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Electrogenic colonic ion transport in Hirschsprung's
disease: reduced secretion to the neural
secretagogues acetylcholine and iloprost

S P Hardy, P M Smith, R Bayston, L Spitz

Abstract
The effects of the abnormal innervation in
Hirschsprung's disease on colonic ion trans-
port were examined in vitro using Ussing
chambers. The response of the mucosal/sub-
mucosal preparations to different secreta-
gogues were investigated in aganglionic and
ganglionic rectosigmoid and transverse colon
from children with Hirschsprung's disease and
compared with normally innervated colon from
children with anorectal anomalies. Basal
values were similar in aganglionic and gan-
glionic rectosigmoid colon. Neuraily mediated
secretion with iloprost (10-'M) and acetyl-
choline (900 and 9 ,uM) was considerably
reduced in aganglionic colon compared with
normally innervated ganglionic colon. The
ganglionic colon proximal to the aganglionic
colon also had a reduced response to acetyl-
choline despite a normal acetylcholinesterase
staining pattern. The responses to Escherichia
coli STa enterotoxin (50 MU/ml) and isobutyl-
methylxanthine (10-3M) were similar in
ganglionic and aganglionic colon. The res-
ponse to STa enterotoxin was not changed by
the nerve blocking agent tetrodotoxin (10-'M).
The data show that colonocytes from agang-
lionic colon are capable of a normal secretory
response if stimulated directly by cAMP or
cGMP acting secretagogues but secretion in
response to neuraily mediated secretagogues is
impaired. The hypertrophied acetylcholines-
terase positive nerve fibres that infiltrate the
aganglionic colon are likely to contribute to the
reduