscopy. For conventional electron microscopy, the entire colons were immersed in fixative
solution of 2% cacodylate-buffered glutaraldehyde (pH 7.4) and keptin this solution for 6 hours.
Then, they were rinsed in a cacodylate-buffered solution supplemented with sucrose, post-fixed
with 1% phosphate-buffered OsO, (pH 7.4) for 2 hours, dehydrated with graded alcohol, clarified in
propylene oxide and embeddedin Epon using flat moulds. The semi-thin sections were obtained
with a LKB NOVAultra-microtome, stained with a solution of toluidine blue in PH 0.1M borate
buffer, and then observed under a light microscope. Ultra-thin sections of the selected areas were
obtained with the same ultra-microtome using a diamond knife and stained with an alcoholic
solution of uranyl acetate, followed by a solution of concentrated bismuth subnitrate. All these
sections were examined under a JEOL 1010 electron microscope (JOEL USA Inc, Peabody, MA, USA)
and photographed.

4.2.9.

Statistics

Data were analyzed using Origin 5.0™ (Microcal, Studio City, CA), Graphpad prism 4™ (Graphpad
Software, San Diego, CA), Microsoft Excel™ and Matlab™ (Mathworks, Natick, MA). Data are
expressed as mean (+/- SEM). Significance was defined as p < 0.05. The normality of values was
established using the Kolmogorov-Smirnovtest [365]. Significance was determined using Mann
WhitneyU test, Students t test, or one way ANOVA with Bonferroni’s or Dunn’s corrections as
appropriate.
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4.3.

Results

4.3.1.

Generation of Embryonic Mouse neurospheres (EMNS) and
Postnatal Human Neurospheres (PHNS)

The generation of EMNS and PHNS,and the properties of the respective neurospheres, has been
detailed previously [335, 345]. Figure 4-1 showsrepresentative 21 day incubated EMNS and PHNS.
The PHNS were derived from five paediatric patients with diagnoses of: Hirschsprung’s disease
(HSCR) (n=3), imperforate anus (n=1) and colonic atresia (n=1), with an age range of 3 weeksto 7
months. The samples were from the sigmoid colon in four cases and terminal ileum in one case. In
all 3 cases with HSCR, ganglionic bowel was utilized to generate the PHNS.

Human

D8 transplant

D21 Neurosphere

Mouse

Figure 4-1

Day 21 embryonic mouse neurospheres (EMNS) and postnatal human

neurospheres (PHNS)prior to transplantation and at 8 days post transplantation onto E11.5
aganglionic distal colon. EMNS (arrowhead) and PHNS(arrowhead) fuse with the aganglionic
bowel. The PHNSare consistently darker than the murine ones. Previous work from our group has
also shownthat appropriate neural phenotypesare generated in both EMNS and PHNS[345]. Scale
bars = 1mm.
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4.3.2.

Functionaleffect of neurosphere (EMNS and PHNS)
transplantation

To establish whether grafting of neurospheres onto aganglionic embryonic bowel has any
functional effect on the contraction frequency of explanted bowel, we compared the contraction
frequency of both EMNS and PHNS transplanted aganglionic distal colon with the contraction
frequency of non-transplanted aganglionic distal colon and normally innervated (ganglionic) distal
colon at identical equivalent gestational ages. The measurements werecarried out at day 8, 9 and
10 of culture, and results are presented as a pooled day 8-10 data set. These time points were
chosen asit has been shownthatthe colonization of fetal bowel by PHNS is slower than that of
EMNS (R M Lindley, unpublished communication). Figure 4-2 shows that the ENS’ inhibitory
modulation of the spontaneous rate of contraction in E11.5 ganglionic distal colon cultured for 8-10
daysis similar to that in samples that have only been cultured for 8 days, causing a decreasein the
observedrate of contractions. Therefore, when testing the effect of TTX on transplanted samples,
we would expect an increasein the frequency of contractions compared to transplanted samples
not exposedto TTX if there is a functional ENS, as the presence of the ENS continuesto result in
significantly slower contractions in the explanted distal colon samples at the combined timepoint.
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The combined dataset (E11.5 ganglionic/aganglionic distal colon cultured for 8-10

days) showing the frequency of bowel wall contractionsis significantly slower in the E19.5-21.5
equivalent ganglionic distal colon (n= 23) compared to E19.5-E21.5 equivalent aganglionic distal
colon (n= 36)(p<0.01 Mann WhitneyU test).
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To establish whether grafting of neurospheres onto aganglionic embryonic bowel has any
functional effect on the contraction frequency of explanted bowel, we then proceeded to compare
the contraction frequency of both E11.5 EMNS and PHNS transplanted aganglionic distal colon
cultured for 8-10 days with the contraction frequency of E11.5 aganglionic and ganglionic distal
colon cultured for 8-10 days (E19.5-E21.5 equivalent). The results are presented as a pooled day 810 data set. The contraction frequency of E19.5-E21.5 equivalent aganglionic colon was
significantly higher than E19.5-E21.5 equivalent EMNS and PHNStransplanted aganglionic distal
colon and E19.5-E21.5 equivalent ganglionic distal colon, and there was nosignificant difference
between the contraction frequencies of ganglionic distal colon and PHNS or EMNS transplanted
distal colon (Figure 4-3). The transplantation of aganglionic distal colon with either PHNS or EMNS,
followed by an identical incubation period of 8-10 days, resulted in rescue of the frequency of
contraction back to that seen in normally innervated distal colon (Figure 4-3). Statistical analysis
with a one way ANOVAwith Tukey’s post test showsthat the column of aganglionic distal colon
datais significantly different to the other columns(p<0.05), but there is no significant difference
between the normally innervated, EMNS and PHNStransplanted samples.
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Figure 4-3

Frequencyof contraction of ganglionic (normally innervated) distal colon (n=23),

non-transplanted aganglionic distal colon (n= 36) and embryonic mouse neurosphere (EMNS)(n=
24) and postnatal human neurosphere (PHNS) transplanted samples (n= 27). The non-transplanted
aganglionic sample has a significantly faster frequency of contraction (one way ANOVAwith
Tukey’s correction) than all the other sample types. *p<0.05.
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4.3.3.

The functional effect of EMNS and PHNStransplantation is
neurally mediated

To investigate whether the functional effect of transplantation was neurally mediated, explants
were treated with tetrodotoxin (TTX) to inhibit all neural activity. In both E19.5-E21.5 equivalent
EMNS and PHNStransplanted aganglionic distal colon, the addition of TTX significantly increased
the contraction frequency (Figure 4-4). The results of adding tetrodotoxin to E11.5 samples of
aganglionic distal colon, ganglionic distal colon, EMNS and PHNStransplanteddistal colon cultured
for 8-10 days are shownin Figure 4-4. No differences were seen between the contraction
frequencies of aganglionic distal colon, aganglionic distal colon + TTX, ganglionic distal colon + TTX
and transplanteddistal colon (PHNS or EMNS) + TTX. This is demonstrated in Figure 4-5. This
indicates that blockade of neural signalling produces a rate of contraction in all samplesthatis
equivalentto the aganglionic phenotype, demonstrating that differences in contraction between
groups must be due to the presenceof functioning neurons. It also demonstratesthat the addition
of TTX does not have a toxic effect on the gut cultures. On additional analysis of the PHNS data,
the individual days in culture were analyzed separately. This showedthat there was only a trend
towardssignificance in the day 8 culture result (E19.5 equivalent), but the day 10 culture result
(E21.5 equivalent) was highly significant (data not shown). This is consistent with additional work

by Richard Lindley (unpublished communication) which has shownthat the development of PHNS
is delayed compared to EMNS.
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The effect of tetrodotoxin (TTX) on 8-10 day cultured ganglionic (n= 23, TTX n= 20),

non-transplanted aganglionic (n= 36, TTX n= 23), embryonic mouse neurosphere (EMNS)(n= 24,
TTX n= 15) and postnatal human neurosphere (PHNS) (n= 27, TTX n= 22) transplanted samples. All
graphs show frequencyof contraction (Mean +/- SEM) with or without addition of 20pg/ml TTX. (A)
Ganglionic distal colon showsa significant increase in frequency (p<0.01 Mann-WhitneyU test)
after treatment with TTX. (B) Non-transplanted aganglionic distal colon showsno significant
changein frequency (p=0.23 Student’st test) after addition of TTX. (C) EMNStransplanted samples
showed a significant increase in frequency (p<0.01 Student’st test) after addition of TTX. (D) PHNS
transplanted samples also showeda significant increase in frequency (p<0.01 Student's t test) after
addition of TTX.
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Figure 4-5

Effect of 20ul tetrodotoxin (TTX) on the contraction frequency of different sample

types. Thereis nosignificant difference in the frequency of contraction seen in the bowel wall of
non-transplanted aganglionic distal colon +/- TTX (n= 36, TTX n= 23), ganglionic distal colon + TTX
(n= 20), embryonic mouse neurosphere (EMNS)transplanted + TTX (EMNS + TTX) (n= 15) and
postnatal human neurosphere (PHNS) transplanted + TTX (PHNS + TTX) (n= 22).
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4.3.4.

Effect of Nitric Oxide synthaseinhibition on transplanted
samples

To determine if NO is the predominant neurotransmitter present in the transplanted samples,
1mM N,,-Nitro-L-arginine methyl ester hydrochloride (L-NAME), a non-specific inhibitor ofnitric
oxide synthase was used. Experiments for L-NAME addition were only carried out on samples at
day 8 of culture (E19.5 equivalent). The results are shown in Figure 4-6, where comparisons are
made with the previously shown conjugate endpoint of 8-10 days culture. The embryonic mouse
neurospheretransplants exhibited a significant increase in the frequency of contraction with
addition of L-NAME at E19.5 equivalent. For postnatal human transplants, there was nosignificant
increase in the frequency of contraction at day 8 of culture.

o Io
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Figure 4-6

Comparison between theinhibitor effects of tetrodotoxin (TTX) and L-NAME after

8 days in culture. Data for controls and TTX treated samplesis from the composite dataset E19.5E21.5 equivalent, but data for L-NAME treated samplesin both graphsis only from E19.5
equivalent. (A) Addition of 1M TTX or 1mM L-NAME to the culture medium produceda significant
increase in the contraction frequency of E11.5 embryonic mouse neurosphere transplanted (EMNS)

aganglionic distal colon specimens cultured for 8-10 (Control & TTX) or 8 days (L-NAME) (n= 24, TTX
n= 15, L-NAME n= 7) (EMNSvs. TTX, 44.1 +/- 3.2mHzvs. 65.1 +/- 3.7mHz, p<0.01 Student’s t test)
(Control vs. L-NAME, 44.1 +/- 3.2mHzvs. 60.0 +/- 3.8mHz, p = 0.03 Mann WhitneyU test). (B)
£11.5 postnatal human neurosphere (PHNS) transplanted aganglionic distal colon samples cultured
for 8-10 days (Control & TTX) or 8 days (L-NAME) (n= 27, TTX n= 22, L-NAME n= 7)). The addition of
1uM tetrodotoxin (TTX) produceda significant increase in frequency of contractions (Control v TTX,
49.0 +/- 2.7mHz vs. 65.2 +/- 3.0MHz, p < 0.01 Student’s t test). Addition of L-NAME did not have a
significant effect (Control vs. L-NAME, 49.0 +/- 2.7mHz vs. 49.0 +/- 5.5mHz, p = 0.94 Student’s t

test). * p< 0.03.
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4.3.5.

Calcium WaveAnalysis of Transplanted samples

The transplanted samples of E11.5 aganglionic distal colon (+ either EMNS or PHNS) cultured for 8
days were subject to assessmentof the calcium wavesusing the florescent dye Fluo-4AM +/inhibition with 14M TTX. Previously we have shownthat an E11.5 ganglionic distal colon sample
cultured for 8 days (E19.5 equivalent) shows a coordinated waveofincreased fluorescence that
propagated along the bowel wall at a constant rate. This is in contrast to the uncoordinated
pattern seen in E11.5 aganglionic distal colon cultured for 8 days, which displayed no coincident
peaksof calcium movement(Figure 2-11). We then proceeded to showthat the addition of TTX to
ganglionic distal colon resulted in loss of the coordination of the calcium wavesuchthatit
resembled aganglionic bowel (Figure 3-11). In this series of experiments, transplantation of both
EMNSand PHNSrestored the ganglionic coordinated pattern of calcium movement (Figure 4-7A +
C). The addition of TTX to EMNS and PHNS transplanted samples reversed the coordinating effect
of transplantation, causing discordantcalcium fluctuations (Figure 4-7B + D). This indicates that
the developmentof coordination of calcium fluctuations in the EMNSand PHNS transplanted
samples was a neurally-mediated effect (Figure 4-7B + D).
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Effect of tetrodotoxin (TTX) on the propagation of the calcium wave in embryonic

mouse neurosphere (EMNS)and postnatal human neurosphere (PHNS) transplanted distal colon
samples. All graphs show fluorescence (arbitrary units) v time (seconds). (A) EMNS transplanted
distal colon at day 8 shows coordination of the calcium waveacrossall 5 measured areas. (B) This
coordination is lost with the addition of 20pI TTX. (C) PHNS transplanted samplesalso regain
coordination propagation of the calcium waveat day8 in culture, (D) which is lost with the addition
of 20u| TTX. These results show that the transplantation results in a neurally mediated restoration
of the normal pattern of calcium wave propagation.
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4.3.6.

Electron microscopy

These results of the electron microscopy were interpreted by Professor Faussone-Pellegrini at the
University of Florence. Additional information from that presentedin Lindley et al. [385] was from
personal communication with Professor Faussone-Pellegrini.
At the ultrastructural level, the appearance of the mesothelium was unchanged from itsinitial

appearanceafter 8 days culture in transplanted bowel. A muscle coat wasidentifiable, althoughit
was thin and discontinuous, made up bycircularly oriented smooth muscle cells arranged into rows
two-three cells deep and the smooth muscle cells were not completely differentiated (Figure
4-8B)[386]. Thelack ofdifferentiation is identified in these cells, as comparedtofully
differentiated smooth muscle cells, was identified by the following properties: They are larger in
size; possessa cytoplasmfilled with contractile filaments; have dense bodies along filament
bundles and dense bands at thesite of attachmentof the filament bundles on the plasma
membrane; are noted to possess manycaveolae (invaginations of the plasma membrane); do not
exhibit rough endoplasmic reticulum (RER) cisternae (a flattened membranedisc); have smooth
endoplasmic reticulum near the caveolae together with mitochondria; and the cells have manycellto-cell contacts most of which are gap junctions (Professor Faussone-Pellegrini, personal
communication). This is consistent with the findings shown by immunofluorescence techniques
previously published [387], and the immunofluorescence used in this work which noted the poor
growth of the longitudinal muscle layer (Chapter 2).
In agreement with the results presented in Figure 4-9, no neurons were observed within the

aganglionic control distal hindgut explants (Figure 4-9A), helping exclude the possibility that some
of the ENS modulated effects seen in transplanted samples was due to “contamination” by the
leading wave of the mouse’s own ENSprior to explantation at E11.5. At the myenteric plexus level,
cells with fibroblast-like features were presentin the both aganglionic and transplanted distal
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colon, lying close to the neuronal cells in transplanted bowel (Figure 4-9A, B & C). The particular
combination of features that led to the classification of a cell as “fibroblast like” included the fact
that the cell is rich in RER, similarly to fibroblasts, but has, at variance with fibroblasts, some

caveolae and a basal lamina (Professor Faussone-Pellegrini, personal communication.). Although
not unequivocally identifiable as ICC, these cells can be considered as differentiating ICC-MY [386,
388, 389], consistent with the distinct Kit staining seen in Figure 4-8. Thesecells lie in close

apposition to the neurons, but no specialised cell-cell contacts were observed. The neuronal cells
that migrated into the transplant were mostly grouped in ganglia together withglial cells, or
alternatively were lined up as rowsofcells (Figure 4-9B & C, Figure 4-10A-C).
All neuronal cells were located at the level of the myenteric plexus and were more frequently
found near in the vicinity of the transplanted neurospheres(Figure 4-8A & C). The neuronal cells
were generally more differentiated in EMNStransplanted colon than in the PHNS transplanted
colon (Figure 4-9B & C, Figure 4-10). (The features of the EMNS neuronal cells that denoted
greater differentiation than the neuronal cells from PHNS transplants werelarger size, large Golgi
apparatus, multiple RER cisternae, possession of synaptic vesicles and a large and clear nucleus
(Professor Faussone-Pellegrini, personal communication). Again, this is consistent with the
prolongeddifferentiation time of the PNHS noted by Richard Lindley (personal communication) and
provides an explanation for the extended time period needed to observethe functional effect of
the PHNS on transplanted bowel. The PHNS cells are similar to neuroblasts [390, 391] (Figure
4-8B). In the EMNS transplanted colons, the nerve processes were more numerousthan in the
PHNS transplanted colonsandall of them contained synaptic vesicles (Figure 4-9B and Figure
4-10C). Synapse formation was observed between neurons in the EMNS transplanted bowel
(Figure 4-10C-E). The nerve endings formed synapses with the adjacent neurons and with each
other (Figure 4-10D & E), the features of which were similar to those described for differentiating
enteric neurons [390]. No synapse formation was observed between smooth muscle cells and
transplanted neurons.
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Figure 4-8

EMNSand PHNStransplanted aganglionic embryonic distal colon after 8 days in

culture. (A) Light microscopy of semithin section, toluidine blue stained showing the wall of EMNS
transplanted distal colon; the site of the neurosphereis indicated (arrow). N: neurons; M: smooth
musclecells. (B) Transmission electron microscopy of (A) showing the ultrastructure of the
smooth muscle cells. They display few small filament bundles, somecisternae of the rough
endoplasmic reticulum but no smooth endoplasmic reticulum, few caveolae and nogap junctions.
Asterisks indicate specialized junctional areas. (C) Light microscopy of semithin section, toluidine
blue stained showing the wall of a PHNStransplanteddistal colon; the site of the neurosphereis
indicated (arrow). (D) Transmission electron microscopy of (C) showing the ultrastructure of the
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smooth muscle cells. Asterisks indicate junctional areas. Scale bar represents: A = 100 um; C = 80
pum; B = 0.6 um; D=0.5 um.
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Figure 4-9

Transmission electron microscopy of aganglionic embryonic distal colon after 8

daysin culture +/- transplant with PHNS. (A) E11.5 aganglionic distal colon cultured for 8 days.
Two putative immature ICC-MY can be seen (red asterisks). The ICC-MY are spindle-shaped, with
an ovoid nucleus containing clear chromatin. The cytoplasm is clear and contains free ribosomes,
some cisternae of the rough endoplasmic reticulum (RER), a small Golgi apparatus (G), several
mitochondria and a few intermediate filaments. (B) The wall of E11.5 PHNStransplanted distal
colon cultured for 8 days. A group of neuroblasts (ganglion) and putative immature ICC-MY(red
asterisks) located around the ganglion can be seen. The neuroblasts have many polyribosomes,
very few cisternae of the RER, and the Golgi apparatusis small. Filaments and microtubules are
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absent. (C) Wall of EMNS transplanted distal colon. A group of neurons (ganglion) and one
putative immature ICC-MY(red asterisk) in its vicinity are seen. Key: G Golgi apparatus; rer
cisternae of the rough endoplasmic reticulum. Scale bar represents: A = 0.9 um; B = 1.1 pm; C = 1.2

um.
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Figure 4-10

E11.5 Aganglionic embryonic distal colon transplanted with an EMNS neurosphere

after 8 days in culture. (A) Light microscopy, semi-thin section stained with toludine blue. Two
groupsof neurons (N) are seen. (B-E) Transmission electron microscopy. (B) Two neurons(N)
and oneglial cell (glia) present in close proximity. (C) Neurons (N) grouped to form a ganglion with
multiple nervefibres (nf) visible. (D-E) Synapses (red asterisks) between nervevaricosities and
perikarya. They contain both large granular vesicles and small agranular vesicles. Numerous
coatedpits (arrowheads)are present on the plasma membraneof the neurons. Key: G Golgi
apparatus; nf nerve fibres and nerve endings; rer cisternae of the rough endoplasmic reticulum.
Scale bar represents: A = 25 um; B = 2.6 um; C = 2 um; D-E = 0.6 um.
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4.4.

Discussion

Transplanting EMNS and PHNS at E11.5 gestation restores the frequency of contraction in
aganglionic distal colon to that seen in ganglionic distal colon at day 8-10 of culture (term
equivalent). This is a neurally mediated process, and affects not only the frequency of contraction
seen in the bowel wall, but co-ordination of calcium waves propagating along the axis of the bowel.
The techniques used were based on the optical recording of contractility and smooth muscle cell
calcium movementin explants maintained in tissue culture. As was notedin the discussion to
Chapter 2, the cultured samples did not develop longitudinal smooth muscle, but we focused on
the circular muscle’s motion in the digital optical recording, and immunoreactivity was very similar
in the transplanted and normally innervated distal colon samples. Furthermore, as shownin
Chapter 2, both the caeca and distal colon exhibited the same inherent contraction frequencyat
day 8 of culture as normal caeca and distal colon removed from newborn mice. While the growth
of the cultured intestinal explants and is less than that of intestine in vivo, it should be noted that

the distal colon also undergoes much less growth when compared to the rest of the bowel and
related culture systems have proven to be a useful method to study developmentof the mouse
bowel and ENS [366]. We therefore believe that our explant culture model is suitable for the
functional assessment of enteric neurosphere progenitor cell transplantation (using neurospheres)

on the spontaneous contractions of aganglionic bowel.
As well as demonstrating a changein the frequency of contraction, the finding that the effectin
both EMNS and PHNS transplanted aganglionic distal colon samples was TTX sensitive has shown
that neurons derived from the transplanted neurospheresare responsible for the reduction in the
frequency of contraction and coordinated Ca** movements in smooth muscle. The EMNS
transplants also showedan effect to the NO inhibitor L-NAME, further suggesting neural control
being re-established. Although the PHNS transplants did not showa significant change in the
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contraction frequency following the addition of L-NAME, the delay in maturation of the human
neurospheresfound both in the electron microscopy and the workof Richard Lindley may account
for this. Additional work looking at the effect of L-NAME on PHNS transplanted samples after
culture for 8-10 days might be expected to show the expected change in contraction frequency.
Use of TEM strengthensthe case for a neural cause of the change in contraction frequency:it
showed neurons forming nerve fibres and synapses were present in EMNS transplanted aganglionic
bowel. Although primitive neural precursors (neuroblasts) were identified in PHNS grafted
aganglionic bowel, no synapses could be demonstratedafter 8 days in culture in these specimens.
This may be becauseof a slower rate of differentiation or migration in the PHNS compared to the
EMNS [334].

The results from our calcium imaging experiments also indicate that the neurosphere-derived

neurons coordinate the inherently asynchronous contractions seen in non-transplanted aganglionic
bowel by decreasing the overall frequency of contraction, while allowing propagation of the
contraction over a longer distance. This mimics the neural regulation seen in normally innervated
(ganglionic) samples at the same equivalent gestation. There is evidence that full ENS control of
the colon is not developed in the mouseuntil several days post term [351], but neonatal mice are
capable of passing stool in this time. Therefore, while this more primitive level of control may not
be sufficient to recreate the complex processes in an adult animals defecation (including rectal
contraction and relaxation of the internal and external anal sphincters [392]), it is developmentally

appropriate. Different systems, including possible transplantation into knockout mice or similar
maybe necessary to establish if the neural control achieved by transplantation is capable of
continuing to develop into the coordinated contractions and relaxations seen in adults.
The initiating stimulus for the contractions we observed mayreside in ICC, as ICC slow waveactivity
in the prenatal developing mousecolon has recently been recorded [393], and the available
evidence indicates that the actions of the ENS on bowel contractility are mediated via the ICC
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[394]. It should be noted that although Kit immunoreactivity was present in all colon explants,
transmission electron microscopy demonstrated that fully differentiated mature ICCs were not

present. However, there is evidence that immature ICC can still act ina pacemaker role in the
developing bowel [105, 393, 395]. Our findings are therefore consistent with the notion thatin
both our explant system and in vivo the ENS acts to modulate the natural inherent frequency of
contraction imposed on the distal colon by ICC pacemaker cells, and transplantation of both EMNS
and PHNSinto an aganglionic embryonic culture model is capable of altering function. With regard
to the PHNS transplants, despite the relative immaturity and degree oflesser differentiation in
terms of ultrastructure, the PHNS neurosphere-derivedcells havestill been demonstrated to be
capable of having a functional effect through TTX on both frequency and co-ordination of
contractions.
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5.

Conclusions and Future Work

5.1.

Introduction

The workin this thesis showsfor thefirst time in an in vitro culture of murine bowel the pattern of
onsetof contractility in small and large bowel and the constitutive inhibitory effect of the ENSin
cultured distal colon at term equivalent. This ENS activity coordinates bowel wall motility,
producing slower more powerful contractions (Chapters 2 & 3). In addition, our work has further
emphasised the necessity for ICC development for normal colonic motility. We then proceeded to
showthat transplantation of embryonic neurospheres of both murine and human origin is capable
of producing a restoration of the normal function seen in cultured bowel (Chapter 4).
This is useful data in its own right with regard to improving the understanding of prenatal bowel
motility, but it also has positive implications regarding the developmentof a stem cell therapy for
HSCR. This chapter will draw together the results detailed in this thesis, with additional comments

on the strengths and weaknessesof the techniques used,as well as speculating on future workin
the areas of a) increasing understanding of the onset and developmentof bowel contractility with
an aim of improving the dysmotility commonly seen in premature infants, and b) progressing
towards a successful stem cell therapy for HSCR.

5.2.

Summaryof results

Wehave demonstrated that onset of bowel wall motility in prenatal murine gut occursin a timeand location- dependent manner, beginning proximally in the ileum and extending craniocaudally.
Significantly, the frequency of bowel wall motility that develops in the caecum anddistal colon in
vitro is identical to that of term control bowel, andis similar to the rate of “ripples” seen in
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newborn mice using a spaciotemporal mapping system [367]. ENS modulation of the contractions
produced by the bowel culture was only present in distal colon samples (not caecum or ileum) at
E19.5 equivalent (8 days culture), and the primary neurotransmitter was nitric oxide. Aganglionic
samples wereunaffected by ENS inhibition. The ENS independentcontractions noted are
consistent with a report showing anally directed propulsion of gut contents in ENS deficient mouse

embryos [352]. Given the similarities in contraction frequencies despite the poor development of
the longitudinal muscle in the gut explants, we conclude that the contractions we measured result
primarily from circular muscle activity, with little contribution from the longitudinal muscle, that
ENS modulation of the contractions does not occur until late in gestation, and thatits onsetis
location specific.
Calcium imaging using Fluo-4 fluorescent dye was usedto assess the coordination of contractions
along the length of the samples. This Ca** data showed coordinated propagation of the Ca** wave
in ganglionic distal colon samples, which is absent in aganglionic samples. Alterations in the
calcium waves in Endothelin-3 receptor deficient mice (who have distal aganglionosis in a pattern
similar to HSCR — see Chapter 1) have been described, but only in adult mice (age 20-90 days old)
[362]. Our datais the first study to look at immature distal colon, and showsdisruption of the
coordinated calcium wavesat E19.5 equivalent in E11.5 ganglionic distal colon samples cultured for
8 days. The addition of the ENSinhibitor TTX to E11.5 ganglionic distal colon samples cultured for 8
days (E19.5 equivalent) disrupted the coordinated calcium waves, producing a chaotic pattern
similar to that seen in E11.5 aganglionic distal colon samplesalso cultured for 8 days.
Function of ICC in the prenatal period was assessed by ongoing blockade of function with ACK2
antibodies, and this resulted in a time and concentration dependent reduction in function.

A frequency gradient of contractility running from ileum to distal colon in the prenatal mouse gut
was also noted,indicating that the Alvarez gradient has its origins in prenatal development[368,
369]. The ENS appearsto havelittle role in the majority of these pre-natal contractions, with
e
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evidence of ENS modulation of the contraction frequency not noted at 6 days culture (E17.5
equivalent).
Using fast Fourier transformations, we have shown that as the distal colon matures there is an
increase in the power of contractions as well as the previously noted increase in frequency (Figure
2-10). The greatest increase in power is coincident with the experimentally derived onset of ENS
control. The power of contractions in ganglionic distal colon samples at term equivalentis reduced
by the addition of TTX, but aganglionic samples retain the same power spectra (Figure 3-10). This
alteration in power supports the hypothesis that the onset of ENS control produces slower but
more powerful contractions.
The results from the transplantation work showedthat transplanting EMNS and PHNSat E11.5
gestation restored the frequency of contraction in aganglionic distal colon to that seen in
ganglionic distal colon at day 8-10 of culture (term equivalent). This neurally mediated process
affected not only the frequency of contraction seen in the bowel wall, but also co-ordination of
calcium waves propagating along the axis of the bowel. The alterations in contractility seen with
transplantation were reversible with the addition of TTX. The EMNS transplants also showed an
effect to the NO inhibitor L-NAME; however the PHNS transplants did not.

The TEM data produced in collaboration with Professor Faussone-Pellegrini strengthen the case for
a neural cause of the changein contraction frequency in transplanted samples. They showed

neuronsforming nerve fibres and synapses were present in EMNS transplanted aganglionic bowel.
Althoughprimitive neural precursors (neuroblasts) were identified in PHNS grafted aganglionic
bowel, no synapses could be demonstrated after 8 days in culture in these specimens. Again, we
speculate that this may be becauseof a slower rate ofdifferentiation and/or migration in the PHNS
compared to the EMNS [334].
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5.3.

Weaknessesof techniques used

As discussed in Chapter 2, the in vitro culture system used results in limited longitudinal muscle
development and growth in the embryonic gut explants. This reduction in longitudinal muscle
development has not been quantified in the work undertaken here, and while we remain mindful

of any potential effects it may have. However, apart from the longitudinal muscle, other features
of explant developmentare consistent with the normal pattern of developmentin vivo. These
more normal features include the migration of ENS precursor cells within the explant bowel wall
occurring at the samerate as in vivo, and the development of normal spatial relationships of the
circular smooth muscle, myenteric ENS and ICC [352].
Although the migration of neural crest cells in embryonic mice is well documented, there is always
a possibility of stray ENS precursors invading the samples removed in a manner designed to
produce aganglionic samples. It was not possible to test every sample at the end of the
experiments for the presence of any ENScells, but there was no immunohistochemical evidence of
any enteric nerve developmentin the samples examined immunohistochemically (Figure 2-6E&F)
or under electron microscopy (Figure 4-9A). The frequencyof contractions seen in aganglionic
sampleswas also consistently different from the ganglionic samples, despite being cultured in
identical conditions for identical periods of time, and the smooth muscle and ICC in the aganglionic
samples developedsimilarly to those seen in ganglionic samples (Figure 2-6E&F).
The method with which we have measuredthe contractions of the bowel utilizes digital video
capture and analysis using the Diamtrak® program. This has been widely usedin various biological
systems [396, 397], but has not to our knowledge been used in this way before. The digital video
capture system is limited in that it only studies a single point on the bowel wall, and therefore
cannot determine if the contractions it is measuring are propagated. Thisis a different technique
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than is usually used to measure bowel contractions, which commonlyrelies on electrical field
stimulation, which did note changesin the response of longitudinal muscle to ENSinhibition [355].
Attempts at electrophysiology were made but abandoned as the small scale and friable nature of
the prenatal bowel rendered it unsuitable for this technique. Given thatelectrical field stimulation
is an artificial method of stimulating the ENS to react rather than a measure of ENS function, even
if it had proved technically possible the lack of developmentof the longitudinal muscle in our
cultures may haveaffected the results. Other groups faced with the challenge of analysing the
function of preterm bowel have used spaciotemporal mapsto assess the overall level of activity
(and termed the immature movements they saw “ripples”) [351]. The spatiotemporal map is
created by measuring variations in the diameter of the colon, and plotting the diameter of the
entire colon against time, using colours to show the alterations of diameter at a given point [351].
This system appearsto be very good at capturing large mass movementsofthe entire organ, but
wasnotsuitable for local observations of different areas of the colon of the type we wished to
carry out. Recognising the limitations of the digital video capture technique with respect to
propagation, calcium wave analysis was used in conjunction with the digital video capture to
record this data.

The transplantation technique for neurospheres into aganglionic bowel has been published
previously, and division and migration of ENS cells into appropriate areas of the bowel was noted
[345]. The timing of transplantation is earlier than would be possible for therapeutic usesin
children with HSCR, and the work hereis not intended to be a justification for immediate use.
However,as first step in assessing whether the transplantation process can produce functional
results, we felt that using time appropriate transplantation as a proof of concept was a good
starting point. Future work (detailed below) would be neededto assess transplantation into more
mature tissues as well as other issues. Thereis also the delay noted in the maturation of the PHNS
found both in electron microscopy and in the functional effects of transplantation (as samples of
greater gestation were required). However, despite the relative immaturity and degree oflesser
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differentiation in terms of ultrastructure, the PHNS neurosphere-derived cells have still been

demonstrated to be capable of having a functional effect through TTX on both frequencyand coordination of contractions. The work on human neurospheresgenerated by Richard Lindley
correlates well with this 1-2 day time lag. We speculate that there are several possible reasons for
this. The bowel from which the neurospheresis grown is human not murine, and human
neurospheres may therefore matureat an intrinsically slower rate than those from mice. In
addition, the children from whom the PHNS werepostnatal, and henceat a different point in
development than the embryonic mice which provided the EMNS,andit is plausible that as the
organism gets older and more developed, therate of proliferation and development of ENS
precursor cells slows down.

5.4.

Future workwith regard to early bowel motility

One of the manyproblems associated with preterm delivery is feeding difficulties. As discussed in
Chapter 1, thereis very little data directly or indirectly relating to bowel motility in premature
human infants. Use of manometry and electrogastrography [235, 236] have shownthat the
appearance of MMC only occurs in small intestine of premature infants after 34 weeks equivalent
gestation [233]. This correlates with clinical studies in premature babies whereintestinal motility
has been shownto be poorly developed before 28 weeks gestation [234]. Our data suggests that
pharmacological strategies to overcome large bowel obstruction in the premature and newborn
infant should focus on identification of ENS trophic agents and direct stimulation of ICC (perhaps
via effects on the rate of slow wave generation using agents that affect the sarcoplasmic reticulum
or calcium flux within the ICC) or smooth muscle. The use of a model system such as ours, with

gestationally appropriate mice,for the analysis of perinatal gut functional developmentwill permit

the establishment of rational pharmacological therapies to treat the poor intestinal motility seen in
prematureinfants, thereby reducing complications and improving survival.

5.4.1.

Identification of receptors and neurotransmittersaffecting
function of the bowelacross a range of gestations and at
specified anatomicalsites

The origin and early distribution of many of the neurotransmitters and receptors (e.g. Motilin, 5Hydroxytryptamine, Cholecystokinase) that can affect bowel contractility frequency is not known.
A useful addition to the knowledgein this area would be an ontological assessmentof the timing
and distribution of expression of receptors that are known to influence contractility in adult bowel
(e.g. 5-HT3 / 5-HT4 / CCK / Motilin / etc). This would need to be carried out on anatomically
distinct areas of bowel at specific gestations through to term (duodenum,jejunum, ileum and
colon). Once the pattern and timing of expression of these receptors is known,a tissue culture
system such as the one usedin this thesis could be utilised to ascertain if any of these
neurotransmitters/receptors are capable of improving bowel contractility.

5.4.2.

Developmentof therapies designed to provide direct
stimulation of interstitial cells of Cajal (ICC)

In fully developed adult bowel, ICC have been shown to provide pacemaker activity [30], while the
work presented here has shown thatICC are also necessary for contractions to occur in prenatal
bowel [398]. There could be several therapeutic benefits for premature infants in additional
investigations in this area. One such line of enquiry would be to investigate whether it is possible
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to increase the rate of developmentof thesecells through use of interventions such as stem cell
factor (the ligand that binds to the molecular marker of ICC, Kit), and to investigate direct
stimulation of ICC to improve contractility through addition of pharmacological agents(e.g.
Acetylcholine).

5.4.3.

Trial of existing pro-kinetic agents that are used in premature
bowel

The bowel culture system we have used could also be used to assess the existing pro-kinetics used
in the premature population, as the evidence hereis sparse. It would berelatively straightforward
to assess a range of agents usedin adult and paediatric gastroenterologyin our tissue culture
model to see if they have any effect on bowel motility at a range of gestations and in different
anatomical areas (duodenum,jejunum, ileum and colon).

5.5.

Progress towardsa stem cell therapy for HSCR

Chapter 4 of this thesis demonstrated that embryonic mouse neurospheres and neonatal human
neurospherescan be used as a sourceof enteric nervous system progenitor cells (ENSPC), and are

capable of restoring the contractile properties of embryonic gut. Furthermore, the changes seen
are neural in origin. This is another step towards the developmentofa stem cell treatmentfor
babies with HSCR. However, it remains to be seen whether ENSPC can besuccessfully transplanted

into the relatively mature neonatal gut environment,given thelikely difference in signalling cues
and structural changes occurring as the tissue develops. Recently the successful engraftment of
embryonic neural crest-derived cells in aganglionic adult mouse colon has been described, and
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althoughthese allogenic transplants generated a strong inflammatory response,this result is
encouraging [399]. This engraftment and the functional studies we present here indicate that in
vivo trials of EMNStransplantation into mouse models of HSCR are the nextlogical step in
developing a stem cell treatment for HSCR, and we would envision progressing along the following
lines, with safety being the prime consideration:
In order to overcome the problems of transplantation into more maturetissue, it would be
necessary to develop a delivery system so that ENSPCare delivered to the correct region in
appropriate numbersto ensure optimal colonisation. One method for achieving this may be using
green fluorescent protein expressing mice (e-GFP mice) so the neurospheres could be tracked
visually. Transplantation of e-GFP EMNS(and later PHNS) into newborn mice with aganglionic
colons (homozygote piebald lethal mice for example) in vivo would be a logical next step. This
would allow short term assessment of methods ofdelivery (e.g. microinjection techniques isit
best to inject neurospheresor single cell suspensions of cells derived from the neurospheres?),
development of appropriate histology, assessment of migration in maturetissues, and alterations
in physiology of the colon producedby transplantation (e.g. manometric assessmentof the mice in
vivo). In the longer term, assessmentof functional alteration, survival and any potential long term
side effects (such as neoplasia) would also be possible using this system. This work would provide
essential pre-clinical data to assess the feasibility of ENSPC transplantation as an effective therapy

for HSCR. If successful in both short term efficacy and long term safety, it could open the way to
Clinical trials in which the efficacy of autologous transplants may be tested in patients [331].

5.6.

Conclusions

The onset and developmentof contractility in cultured murine bowel is described, along with the
onset of control mechanisms (ENS and ICC). This contractility appears to be ENS independentfor
the majority of gestation, with ENS control only apparentat term in the distal colon. ICC
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regulation, through a non-slow wave mediated route, appears to be necessary for onset and
developmentof contractions. Ganglionic distal colon cultured to term equivalent has different
functional properties to aganglionic distal colon cultured in identical conditions, and
transplantation of aganglionic cultured distal colon is capable of restoring the function to that seen
in the ganglionic samples. This restoration in function is ENS dependent, and can be blocked with
TTX. This provides another short step towards understanding the onset and development of bowel
contractility, and may thereforebe ofassistance in helping to treat populations such as premature
infants in whom there is immature function, as well as providing additional evidence about the
potential for autologous stem cell transplantation as a possible treatment for HSCR.
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Abstract
There has been considerable progress towards the
development of a stem cell-based therapy for
Hirschsprung’s disease (HSCR). This review article

discusses the mechanisms regulating enteric nervous

system (ENS) stem cell development and the molecular

pathogenesis of HSCR in order to elucidate the feasibility
of any stem cell therapy. Such a therapy will require a
source of stem cells, techniques to isolate and amplify

them, and effective methods for the transplantation of the
stem cells or their progeny. To date, embryonic and
postnatal ENS stem cells have been cultured as
neurospheres prior to transplantion into mammalian
bowel. However, while there are still many obstacles to
overcome,

recent

observations

have

demonstrated

functional changes in the gut after stem cell
transplantation, indicating that a stem cell therapy for
HSCRwill indeed be possible.

Keywords: Neural crest, neuronal stem cells,
transplantation, neurosphere, Hirschsprung’s disease.

Introduction
The Needfor a Stem Cell Therapyfor
Hirschsprung’s Disease
Hirschsprung’s disease (HSCR) is the most

common developmental disorder of the neural crest
in humans, with an incidence of approximately 1 in
5000 live births [1]. In HSCR, a variable length of
the terminal gut lacks ganglion cells of the enteric
nervous system (ENS), due to failure of ENS stem

cells to fully colonize the distal portion of the gut
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during

embryonic

development.

This

lack

of

neurons adversely affects normal peristalsis in the

distal gut, resulting in a state of chronic contraction
that can causea life-threatening bowel obstruction.
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HSCR may occurin isolation or as part of a

broader clinical picture, including Down’s,
Waardenburg-Shah or Haddad syndromes. Whether
syndromic or an isolated case, surgical treatment
remains essentially unchanged since its first
description, involving resection of the affected gut
and ‘pull-through’ of normally innervated intestine
to the anus [2]. However, the long term outcome of

surgery is often unsatisfactory, mainly due to
complications including incontinence [3, 4].
Clearly, new approaches to treatment are required
in order to improve the quality of life of patients.
Onepossibility may be to use stem cells to colonize
those parts of the gut lacking an ENS. An
understanding of the mechanismsof enteric nervous
system
development
and
the
molecular
pathogenesis of HSCR are essential to the
development of successful stem cell based
therapies. This review will therefore briefly cover
the ontogeny of ENS stem cells before detailing
various approaches to apply stem cell therapy for
HSCR.In addition, the areas where further research

is needed in order to achieve the goal of a
successful stem cell therapy will be highlighted.

The Enteric Nervous System andits
Development
The ENS is part of the peripheral nervous
system and extends the entire length of the
gastrointestinal tract in which it regulates both gut
motility and fluid and electrolyte balance [5]. As the
ENS. is phylogenetically well conserved across
vertebrate classes [6, 7], there are several animal
model systemsrelevant to the study of HSCR.
Neurons and glia of the ENS are clustered in
ganglia located in the myenteric (Auerbach’s)
plexus and the submucosal (Meissner’s) plexus of

the gut wall. These enteric ganglia contain many
types of neuron producing a wide variety of

excitatory and inhibitory neurotransmitters that
regulate smooth muscle contraction, alter secretions

into the lumen of the gut, and receive or transmit
information to other parts of the nervous system.

Although ganglia receive input from other parts of
the nervous system, the ENS is capable of full
autonomy. There are estimated to be over 100

million neurons in the human gut [8], together with
enteric glia that outnumber the neurons. The glia
function as a store for neurotransmitter precursors,

uptake and degrade neurotransmitters, express
receptors for the neurotransmitters, and maintain the
integrity of the mucosalbarrierof the gut [9].
Oneofthe challenges of developmental biology
is, therefore, to determine how stem cells of the

ENS give rise to such anatomical complexity and
phenotypic
cellular
variety.
Furthermore,
knowledge of such mechanismsis clearly going to
be necessary if we are to design a rational stem cell
therapy to provide functional neurons to replace
those lacking in HSCR.

Neural Crest Origin and Development of
ENS Stem Cells
The neural crest (NC) is a specialised transient

embryonic tissue, the cells of which emerge from
both sides of the neural plate along the craniocaudal axis of the early embryo. The NC cells then
undergo extensive migration and differentiation to
form various structures throughout the body
including the ENS. The NC cells that become the

stem cells for the majority of the ENS originate
from the vagal region of the NC andenter the gut in

the pharyngeal region, before migrating along the
whole length of the gut in a rostrocaudal wave
toward the anus[10].
The first ENS stem cells arrive in the foregut on
embryonic day 9.5 (E9.5) in the mouse,
(approximately E26 in humans) [6, 11, 12]. The
leading edge of this rostrocaudal wave in the mouse
enters the midgut on E10.5, the caecum on E11.5
and gut colonization is complete by day 14.5 [7,
13]. In human embryos, the stem cells enter the

foregut at week 4, and reach the terminal hindgut by
week 7 [14]. These cells migrate through the
embryonic bowel in chains and the leading cells in
the migratory wave provide a scaffold which is then
maintained for several hours [15], creating the route
that is followed by later cells. Although the
migration is very predicable in terms of the
population, individual cell analysis shows
unpredictable routes [16]. It has also been noted that

ENS Stem Cells

the net speed of migration of the NC cells in mouse
embryos is 35um per hour[16].
Unlike the CNS, where cell death is the main

mechanism of controlling cell number, the driving
force in populating the ENS is rapid cell
proliferation [17]. A detailed mathematical model,

based on vagal NC cell migration, which takes into
account the above factors as well as concomitant
growth of the bowel during the migration period,
has recently been published [18]. Once the NC cells
have commenced the colonisation of the cecum,it

has been shownthat only a small number of stem
cells from the leading edge of the wave of migration
are sufficient to colonise the entire colon [19, 20].

Although transgenic mouse work has demonstrated
that sacral NC cells also colonize the distal hindgut,
they do so only after the arrival of the rostrocaudal
waveof vagal NCC,and they are unable rescue the
HSCRphenotype in the absence of vagal NCcells
[21].

Factors Regulating ENS Stem Cell
Development
It has recently become clear that initial
specification of the NC stem cell phenotype is
controlled by selective expression of a number of
transcription factors including snail, Sox -8, -9 and 10, FoxD3 and c-Myc [22]. The events initiating

expression of these transcription factors are in turn
regulated around the time of delamination of NC

cells from the neural plate by a series of

extracellular signalling molecules including bone
morphogenetic proteins (BMPs), Wnt and fibroblast
growth factors (FGFs) [22]. These signalling

molecules often act during the subsequent
development of NC cell progeny, but with different
developmental outcomes depending on context
[23]. Additionally, many other factors and
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GDNF/RETSignalling
Glial cell derived neurotrophic factor (GDNF)
is important for the development of subpopulations
of both peripheral and central neurons.It is part of a
family of signalling molecules that also comprises
artemin, neurturin and persephin, all of which are
distantly related to transforming growth factor B
(TGFB) [24]. GDNFacts through the RET tyrosine
kinase receptor via an accessory molecule, GFRa1;

the other members of the GFRa family providing
specificity for the binding of artemin, persephin and
neurturin [25, 26]. Homozygous Ret knockout mice

show complete intestinal aganglionosis (with the
exception of the oesophagusas this is derived from
somatic neural crest cells), as well as defects of the
superior cervical sympathetic ganglia and renal
agenesis [27]. An identical phenotype in mice is
created in gdnf-/- mutants [28-30].
GDNFhas been shown in a variety of culture
systems to promote NC cell survival, proliferation,
differentiation and migration [31-34]. Migrating NC
stem cells are initially unresponsive to GDNF [35,

36], and it is only on entering the foregut that they
begin to express the RET receptor, and so can be
chemotactically
attracted
by
GDNF
[36].

Expression of GDNF by mesenchymaltissuesis not

uniform throughout the developing gut, with both

GDNF and endothelin-3 (see below) having
maximal concentration in the cecum [37, 38]. As
cecal expression of GDNF occurs just prior to
arrival of NC cells at the cecum, this observation is
consistent with the idea that it plays a role in the
directed caudal movementofthe cells.
The functions of the other members of the
GDNF family (artemin, neurturin and persephin) in
the ENS are less well characterised. Murine models

which are neurturin- or GFRa2- deficient have a
decreased number of neurons in the ENS; the
reasonsfor this remain unclear [39, 40].

associated signalling pathways have been identified
as essential to this process. The majority of factors

are detailed below in the text, but in this burgeoning
field there are many whose role is less clear or
which have not been fully elucidated, and these can

be found in Table 1.

Endothelin 3/ENDRB Signalling
Endothelin-3 (EDN3) is one of the three
members of the endothelin family of intercellular
messenger molecules. Endothelins are ligands for
cell surface endothelin receptors A and B.
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Table 1. Other developmental factors involved in the formation of the ENS

Devel
cxelonmental
factor

Class

Comments and functions

References

CNTF

Growihtuercor

Unidentified signalling pathway. Promotes
neuronaldifferentiation.

(57, 59]

Neuregulin/erbB2

Growth factor + receptor

[102]

.
ZFHX1B/Sip-1
'P

T

Indian hedgehog

Differentiation factor

Hoxb3

Homevbox.cene

Hoxb5

Homeobox gene

Hox11L1

Homeobox gene

Maurer POsmiate) ENS Heikons Vis Spell
signalling. Developmental effects unknown.
Mayregulate E-cadherin expression. Specific
.
.
HSCR-mental retardation phenotype in humans.
Involved in later ENS development. Knockout
mice have patchy aganglionosis but also other
abnormalities of gut development.
Specific to vagal neural crest cells. Functional
effects not characterised.
ENSC maintenance/self-renewal?
ENS patterning. Knockout mice develop
hyperganglionosis, not hypoganglionosis.
Controversy exists over functional effects.
Expression of Hand2 is regulated by BMP2/4 and

Hand2

Transcription factor

Poxde
Trap 100

ee
‘Hfensoniprion factor
Receptor complex

ae
tion
fact
ranseripiion factor

;

NF. I

i

2D

SP
mista sc Pee ants produce
sympathetic nervous system neurons — may be
involved in neuronalspecification.
Involved in zebrafish ENS development.
Significance in human HSCR unknown.
Involved
fish ENSC proliferation
i
ion.
nvolved iin zebrafis
Significance in human HSCR unknown.

In the gut EDN3 acts principally via endothelin

receptor B (EDNRB), which begins to be expressed
by NC cells under control of Sox10 [41] in the
neural folds prior to NC stem cell migration [38,

42-44].

In contrast to the total enteric aganglionosis
seen in the intestine of mice with GDNF/RET
knockouts, EDN3 or EDNRB knockout mice show
a lack of ENS that is restricted to the terminal colon

[85, 103]
[52]
[104]
[105]
[106-108]

[109, 110]

(11
[112]

and EDN3 signalling via the EDNRB receptor has

been demonstrated to be necessary for colonization
of the distal gut [37, 38]. Given the time-dependent
interaction between migrating EDNRB-expressing
NC cells and cecal mesenchymal EDN3 expression,
it has been proposed that EDN3 is necessary to
prevent the premature differentiation of ENS stem
cells prior to their colonising the distal part of the
gut [34, 35].

and rectum, which is very similar in phenotype to
HSCR in humans [45, 46]. Prior to the arrival of

NC cells in the embryonic cecum, EDN3 has been
shown to promote proliferation of avian NC cells

and improve survival of mammalian NC cells [4749]. However the most striking effect of EDN3,
very similar to the HSCR phenotype seen in EDN3
knockouts, is related to its action once NC cells

have reached the cecum. At this time point,
expression of EDN3 has been located in the
mesenchymeof the cecum and proximalcolon [44],

Sonic Hedgehog, Neurotrophin and BMP
Signaling
Sonic hedgehog (SHH)is initially expressed in

the endoderm of the developing vertebrate gut [50,
51], and while the colonisation of the gut by NC
stem cells has been shown to be complete in SHH/- mice, there is abnormal neural plexus formation
and placement [52]. SHH has been shown to

ENS StemCells

promote the proliferation and inhibit the
differentiation and migration of NC stem cells in
response to GDNF [53]. These results suggest a role

for SHH and EDN3/EDNRB signalling in “fine
tuning” the response of NC stem cells to the
RET/GDNFsignalling system.
Evidence has been presented that BMP2 and 4
limit the size of the ENS while promoting the
developmentof specific subsets of neurons [54] and
ganglion formation [55]. These responses to BMP
signalling are, at least in part, due to a structural
alteration of neural cell adhesion molecule (NCAM1) through the addition of polysialic acid [56]. As
with sonic hedgehog, animal models deficient in
BMPsignalling display a mild reduction in the
progeny of NC stem cells, indicating a modulating
role for BMPsignalling.
Neurotrophin-3 (NT3) is the only member of
the neurotrophin family that has been shown to
have a potential role in early ENS developmentasit
promotes differentiation of ENS precursors in vitro
[57], resulting in neurite outgrowth and neuronal

differentiation from ganglia in infant rats [58].
Studies in knockout mice lacking either NT3 orits

receptor have shown reduced numbers of myenteric
and submucosal neurons, whilst overexpression of
NT3 leads to increased numbers of myenteric

neuronsonly [59].
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similar to that seen with incomplete loss of function
mutations of RET [41, 63-65].
In contrast to the effects of the Sox10, Pax3 and

Phox2b, mammalian achaete-scute homologue 1
(Mashl) is specifically required for the
development of the serotoninergic neuronal lineage
from NC stem cells in the gut [66]. Details of the

interactions between such transcription factors
remain to be established.

Cell Adhesion Molecules and the
Extracellular Matrix
Bl integrin expression is essential for gut
colonisation and structured ganglion formation by

NC stem cells, although in its absence, migration
along the gut does occur to a limited extent [67].
While the B1 integrin pathway has not yet been

implicated in the pathogenesis of HSCR, much
attention has been focused on the extracellular
matrix (ECM) molecules that are potential integrin

B1 ligands as they have been shown to have
profound effects on cell migration in many other
systems.

The ECMprotein laminin is encountered by
migrating NC stem cells within the developing gut

Transcription Factors

and has been shownto affect neurite outgrowth and
migration of ENS neurons [68, 69]. Although a 100
kDa laminin binding protein (LBP110) was
originally reported to be expressed by stem cells

The transcription factor Phox2b is expressed in
all NC derived cells [13, 60]. It is known to regulate
the expression of RET as well as enzymes
necessary for the production of adrenergic
neurotransmitters
(tyrosine
hydroxylase
and

and was suggested to be involved in_ their
development [68], the identity of this protein and
any functional role as a laminin receptor has not
subsequently been established. While abnormalities
in laminin expression have been found in patients
with HSCR,it remains unclear whether these are a

dopamine B hydroxylase). Phox2b knockout mice
have an identical phenotype to RET deficient mice,
with no migration of NC stem cells beyond the
foregut [61].
Sox10 and Pax3 act synergistically to promote

RET expression, binding adjacent sites within an
enhancer [62]. Consequently, defects of the sensory,
autonomic and the enteric nervous system have
been noted in Sox10 deficient mice, in which failure

to colonize the terminal gut results in dilatation

cause or consequenceofthe disease [70, 71].
The laminin-related netrins (1 and 3 in mice)

and their receptors (Deleted in Colon Cancer [DCC]

and neogenin) have been detected in embryonic
mouse gut [72]. Significantly, NC stem cells

express DCC and were found to migrate radially
inwards towards the netrins that are expressed on

mucosal epithelium [72]. This study also found that
netrins promote the survival and development of
NC stem cells. As the initial migrating wave of
ENSC colonises the bowel in the outer layer of
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mesenchyme,the netrin/DCC mechanism helps to
explain how theradial patterning of the ENS forms
with later formation of the submucosal plexus.
These findings are important when considering the

generation and clinical transplantation of NC stem

also to provide an environment capable of
producing functional, differentiated cells when
transplanted in vivo. A summary ofthe interactions
between the most significant signalling pathways is
shownin Figure 1.

cells both becauseit is necessary to maintain multi-

potent, undifferentiated precursor cells in vitro and

Balance of
Proliferation
TTT ANE
Differentiation
Chemotaxis

signalling
affects ENSC
proliferation,
migration and
colonisation

RT|
Proliferation
fe aiteleytc)

Figure 1. Interactions of the GDNF/RET and EDN3/EDNRB pathways.

The Genetics ofENS Stem Cell Development
and HSCR
Perturbations in any of the factors discussed
above could potentially affect the development of
the ENS, but only a few have known clinical
correlations with HSCR. It is likely that the

polygenic nature of HSCR is responsible for the
lack of simple genetic correlations.
Thus, while mutations in the RET gene are
responsible for approximately 50% of familial
HSCRcases [73], they can produce a variety of

phenotypes in the same family [74, 75]. Linkage
studies in affected populations havealso identified a
non coding mutation in intron 1 of the gene to be
associated with HSCR [76], and could explain

several features of the complex inheritance pattern
of HSCR.This study concluded that RET mutations

in coding and/or non-coding sequencesare probably
a necessary feature of all cases of HSCR. However,
the non-coding mutations in isolation are not
sufficient for HSCR to occur, and need to be
coupled with another mutation of some kind [76].
EDN3 and EDNRB polymorphisms have been
described in syndromic and isolated HSCR,

although the genetic background is important and
penetrance variable [77, 78]. Individuals lacking
EDN3 mutations but having decreased levels of

EDN3 mRNAexpression have also been described
[79]. In non-syndromic HSCR, less than 5% of
cases appear to be a direct consequence of
EDN3/EDNRBmutations [80].

The WS4 variant of Waardenburg-Shah
syndrome (HSCR plus partial albinism) has been
shown to be related to mutations in SOX10 [63]
with patients showing defects in NC cells necessary

ENSStem Cells

for both melanocyte and ENS development. WS4
can also be caused by homozygous mutations in

EDN3 and ENDRB [63, 81-83]. Another syndrome
with a direct genetic link between HSCR and NC
stem cell development is Haddad syndrome(central
hypoventilation with HSCR), where mutations in
Phox2b have been reported as the underlying cause
[84, 85].
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[90] and bone marrow-derived mesenchymal stem

cells towards a neuronal phenotype [72, 91]. The
bone marrow cells were induced to differentiate by
treatment of with medium conditioned by ENSC

[91]. Although the neurons produced expressed
neurotransmitter phenotypes found in the ENS
including nitric oxide synthase (NOS) and
vasoactive intestinal polypeptide (VIP), these
transmitters are not restricted to the ENS and

therefore any claim for directed differentiation

Strategy for the Developmentof a

Stem Cell Based Therapy for
HSCR:Sources of Stem Cells and
Their Properties

The development of a safe and effective stem
cell therapy for HSCR requires: a) a source of
appropriate stem cells, b) reliable and reproducible
methodsofisolating these cells, c) evaluation of the
properties of these cells, d) effective methods of
stem cell transplantation, including the mechanism
of delivery and e) control of environmental factors
that could affect the outcome ofany transplantation.

Sources ofStem Cells
ENSstem cells (ENSC) have been identified in
the mouse gut during embryonic development and
in the newborn period [20]. ENSC have also been
isolated from adult mouse colon [86, 87] and there
is evidence that the adult colon may bere-colonized
by endogenous ENSC; ablation of a segment of
mouse colonic ENS with benzalkonium chloride is
followed by restitution via hypertrophy of
peripheral myenteric ganglia and, crucially,

neurogenesis [88].
Additionally, CNS stem cells (CNSC) remain
multipotent, so that cultured neurosphere-derived
cells from the subventricular zone of the CNS are
capable of migrating along chick neural crest
pathways and differentiating into phenotypes
similar to NC cell derivatives

[89]. A more

speculative approach has been investigated by the
use of stem cells that are not direct neural
progenitors. Thus, attempts have been made to

induce the differentiation of embryonic stem cells

towards a specific enteric neuronal phenotype

requires further investigation.
The feasibility of using stem cells that are not
the immediate progenitors of the ENS is open to
question, as it remains to be seen if the phenotypes
of cells derived from them are exactly those of the
neural cells required. Furthermore, stem cells —
particularly embryonic stem cells — have
tumorigenic potential. While the extent of such
problems for ENSC is clearly less than for stem
cells from other sources, clearly the use of ENSC
derived from human embryos is_ ethically
problematic and such cells would also have the
disadvantage that their therapeutic use would
necessitate
an
allograft,
with
consequent
immunological problems and the possibility of
transmissible infections. These problems would be
eliminated by the isolation of ENSC from the
normally innervated proximal colon of children
affected by HSCR,after diagnosis [92].

Isolation ofENSC
A variety of techniques have been used to
isolate ENSC from embryonic and postnatal mice
andrats (see Table 2 for a comparison of techniques

and Figure 2 which highlights the differences in
techniques for generating ENSC from embryonic
and postnatal bowel). The varying methods of
isolation may result in differing types of cell

isolated as it remains unclear if there is topological
or chronological heterogeneity in the population of
ENSCin the gut. The use ofcell isolation based on
markersclearly relies on the assumption that all NC
stem cells express the marker [93]. However, to

obviate this potential problem, use can be made of
the

property

of

ENSC

to

proliferate

as
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neurospheres—a_ technique developed
isolation and amplification of CNSC.

for

the

Neurospheres are aggregates of stem cells and
their progeny, and arise when cells dissociated from

neural tissue are cultured in suspension under nonadherent conditions [94]. The advantage of
culturing stem cells as neurospheres is that their

numbers can be expanded by dissociating the
neurosphere and re-culturing the resulting cell
suspension: This leads to an exponential increase in

the number of neurospheres and hence stem cells
and their progeny available for transplantation [95].

Properties ofENSC
Primary

neurospheres

generated

from

embryonic mouse bowel contain a heterogeneous

group ofcells including differentiated neurons and
glia, together with a small number of peripherally
located cells that are positive for the neural crest-

derived stem cell marker p75 (Figure 3;
references, see Table 2).

for

Following the dissociation of neurospheres into

single cell suspensions and subsequent reculture, an
exponential rise in neurosphere numbers occurs,

with an increase in the proportion of cells positive

for p75 [92]. Thus ENSC not only self renew but
also appear able to expand their number. BrdU
incorporation has shown the most rapidly dividing
cells are located peripherally in the neurosphere
[92], which is again consistent with the concept of

ENSC generating new cells within the neurosphere.

The exact number of ENSC within a primary
embryonic neurosphere will obviously vary but
experiments using a green fluorescent protein
(GFP)
retrovirus
to
transfect
dissociated
neurospheres indicate that it is about 1-2% of all
cells within the neurosphere [20], and this number

seems consistent with observed p75 staining within
the neurosphere [92].

Table 2. Comparison of methodsfor the isolation and culture of enteric neural crest stem cell
Species

Age

Rat

.
Embryonic

Mouse

.
Embsyonie

Rat

Embryonic

Rat

Embryonic
and postnatal

Rat

Embryonic

Mouse

ENSC Isolation mthod
Dissociation of whole gut and
.
magnetic micro-bead selection
for p75 positive cells
Whole gut dissociation with
FACS sorting of RET+ cells
.
or
.

Reference
[5, 53,
112]
tls)

+, pyr,
and FN with lower Pa02.
.

—[96]

Asper[96]

Asper[96]

[86]

.
Embryonic

Dissociation of whole gut with
FACS sorting for p75+/a4
integrin positive cells
.
. oe
Dissociation of whole gut

Adherent conditions plates coated
with poly-D-lysine (PDL) and FN.
Colonies, not neurospheres
Neurospheres grownin culture flask,
adherent andmechanieally loasened

Mouse

.
Embryonic

.
or
Whole gut dissociation

Adherentconditions with fibronectin
(FN) coatedplates

Mouse

Embryonic
d y tnatal
anc’ posina

Collagenase / dispase
dissociation of whole gut,
differential sedimentation

Mouse

Embryonic

Dissociation of whole gut

Adherent conditions on chamber
slides at low density (50-100 cells per
25mm2)
Adherent conditions plated coated
with PDL and FN,recultured clusters
and eventually neurospheres

Mouse

Embryonic
andpostnatal
Postnatal

Digestion of cecum only

Adherent conditions.

[92]

Colon

Adherent conditions

[90]

Human

_—~DiSsociation
of whole gut with
FACS for p75+/a4 integrin+

Culture method
Adherent conditions on collagen and
_
.
laminin substrate with serum
supplemented mediuminitially
Cultured in explanted E11.5 mouse
gut in organ bath
Adherent conditions plates coated
Colonies, not neurospheres

[114]
[115]
[20]
[87]
[53]

ENS Stem Cells

ai aeu CeM Ley

Postnatal bowel specimen

MsSete

Collagenase/dispase digestion

omit)

smart CaN
conditions
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Figure 2. Comparison of methodsfor isolation of embryonic and postnatal ENSC. Notethat the differences in technique arise from
the higher connective tissue content of postnatal bowel and the need for longer and more vigorous tissue digestion, and the
relatively higher proportion of non-stem cells presentin the resulting cell suspension.

4
Figure 3. Neurospheres derived from embryonic mouse neural crest cells. A: phase contrast photomicrograph of 28 day old
neurosphere. B: immunofluorescencefor the neural crest marker p75. C: immunofluorescencefor the glial cell marker S100B. D:
immunofluorescencefor the neuronalcell marker PGP9.5. Scale bars = 200um.

Primary neurospheres begin to form after 5

days in culture and continue to grow for up to 55
days, achieving diameters of approximately 300um
[92]. It has been our experience that the best results
for neurosphere propagation are achieved using

non-adherent culture conditions and dissociation to

form secondary and tertiary neurospheres after 21
days of primary culture (unpublished observations
and [92]). Finally, the most important property of
embryonic ENSC grown as neurospheres is their
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potential to produce the full phenotypic range of
ENSneuronsseenin the adult gut [20, 92, 96].

Stem Cell Transplantation

Age-Related Differences in ENSC Properties

Initial attempts at stem cell transplantation into
the gut used neurosphere-derived CNSC injected as
a single cell suspension into the stomach wall of
adult mice which subsequently corrected the
deficient neuronal NOS in these animals [99].

There appear to be significant differences

between ENSCisolated in embryonic life and those
isolated postnatally. Firstly, the mitotic rate of
ENSC derived from postnatal mice is lower than

that of embryonic mice [20, 86]. The range of

Significantly, a functional effect of the transplanted
cells was reported, showing increased relaxation in
the stomach wall of mice [99].

neuronal phenotypes produced by ENSC generated

from postnatal tissue would also appear to be
restricted. Although NOS, VIP and neuropeptide Y
(NPY) neurogenesis appeared normal in postnatal
mouse ENSCcultured in adherent conditions, a loss
or reduction in ability to form serotoninergic,

tyrosine hydroxylase (TH), and dopamine betahydroxylase neurons, together with a shift towards
gliogenesis was observed [86]. There may also be
inter-species differences in the properties of ENSC.
When studying ENSC derived from postnatal
human bowel we observed that while the cultured
human and mouse neurospheres contained cells
with similar patterns of neurotransmitter expression,
after transplantation into aganglionic embryonic
mouse hindgut the postnatal human transplants
expressed fewer neuronal phenotypes, as no
evidence of immunoreactivity for TH, calcitonin
gene related peptide (CGRP) or substance P (SP)

was found [92]. However, the presence of CGRP
containing
neurons
within
untransplanted
neurospheres supports the hypothesis that the
progenitor cells are capable of producing cells from
the Mashl independent lineage [97, 98] and
therefore have retained their pluripotency. The lack
of these neurotransmitters in cells migrating from
our transplanted human neurospheres maytherefore
reflect the absence of appropriate signalling cues in
the mouse embryonic bowel, rather than a
restriction in neuronal phenotypes. Given the

potential advantages of neonatally derived ENSC
over embryonic ENSC, the investigation of such
potential differences, including the response of

ENSC to growth factors is of particular interest and
is the subject of ongoing enquiry.

Figure 4. Neurospheres derived from postnatal human bowel
transplanted into aganglionic mouse embryonic hindgut. A :
phase
contrast
photomicrograph
at
day
0.
B:
immunoflourescence showing human nuclei (HRNP, red)
and neurons (PGP 9.5, green). Note the presence of migrated
neurosphere-derived neurons within the bowel wall. C:
Detail showing human nuclei (HRNP,red) and glia (S100b,
green). L indicates the lumen of the bowel. NS indicates the
neurosphere transplant. HRNP=human_ ribonucleoprotein.
(For methodssee [90]). Scale bars: A: 200m; B: 100um; C:
50pm.

ENS Stem Cells

More extensive work has been performed to

assess the characteristics of both mouse and
neonatal human ENSCbytransplanting them into

cultured hindgut explants from day 11.5 mouse
embryos. At this timepoint, the wave of migration

of NC stem cells has not yet colonised this section
of the bowel and the explant therefore normally
remains aganglionic [20, 92]. In this model,
neurosphere-derived cells have been shown to
migrate, colonise the bowel wall, and differentiate
into both neurons and glia [92]. The range of

neuronal phenotypes produced, as detected by
immunofluorescence for various neurotransmitters,

is also appropriate for the ENS and includes
acetylcholine, VIP, NPY, CGRP [20] and NOS [20,
92]. Examples of a cultured embryonic mouse gut
transplanted with human ENSstem cells are shown
in Figure 4.

Environmental Factors in the Gut Affecting
ENSC Behaviour
The environment that ENSC encounter when
transplanted into the gut will play a crucial role in
the development and behaviour of their progeny.
Furthermore, the response of the gut wall to ENSC

and their progeny may well differ in an agedependent manner. Indeed, the environment into

which the cells will be transplanted may be
abnormal in HSCRpatients. This is potentially the
case for extracellular matrix components including
laminin [71] or mesenchymal signals including
EDN3 [47, 100], both of which have been

associated with HSCR. The use of supplemental
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shown that ENSC derived from mice with the
miRet’’ mutation are capable of forming
neurospheres and differentiating into both neurons
and glia in culture [20]. In theory this could allow

auto-transplantation of an HSCR patient’s own
ENSCinto aganglionic bowel.
It should be noted that one of the reasons for
the relatively poor outcomeafter surgery for HSCR
is likely to be the amount of aganglionic tissue left
in the patient, including the anal sphincter and a few
centimeters of rectum [101]. Re-innervation of this
short segment of bowel with implanted autologous
ENSC generated from tissue removed during
surgery is the most feasible potential stem cell
therapy for HSCR.

Conclusion
There is now a considerable body of knowledge
on the developmental behaviour of ENS stem cells
and the mechanisms behind HSCR.This knowledge
is now being utilized in the search for a successful
stem cell-based therapy for HSCR. What form this
will take is currently not clear, as there are a wide

variety of stem cell sources that could be utilized
for the recolonisation of aganglionic bowel by the
ENS, numerous methods of isolation, several
different phenotypes of neuron that can be

generated,

and

a

variety

of

transplantation

techniques already in the literature. The next stage

in ENS research will hopefully be to use these

techniques to demonstrate a functional change in
HSCR-like bowel from a transplantation of stem
cells.

growth factors is one possible way in which these

signals could be delivered, avoiding the inherent
problemsof the abnormaltissue.
A further problem is that transplanted ENSC
may be defective if derived from an autologous
source (e.g. lacking the RET or ENDRB receptors).

However, based on genetic studies on HSCR, any
deficits in gene/receptor function will be small and
multifactorial, and may not be evident over the
short distances transplanted cells must migrate.
Furthermore, while it might be expected that ENSC
from patients affected with RET mutations would
be unable to colonise aganglionic bowel, it has been
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Background & Aims: Recent advances have raised
the possibility of treating enteric nervous system
(ENS) disorders with transplanted progenitor cells
(ENSPC). Although these cells have been shown to
migrate and differentiate after transplantation, no
functional effects have been demonstrated. We therefore aimed to investigate whether embryonic mouse
and neonatal human ENSPCcan regulate the contractility of aganglionic bowel. Methods: Embryonic
mouse and neonatal human ENSPC were grown as
neurospheresbefore transplantation into aganglionic

embryonic mouse hindgut explants and culture for
8-12 days. Engraftment and neural differentiation
were confirmed using immunofluorescence and

transmission electron microscopy. The contraction
frequency of transplanted bowel was measured and
compared with that of embryonic day 11.5 embryonic
ganglionic and aganglionic bowel cultured for the
same period. Calcium movement was measured at
spatially defined points in bowel wall smooth muscle.
Neural modulation of bowel contractility was as-

sessed using tetrodotoxin. Results: Both mouse and

human ENSPC migrated anddifferentiated after neurosphere transplantation. Transmission electron microscopy demonstrated the existence of synapses.
Transplantation restored the high contraction frequency of aganglionic bowel to the lower rate of
ganglionic bowel. Calcium imaging demonstrated
that neurosphere transplantation coordinates intracellular free calcium levels. Both these effects were
reversed by the addition of tetrodotoxin, indicating
the functional effect of neurosphere-derived neurons.
Conclusions: Neonatal human gut is a source of
ENSPCthat can be transplanted to restore the contractile properties of aganglionic bowel by a neurally
mediated mechanism. This may aid developmentof a
stem cell-based treatment for Hirschsprung’sdisease.

ital aganglionosis; HSCR), causing a life-threatening
bowel obstruction in approximately 1 in 5000 children.!
Although surgical removal of the affected segment is
initially successful, the long-term outcomeis often poor:
manychildren experience severe constipation, and some
require a permanent colostomy.” It has been suggested
that HSCR could be treated by stem or progenitor cell
transplantation to generate a neo-ENS to restore function to the aganglionic bowel.?
Embryonic central nervous system neural stem cells
have been shown to stimulate gastric secretion after
transplantation into the stomach of neural nitric oxide
synthase-deficient mice.* However, the utility of such an
approach maybelimited by graft rejection necessitating
immunosuppression and/or consideration of ethical issues. These problemscould be avoided if autologous ENS
stem or progenitor cells (ENSPC) were used, andit has
already been demonstrated by several groups that ENSPC
from both embryonic and postnatal bowel of mice and
rats can be isolated and cultured.5-7 Neurospheres(cellular aggregates containing both stem cells and their
differentiated derivative cell types®) have been generated
from ENSPC.9-!! Furthermore, the generation of neuro-

spheres from neonatal human bowel samples, including
ganglionic bowel from children with HSCR, has been
recently described.!213 When transplanted into explants
of aganglionic embryonic bowel grownin vitro, the neurospheres generated neurons with characteristic ENS
phenotypes and glia that migrated within the bowel
wall.!3 In this report, we demonstrate that neurons derived from transplanted neurospheres are able to form
synapses andregulate the contractility of the developing
gut.
Abbreviations usedin this paper: E11.5, embryonic day 11.5; EMNS,
embryonic mouse-derived neurospheres; ENS, enteric nervous system;

ENSPC, enteric nervous system progenitor cells; HSCR, Hirschsprung’s
disease; ICC, interstitial cells of Cajal; NHNS, neonatal human-derived
neurospheres; PGP9.5, protein gene product 9.5; SMA, smooth muscle

Ran of the neural crest progenitor cells of the

enteric nervous system (ENS) to colonize fully the
embryonic gut results in Hirschsprung’s disease (congen-

actin; TTX, tetrodotoxin.
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Figure 1. (A) Diagram representing the E11.5 mouse bowel
explants employedin this study.
() Ganglionic distal colon is generated by removing the cecum
and attached colon at the point
labelled X on the diagram. Atthis
time point, the ENSPC are
present within the cecum and
complete their migration in vitro.
(i) Aganglionic distal colon is
generated by removingthe distal
colon beyond the cecum at the
point labelled Y on the diagram.
At this time point, there are no
ENSPC present in the explant,
and no ganglia or neurons develop. Transplanted specimens
are generated by apposing (iii)
embryonic mouse (EMNS)or (iv)
neonatal human (NHNS) neurospheresto distal colon explants,
which would otherwise remain
aganglionic. (B) Phase contrast

light microscopy of a NHNS

(iv) Neonatal human
neurosphere

Materials and Methods

Bowel Explant Cultures
Time-mated CD-1 mice (Charles River Laboratories UK Ltd, Kent, United Kingdom) were killed by cervical dislocation at embryonic day (E) 11.5 in accordance

with UK Home Office regulations. We generated both

ganglionic and aganglionic bowel explants from embryonic distal colon as previously described'*'5 (Figure 1; see
Supplementary Methods online at www.gastrojournal.
org). There are no ENSPCin thedistal colon at this time
point,'® and the explants therefore remain aganglionic if
cultured in isolation.’4 Additionally, 5-mm longitudinal

segmentsof full-thickness bowel wall from distal control
(ganglionic) colon of postnatal day 0 (PO) mice were

maintained under the same conditions for contractility
measurements.

Neurosphere Generation and Transplantation
Embryonic mouse neurospheres (EMNS)and neonatal human neurospheres (NHNS) were cultured from a

transplant after 24 hours in culture. Neurosphere-derived cells
can be seen migrating within the
bowel wall (arrowhead). Scale
bar, 100 um.

single cell suspension of dissociated bowel as previously
described!> (also see Supplementary Methods). Ethical
approval for the generation of human neurospheres was
obtained from the Liverpool Research Ethics Committee
(04/09/RE “Isolation of Human Enteric Nervous System
Stem Cells”). Single EMNS or NHNS that had been
cultured for a minimum of 21 days were apposed to the
proximal end of the E11.5 mouseisolated distal colon
explants (Figure 1).

Immunofluorescence
Acetone-fixed frozen sections were obtained from
relevant specimens, and primary antisera were applied as

detailed in the Supplementary Methods: rabbit antiprotein gene-product 9.5 (PGP9.S; Biogenesis Ltd, Poole,
United Kingdom), 1:4000; mouse antismooth muscle actin conjugated with Cy3 (SMA; Sigma-Aldrich, Poole,
United Kingdom), 1:1200; and rat anti-mouse c-Kit
(ACK-2, ChemiconInternational, Chantlers Ford, United
Kingdom), 1:50.

FUNCTIONAL EFFECT OF ENS TRANSPLANTATION
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Transmission Electron Microscopy
Semi- and ultrathin sections of specimens were

obtained as previously described!” and examined under a

JEOL 1010 electron microscope (see Supplementary
Methods).

Measurement ofBowel Contractility
Measurements were made using an inverted phase
contrast microscope with a radiant heater/thermocouple
(Air Therm, World Precision Instruments, Stevenage,
United Kingdom). Images of contracting bowel were acquired and digitized using a Picolo video card (Euresys,
Angleur, Belgium) and the frequency and amplitude measured using Diamtrak software (Prof. T. Nield, Flinders
University, Adelaide, Australia). A contraction in both

embryonic and neonatal bowel was defined as anyradial

displacementof the bowel wall =5% of its thickness, and

contractions were measured at the point of maximum
displacement in each specimen. Where samples were

curved sufficiently to cause serosal-serosal contact, measurements were made on thegreater (free) curve. Contractions were recorded for 5 minutes per explant.

Inhibition of c-Kit
ACK2 anti c-Kit antibodies (rat anti-mouse CD117
monoclonal antibody; Chemicon Europe, Chandlers
Ford, United Kingdom) were added atthestart of explant
culture and refreshed with each medium changeto give
final concentrations of 5 wg/mL and 10 pwg/mL.'8 Controls used a nonrelevant antibody (mouse antiactin
monoclonal antibody, clone AC40, Sigma Aldrich) at 10
jug/mL. Contractions were measured as described above.

interstitial cells of Cajal (ICC), we think that this is
unlikely both because of the rapid onset of its effects
in vitro (see Supplementary Figure 1 online at www.
gastrojournal.org) and also because it has been shown
that GDNF~/~ mice lacking an ENS have apparently
normal ICC function.!9

Calcium Imaging
Explants were incubated with intermittent agitation for 4 hours in tissue culture medium containing 20
pg/mL fluo 4 AM (Invitrogen, Paisley, United Kingdom).?°2! Fluorescence was then recorded for 2-minute
periods from the greater (free) curve of individual explants using an inverted microscope (Perkin-Elmer, Cambridge, United Kingdom) with CCD camera (Hamamatsu
Photonics, Hamamatsu, Japan). Fixed reference points
were positioned at defined intervals along the greater
curve of the explant using a visual analogue scale marker
to determinerate of propagation of Ca*~ waves. Analyses
were performed using Ultra VIEW S.5 (Ultraview Corporation, Orinda, CA), with a frame rate of 10 per second.

Statistical Analysis
Amplitude/frequency data were analyzed using
GraphPad Prism 4.03 and GraphPad Instat 3.06 (GraphPad Software, San Diego, CA). A P value of <.05 was

a
ri

considered significant. Normality of data was assessed
using the method of Kolmogorov and Smirnov. For

multiple comparisons between groups, either a 1-way

ANOVA with Tukey multiple comparison test or
Kruskal-Wallis test with Dunn posttest was employed,

depending on the normality of the data.

Inhibition ofFast Sodium Channels
To inhibit neural regulation via fast sodium channels, tetrodotoxin (TTX; Sigma-Aldrich) was added to the
medium to give a final concentration of 1 mol/L, and
the specimens were cultured overnight. Details of pilot
experiments with TTX determining the speed of onsetare
given in the Supplementary Methods(see Supplementary
Methods online at www.gastrojournal.org). The effect of
TTX on neonatal colon was determined after 2 hours
becausetissueviability in these explants was lost with an
overnight incubation. Although we cannot formally rule
out that TTX treatmentaffects a trophic influence on the

207

Results
Explants of E11.5 colon were maintainedfor up to
12 days in culture, 8 days in culture corresponding to
term equivalence (E19.S). During this time, the explants
attached loosely to the substrate, remained viable, and
grew, although as previously reported the growth
achieved was not comparable with that which would
occurin vivo.2? Mostof the culture explants curled upon
themselves rather than remaining linear, but we did not
identify any differences in sizes of ganglionic, aganglionic, or transplanted distal colons after culture. Sponta-

Table 1. Numberof Explants Exhibiting Contraction After 8 Days Culture in the Presence or Absence of ACK2 anti-c-Kit
Neutralizing Antibody
Sample type

Number contracting
in controls (%)

Number contracting with
5 pg/mL ACK2 (%)

Number contracting with
10 pg/mL ACK2 (%)

Number contracting with
10 pg/mL control Ab (%)

Ganglionic distal colon
Aganglionic distal colon

12/12 (100)?
12/12 (100)

3/4 (75)
3/4 (75)

0/4 (0)?
0/4 (0)?

3/4 (75)
4/4 (100)

Ab, antibody.
aSignificance for difference between number of explants contracting with and without addition of 10 pg/mL anti-c-Kit antibody after 8 days in
culture: P < .05 for all regions, Kruskal-Wallis test with Dunn posttest.
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Figure 2. Immunofluorescence of neonatal mousedistal colon (A and B) and tissue culture explants after 8 daysin culture (C-J). Samples were
either dual labelled for c-Kit (green) and PGP9.5 (red, top row) or SMA(red, bottom row). (A and B) c-Kit positive ICC are in close proximity to the
ganglia of the myenteric plexus, between the smooth muscle layers. (A) Showsin detail the relationship of ICC-MY with myenteric ganglia. In B, the
outer longitudinal muscle layer and ICC deepto the circular muscle can be seen; these are not present in the cultured samples. (C and D) Cultured
ganglionic distal colon demonstratesall 3 tissue types, with ganglia present corresponding to the myenteric plexus, a band of c-Kit-positive cells in
close proximity, and a few PGP9.5-positive cells penetrating deeper into the explant. The smooth muscle layeris thinner than in term distal colon and
constitutes a circular layer only; c-Kit-positive cells arestill present in large numbers, and there is no overlapof staining with smooth muscle cells. (E
and F) Cultured aganglionic distal colon lacks PGP9.5-positive ganglia, and the layer of c-Kit-positive cells appears attenuated as a result, although
cell numbers are comparable, and the spatial relationship with the smooth musclelayer is preserved. (G and H) Distal colon transplanted with EMNS
shows migration of PGP9.5-positive cells into the bowel wall, with the relationship between PGP9.5-positive cells, c-Kit-positive cells, and SMA
reactivity similar to that of ganglionic distal colon and neonatal mousedistal colon. The band of c-Kit reactivity appearsthicker than in E and F because
of the presence of PGP9.5-positive cells within it. (/ and J) A similar pattern of immunoreactivity is also found in aganglionic bowel following NHNS
transplantation, with neurons forming ganglia within the bowel wall and occasional PGP9.5-positive cells deeper within the smooth muscle. Scale
bars, 50 wm except in A, G, and I, 30 um.

neous contractions developed in all ganglionic and agan-

glionic bowel explants (Table 1 and see below).

Histology of Transplanted Bowel Explants
Immunofluorescence. When removed at E11.5
(Figure 1), the distal colon exhibited no immunoreactivity for neurons (PGP9.S), ICC (c-Kit), or SMA (data not
shown; see McHugh?). The staining pattern for PGP9.5S
and c-Kit in ganglionic samples cultured for 8 days was
comparable with that seen in PO neonatal mouse bowel,
with the exceptions that the cultured samples lacked a
longitudinal muscle layer, and c-Kit reactivity in cultured

samples was confined to a layer corresponding with the
ICC-MY(a subset of ICC found in the region of myenteric plexus) (Figure 2A—D). As described in detail
previously,!3 the transplanted bowel was colonized with

neurosphere-derived cells by day 8 in culture (Figure
2D-G), whereas in the control aganglionic untransplanted distal colon lacked neurons (Figure 2C). The
distribution of the ICC marker c-Kit was also similar in
these samples, with c-Kit immunoreactivity present in
both transplanted and untransplanted aganglionic bowel
(Figure 2E and F). In aganglionic distal colon, the band of
c-Kit staining appeared thinner than in ganglionic or
transplanted bowel, possibly resulting from the lack of

the myenteric plexus around which c-Kit-positive cells
usually lie (Figure 2E).
Electron microscopy. The ultrastructural appearance of ICC and neuronsin term murine colon has been
described previously.74 In agreement with the results presented in Figure 2, no neurons were observed within the

aganglionic control distal hindgut explants. In the ganglionic controls, neuronal bodies and nerve fibers were

present within the explant, but no nerve endings (nerve
processes containing synaptic vesicles) were seen within
the muscular layer. These findings are consistent with
those seen in term neonatal mouse colon (see Supplementary Figure 3 online at www.gastrojournal.org and
see Faussone-Pellegrini?‘). In both aganglionic and transplanted distal colon, cells with fibroblast-like features

were present at the myenteric plexus level (Figure 3A-C).
These cells can be considered differentiating ICCMY,?72526 consistent with the distinct c-Kit staining seen
in Figure 2. Thesecells lie close to the neurons,but, after
8 days in culture, no specialized cell-cell contacts were
observed. The neural cells that migrated from the transplanted mouse and human neurospheres were mostly
groupedin gangliaor, alternatively, were lined up as rows
of cells (Figure 3B and C and Figure 4A-C). All neuronal

July 2008

FUNCTIONAL EFFECT OF ENS TRANSPLANTATION

209

Figure 3. Transmission electron microscopy of embryonic
distal colon after 8 daysin culture. (A) Aganglionic distal colon.
Putative immature ICC-MY can
be seen (asterisk). The ICC-MY
are spindle shaped, with an
ovoid nucleus containing clear
chromatin. The cytoplasm is
clear and contains free ribosomes, some cisternae of the
rough endoplasmic reticulum, a
small Golgi apparatus (G), several mitochondria, and a few intermediate filaments. (8B) The
wall of NHNS transplanted distal
colon. A group of neuroblasts
(ganglion) and putative immature
ICC-MY
(asterisks)
located
around the ganglion can be
seen. The neuroblasts have
many polyribosomes and very
few cisternae of the rough endoplasmic reticulum, and the Golgi
apparatus is small. Filaments
and microtubules are absent. (C)
Wall of EMNS transplanteddistal
colon. A group of neurons (ganglion) and 1 putative immature
ICC-MY (asterisk) in its vicinity
are seen. G, Golgi apparatus;
rer, cisternae of the rough endoplasmic reticulum. Scale bar, A,
0.9 wm; B, 1.1 wm; C, 1.2 wm.

cells were located at the level of the myenteric plexus

and were more frequently found in the vicinity of the
transplanted neurospheres (see Supplementary Figure

2A and C online at www.gastrojournal.org). The neuronal cells were generally more differentiated in EMNS
transplanted colon than in the NHNStransplanted colon
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(Figure 3B and 3C, Figure 4) in which the neuronalcells
resembled neuroblasts (Figure 3B).?”?® Nerve processes
were more numerous in EMNStransplanted colons than
in the NHNStransplanted colons, but all of them con-

tained synaptic vesicles (Figures 3B and 4C). Synapse
formation was observed between neurons in the EMNS
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Figure 4. Aganglionic embryonic distal colon transplanted
with an EMNS neurosphereafter
8 days in culture. (A) Light microscopy,
semithin
section
stained with toludine blue. Two
groups of neurons(N) are seen.
(B-E) Transmission electron microscopy. (B) Two neurons (N)
and 1 glial cell (glia). (C) Neurons
(N) grouped to form a ganglion
together with numerousnervefibers (nf). (D and £) Asterisks indicate the synapses between 1
nerve
varicosity
and
the
perikaryon of a neuron and between 2 axons. The nerve varicosities contain large granular
vesicles and also small agranular
vesicles. Numerous coatedpits
(arrowheads)are present on the
plasma membrane of the neurons. G, Golgi apparatus; nf,
nerve fibers and nerve endings;
rer, cisternae of the rough endoplasmic reticulum. Scale bar, A,
25 wm; B, 2.6 wm; C, 2 um; D
and E, 0.6 wm.

transplanted bowel (Figure 4C-E). The nerve endings

formed synapses with the adjacent neurons and with
each other (Figure 4D and E), the features of which were
similar to those described during enteric neuron differentiation.27 Although neuroblasts were identified in
NHNSgrafted aganglionic bowel after 8 days culture
(Figure 3B), synapses only became apparent after 12

days in culture in these specimens (Figure SA and B).

This may be because of the slower growth rate in

neonatally derived neurospheres compared with embryonic neurospheres.”

Regulation ofBowel Contractility by
Neurosphere Transplants
All bowel specimens began to contract spontane-

ously after 4 days in culture, although the contractions
appeared uncoordinated in aganglionic bowel and did
not propagate alongits full length, whereas the contractions in ganglionic and transplanted bowel were regular
in terms of both frequency and amplitude and propagated further along the length of the specimen. Contractions were seen to propagate both proximally and dis-
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Figure 5. Light and transmission electron microscopy of embryonic distal colon transplanted with a NHNS after 12 days in culture. (A) Light
microscopy, semithin section. From left to right are mesothelium, neurons(N) at the myenteric plexus level, circular muscle layer, submucosa, and
mucosa. The gut /umenis indicated. The relationship betweenthe grafted neurons andnative circular smooth muscle, showing placementconsistent
with a developing myenteric plexus, can be seen. (B) Transmission electron microscopy. A ganglion formed by grafted NHNS neurons at the
myenteric plexus level. The neurons arestill relatively undifferentiated, but there are several synapses(arrows) forming between ganglion cells and
nervefibers. Scale bar, A, 50 yum; B, 1.2 wm.
SS

tally. Representative results obtained using the Diamtrak
software are shown in Figure 6A-F and Supplementary

Figure 4 (see Supplementary Figure 4 online at www.

gastrojournal.org). The frequency of contractions of the
distal colonic region of ganglionic explants cultured for 8
days equated to that of distal colon taken directly from
newborn mice (Figure 6G), indicating that the culture

system provides a valid model for the development of

bowel contractility. The anti-c-Kit blocking antibody
ACK-229 inhibited the contraction of ganglionic and
aganglionic distal colon explants in a dose-dependent
manner (Table 1 and see Supplementary Figure 1H on-

line at www.gastrojournal.org), indicating an essential
requirement for ICC in the generation of contractions.
The contraction frequencyof aganglionic colon after
8-10 days in culture was significantly higher than
those of ganglionic distal colon and aganglionic distal
colon transplanted with either EMNS or NHNS(Figure 6H). There was nosignificant difference between

the contraction frequencies of ganglionic distal colon
and transplanted distal colon (Figure 6H). In both
EMNSand NHNStransplanted distal colon, the addi-

tion of TTX significantly increased the contraction
frequency (Figure 6H). Thus, the TTX blockade of
neural signaling produces a rate of contraction in all
samples equivalent to that of the aganglionic phenotype, demonstrating that the effects of the neurosphere transplants on gut contractility are due to the
presence of functioning neurons.

Coordination of Calcium Wave Propagation
in Enteric Smooth Muscle by Neurosphere
Transplants
The coordinated progression of wavesof intracellular free Ca** movement along a 2-mm length of the
wall of ganglionic distal colon samples was observed, the
peaks of Cat* movement advancing in both oral and
aboral directions (Figure 7A and B). The frequency of
Ca** peaks corresponded to the frequency of the contractions measured above. In contrast, there was no co-

ordinated progression of a Ca** wave in aganglionic

distal colon (Figure 7C), although the uncoordinated
Ca** fluctuations observed at specific points within the

aganglionic bowel occurred at a higher frequency than
those seen in ganglionic samples (eg, Figure 7C, trace 5).

Transplantation of both mouse (Figure 7D) and human
(Figure 7F) neurospheres restored the ganglionic coordinated pattern of calcium movement. Furthermore, the

addition of TTX reversed the effect of transplantation,
causing uncoordinated calcium movementandindicating a neurally mediated effect of the transplants on free
Ca** movement (Figure 7E and G).
Discussion

In this paper, we demonstrate that grafted mouse
and human ENSPC neurospheres can regulate the function of aganglionic colon: the transplants restore the
higher contraction frequency of aganglionic bowel to the
slower frequency of ganglionic bowel by a neurally me-
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diated mechanism. Furthermore, the disordered movement of calcium in the smooth muscle of aganglionic
bowel becomes coordinated after neurosphere transplantation.

Although the growth of the cultured explants is less
than thatin vivo, it should be noted that the distal colon
also undergoes much less growth when compared with
the rest of the bowel, and similar culture systems have
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proven to be a useful method to study development of

the mouse bowel and ENS.?? Although the explants did
not develop longitudinal smooth muscle in culture, the
relevance of the culture model to normal ENS/gut functional developmentis substantiated by the similar structural development of ENS ganglia and c-Kit-positive
ICC-MY and the consequently similar characteristics of
neuronally mediated contraction in the cultured explants
and those of normal perinatal colon. We therefore think
that our explant culture model is suitable for an initial
functional assessment of ENSPCtransplantation on the
spontaneous contractions of aganglionic bowel.
The ability of neurosphere-derived neurons to reduce
the frequency of contraction and coordinate Ca~* movements may havebeeneither by direct effect on smooth
muscle or via an indirect effect mediated by endogenous
ICC. Clearly, ICC are necessary for contractility because
contractions were abolished when ICC development was
inhibited after treatment with the c-Kit blocking ACK-2
antibody. Theavailable evidence supports the notion that
the actions of the ENS on bowel contractility are mediated via the ICC,®° and our observation that TTX-insensitive contractions are also abolished by the blocking
antibody is consistent with this hypothesis. Despite the
lack of fully differentiated ICC seen on transmission
electron microscopy,there is evidence that immature ICC

can still act in a pacemaker role in the developing
bowel.3!-33 The absence of gap junctions between ICC
and smooth muscle as shown here is in keeping with

previous findings in the mouse intestine** and is also

consistent with recent work that has demonstrated that
gap junctions may not be necessary for pacing and neuronal coupling.3536
Neuronal coupling is likely to be due to the close
spatial relationship between neurons and ICC or smooth
musclecells. Although synapses were formed between the
transplanted neurosphere-derived neurons, no neuro-
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muscular or neuronal-ICC synapses were seen. It should
be noted that, in normal term neonatal mouse colon, no

such synapses have been observed either by ourselves or
in the literature.24#37 This may indicate that the neurogenic regulation of contractility in the term neonateis
mediated by a neuromodulator, rather than bya classical

synaptic neurotransmitter, and fits a current model of
neuronal/ICC/smooth muscle interaction.38 This hypothesis, and our results, are also in keeping with the

finding in PO mice that NOS-positive cells are more

numerous than cholinergic neuronsin the circular muscle of the colon.%? Although ICC electrical slow wave
activity in the prenatal developing mouse jejunum has
been shownto develop between E17 and E18,333! no slow
wave activity typical of ICC could be foundin the distal
colon of embryonic and term mice.*3394° This has already
led to speculation that the mechanism generating contractions in term neonatal mousedistal colon is independent of electrical slow waves and may be due to another
form of ICC activity.3? This theory is consistent with our
data, but the mechanism remains uncertain.
In conclusion, we have demonstrated that neonatal

human bowel can be used as a source of ENSPC capable

of restoring the contractile properties of the developing
gut. The production of coordinated contraction andrelaxation in ENSPC transplanted bowel would be important in the treatment of HSCR because defecation is a
complex process that requires multiple steps to succeed.*! Recently, the successful engraftment of embryonic
neural crest-derived cells in aganglionic adult mouse colon has been described, but these allogenic transplants

generated a strong inflammatory response.*? Althoughit
remains to be seen whether ENSPC can besuccessfully
transplanted into the neonatal gut environment, the

work wepresenthere is a step toward developmentof an
autologous stem cell treatment for babies with HSCR.

Figure 6. The effects of neurosphere transplants and TTX on contractility of cultured distal colon explants. (A) Example of the displacement/time
graph for term distal colon. The frequencyof the displacementis regular and of a low frequency. (B) Term distal colon after the addition of TTX. The
frequencyof contraction is higher andirregular. (C and D) Cultured ganglionic distal colon before (C) and after(D) the addition of TTX. The contractions
in ganglionic distal colon areinitially regular in terms of both frequency and amplitude, but, after the addition of TTX, the frequency of contraction
increases, and the contractions areirregular. (E and F) Example of the displacement/time graph for NHNS transplanted aganglionic distal colon +
TIX. (©) The frequency ofcontraction is slower and more regular than aganglionic distal colon, but, following the addition of TTX (F), the contractions
are higherin frequency and becomelessregular. (G) Thereis no significantdifference in the contraction frequency between PO neonatal mousedistal
colon and cultured ganglionic distal colon (GDC) (P > .05). After the addition of TTX for 2 hours, the rate of contraction in PO neonatal mousedistal
colon is significantly increased when compared with GDC and PO neonatal distal colon without TTX (P < .001). (H) Neurosphere transplantation
restores the contraction frequency of aganglionic distal colon (ADC) to that of ganglionic distal colon. Aganglionic distal colon contracts significantly
faster than ganglionic distal colon (P < .01). There is no significant difference in the contraction frequencyof aganglionic distal colon and ganglionic
distal colon + TTX (P > .05). EMNS and NHNS transplanted bowel have comparable contraction frequencies to ganglionic distal colon (P > .05) but
havesignificantly lower contraction frequencies than aganglionic distal colon (P < .001 for EMNS and P < .05 for NHNS), demonstrating a functional
effect of neurosphere transplantation. The contraction frequency in both EMNS and NHNS transplanted bowelis significantly higher following the
addition of TTX (P < .01 for EMNS and P < .001 for NHNS), indicating that the functional effect of neurosphere transplantation is neuralin origin.
GDC, ganglionic distal colon; ADC, aganglionic distal colon; EMNS, aganglionic distal colon transplanted with embryonic mouse neurosphere;
NHNS, aganglionic distal colon transplanted with neonatal human neurosphere; +7TX,following addition of tetrodotoxin at a final concentration of
1 pmol/L. All P valuesrelate to a 1-way parametric ANOVAwith Tukey multiple comparison test. “Indicates P< .05, **P < .01, **P < .001. Numbers
of explants per group are shown as n= in G andH.
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Figure 7. Calcium transients in
cultured distal colon explants.
The fluo-4 AM Cat** signal was
measured at 5 equally spaced
points (at 0.5-mm_ intervals)
along each explant, labelled 1
(proximal) to 5 (distal). (A) Ca**
waves are propagated along the
explant in an ordered manner, as
shown by the sequential progression of peaks on the graph.
The area of detail shown in B is
indicated by the ellipse. (B) Detail of the calcium transients in
ganglionic distal colon. This demonstrates the sequential progression of the calcium wave
along the length of the explant.
(C) Aganglionic distal colon
showsno coordination between
Cat* movements at separate

it

not fully propagate through the

fect. (FA) This neurally mediated

coordinating effect is also demonstrated in NHNS transplanted
bowel (open arrowheads) and
(G) reversed by the addition of
TX.
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Supplementary Methods

Bowel Explant Cultures
Time-mated CD-1 mice (Charles River Laboratories UK Ltd, Kent, United Kingdom) were killed by cervical dislocation at E11.5 in accordance with UK Home

Office regulations. We used a previously developed tissue

culture system shown diagrammatically in Figure 1 to
generate both ganglionic and aganglionic bowel explants
from the distal colon.12 There are no ENSPCs in the
distal colon at this time point,? and the explants therefore remain aganglionic if cultured in isolation.! A maximum of 4 explants were transferred onto 0.4-um semi-

permeable membraneculture plate inserts (Millipore UK
Ltd, Watford, United Kingdom) in 50-mm Petri dishes
(Sarstedt Ltd, Leicester, United Kingdom). Dishes contained 3 mL tissue culture medium comprising HEPESbuffered Dulbecco’s modified Eagle medium with 4500
mg/L glucose, 1% (vol/vol) fetal bovine serum, 100 U/mL
penicillin, 100 wg/mL streptomycin, 2 mmol/L glutamine, and 0.05 mmol/L 2-mercaptoethanol (all from
Gibco-Invitrogen, Paisley, United Kingdom) and wereincubated at 37°C in a humidified 5% (vol/vol) co, atmosphere. The medium was changedevery 2 days andalso 1
hour before measurement of contractility. Additionally,
5-mm longitudinal segmentsof full-thickness bowel wall
from distal control (ganglionic) colon of PO mice were
maintained under the same conditions for contractility
measurements.

Neurosphere Generation and Transplantation
EMNS and NHNSweregenerated as previously
described.* Ethical approval for the generation of human
neurospheres was obtained from the Liverpool Research
Ethics Committee (04/09/RE “Isolation of Human Enteric Nervous System Stem Cells”). Mechanical dissection
and enzymatic dissociation were used to generate single
cell suspensions containing ENSPCs from embryonic
mouse and 3- to 36-week postnatal human bowel samples from 5 patients: 3 with Hirschsprung’s disease (tissue from ganglionic bowel including either sigmoid colon or terminal ileum), 1 with imperforate anus, and 1
with colonic atresia. The human ENSPCswere cultured
in the same medium as for the explants, supplemented
with 20 ng/mL fibroblast growth factor 2 and 20 ng/mL
epidermal growth factor (Sigma-Aldrich, Poole, Dorset,

United Kingdom). Single EMNS or NHNSthat had been

cultured for a minimum of 21 days were apposed to the
proximal end of the E11.5 mouse isolated distal colon

explants as shown schematically in Figure 1.

Immunofluorescence
Specimens were fixed in acetone at —20°C for 20
minutes and then rinsed with phosphate-buffered saline
before embedding in 7.5% (wt/vol) gelatin (Sigma-Aldrich) in 15% (wt/vol) sucrose and immediate freezing at
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—80°C in isopentane (Sigma-Aldrich). Serial sections (7
jum) were cut using a cryostat. For immunostaining,

samples were pretreated for 30 minutes with phosphatebuffered saline containing 1% (wt/vol) goat serum (SigmaAldrich) and 0.5% (wt/vol) Triton X-100 (VWRInternational Ltd, Lutterworth, United Kingdom). Primary
antisera were applied at the following concentrations:
rabbit anti-PGP9.5 (Biogenesis Ltd, Poole, England)
1:4000, mouse anti-smooth muscle actin conjugated

with Cy3 (Sigma-Aldrich) 1:1200, and rat anti-mouse
c-Kit (ACK-2; Chemicon International) 1:50. For c-Kit/
PGP9.5 dual labeling, both primary antibodies were applied together for 16 hours at 4°C. For c-Kit/smooth
muscle actin dual labeling, the c-Kit primary antibody
was applied for 16 hours at 4°C, incubated with the

appropriate secondary antibody, and rinsed 3 times with
phosphate-buffered saline before the smooth muscle actin primary antibody was applied for 1 hour at room
temperature. Slides were rinsed 3 times with phosphatebuffered saline before incubating for 2 hours with appropriate secondary antisera: Texas Red conjugated sheep

anti-rabbit (Abcam, Cambridge, United Kingdom) 1:400

and Alexa-Fluor 488 conjugated goat anti-rat 1:500 (Sigma-Aldrich). After rinsing with phosphate-buffered sa-

line, the samples were mounted using DAKO fluorescent
mounting medium (DAKO UK Ltd, Ely, United Kingdom).
Transmission Electron Microscopy

Specimens were immersed in 2% (wt/vol) cacodylate-buffered glutaraldehyde (pH 7.4) for 6 hours. They
were then rinsed in cacodylate buffer supplemented with
15% (wt/vol) sucrose, postfixed with 1% (wt/vol) phosphate-buffered OsO, (pH 7.4) for 2 hours, dehydrated
with graded alcohol, clarified in propylene oxide, and
embedded in Epon using flat molds. Semithin sections
were cut with an LKB NOVA ultramicrotome, stained

with a solution of toluidine blue in 0.1 mol/L borate

buffer, and then observed undera light microscope. UI-

trathin sections of the selected areas were obtained with
the same ultramicrotome using a diamond knife and
stained with uranyl acetate, followed by a saturated solution of bismuth subnitrate. The sections were examined under a JEOL 1010 electron microscope and photographed.

Measurement ofBowel Contractility
Measurements were made using a Nikon TMS-F
inverted phase contrast microscope with a radiant heater/
thermocouple (Air Therm; World Precision Instruments,
Stevenage, United Kingdom) to maintain the microscope
stage at 37°C. Images of contracting bowel were acquired
using a Hitachi KP-143 video camera, digitized using a

Picolo video card (Euresys, Angleur, Belgium), and the
frequency and amplitude measured using Diamtrak software (Prof T. Nield, Flinders University, Adelaide, Aus-
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tralia). A contraction in both embryonic and neonatal

bowel was defined as any radial displacement of the

bowel wall =5% of its thickness, and contractions were
measuredat the point of maximum displacementin each
specimen. Where samples were curved sufficiently to
cause serosal-serosal contact, measurements of contractility and intracellular free Ca** (see following text) were
made on thegreater (free) curve. Contractions were recorded for 5 minutes per explant, which were kept out of
the incubator for a maximum of 30 minutes, after which
they were returned to the incubator for at least 30 minutes before any subsequent measurements.

orescence was then recorded for 2-minute periods from
the greater (free) curve of individual explants using an
Ultraview Olympus [X70 inverted microscope (PerkinElmer, Cambridge, United Kingdom) with an ORCA
charge-coupled device camera (Hamamatsu Photonics,
Hamamatsu, Japan) using a 10X objective lens. Fixed
reference points were positioned at defined intervals
along the greater curve of the explant using a visual
analogue scale marker to determine rate of propagation

of Ca?* waves. Analyses were performed using Ultra

VIEW S.5 (Ultraview Corp, Orinda, CA), with a frame rate
of 10/s.

Inhibition ofFast Sodium Channels
Initial experiments indicated that 1 wmol/L TTX
had an effect on ganglionic bowel explant contractility
within S minutes, the increased rate becomingstatistically significantafter 2 hours of incubation and remain-

ing significant for at least 12 hours of culture, suggesting
a diffusion-limited onset (Supplementary Figure 1).

While the effects of TTX on aganglionic and transplanted
embryonic explants were routinely measured after 12
hours of incubation, its effects on neonatal colon were
determined after 2 hours becausetissueviability in these
explants was lost with an overnight incubation. Although
we cannot formally rule out that TTX treatmentaffects a
trophic influence on the ICC, webelieve this is unlikely

both because of the rapid onset ofits effects in vitro
(Supplementary Figure 1) and also because it has been
shown that GDNF-—/— mice lacking an ENS have apparently normal ICC function.5

Calcium Imaging
Explants were incubated with intermittent agitation for 4 hours in tissue culture medium containing 20

pg/mL Fluo-4 AM (Gibco-Invitrogen).&7 Fluo-4 AM flu-
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Supplementary Figure 1. The effects of TTX and ACK-2 on ganglionic distal colon explants and transplants at D8 in culture. (A-F) Representative
displacement/time traces of ganglionic distal colon contractions before and after the addition of TTX. (A) Before the addition of TTX, the contractions
are regular and of low frequency. (B) After the addition of TTX, at 5 minutes the rate of contraction is increased. (C) The same sample after 1 hour.
The contraction frequency is again higher. (D) The same sample after 12 hours. (E and F) Aganglionic distal colon explant 8 days after NHNS
transplantation shown (E) before and (F) 1 hour after the addition of TTX. After 1 hour of incubation with TTX, the frequencyof contraction is higher
but there appear to be low-frequency, high-amplitude contractions (closed arrowheads) and superimposed on these higher-frequency, lowamplitude contractions (open arrowheads). Thisillustrates the developing loss ofinhibition that is seen at 1 hour but notfully realized until after 2
hours. (G) Graph showing summary data for the contraction frequency in ganglionic distal colon after 8 days in culture, before and after the addition
of TTX. The time points recorded are 5 minutes, 1 hour, and 12 hours. The contraction is increased after the addition of TTX. This increase is not
statistically significant after 5 minutes butis significant at 1 hour and 12 hours (one-way analysis of variance with Tukey’s correction; P < .01). (H)
Sample traces of ganglionic bowel cultured for 8 days(iii, iv, and v) with and (i and ii) without the ACK-2 neutralizing c-Kit antibody. Control specimens
are unaffected(i and ii). There is a dose-dependent development of inhibition in the samples with partial inhibition achieved at a concentration of 5
ug/ml (iii and v). Ata concentration of 5 g/mL, 25% of the samples cease contracting (Table 1, iii) and those that continue to contract show a higher
and moreirregular frequency of contraction (v). All samples cease contraction with ACK-2 at a concentration of 10 g/mL (iv).

Supplementary Figure 2. Mouse term colon. From upperto lower: the submucosa, circular muscle layer, myenteric plexus area, and immature
cells at the level of the longitudinal muscle layer can be seen. No synapsesare seenwithin the muscularlayer. NF, nervefibers of the myenteric plexus.
Scale bar = 1.6 wm.
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Supplementary Figure 3. EMNS and NHNS transplanted aganglionic embryonic distal colon after 8 days in culture. (A) Light microscopy of
semithin section, toluidine blue stained showing the wall of EMNS transplanted distal colon; the site of the neurosphereis indicated (arrow). N,
neurons; M, smooth muscle cells. (B) Transmission electron microscopy of A showing the ultrastructure of the smooth muscle cells. They display few

filament bundles, somecisternae of the rough endoplasmic reticulum but no smooth endoplasmicreticulum, few caveolae, and no gap junctions.

Asterisks indicate desmosome-like junctional areas. (C) Light microscopy of semithin section, toluidine blue stained showing the wall of a NHNS
transplanteddistal colon; the site of the neurosphereis indicated (arrow). (D) Transmission electron microscopy of C showing the ultrastructure of the
smooth muscle cells. Asterisks indicate desmosome-like junctional areas. Scale bar: A, 100 wm; B, 0.6 wm; C, 80 wm; D, 0.5 wm.
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Supplementary Figure 4. Frames taken from a video recording of
ganglionic distal colon during a contraction. A dashedreferenceline has
been drawntoillustrate the movement of the bowelwall. Intraluminal
contents of the bowel explant can be seen (open arrowhead) and can
be seen to move during the contraction. Thetime(in seconds) for each
the bowelwall thickness of 15%-20% (indicated by the arrowed line). (E
and F) Relaxation phase. The bowel luminal contents nowreturn to their
existing position and the bowel wall also returns to the resting state. The
contraction takes approximately 10 seconds to complete. Scale bar =
200 pum.

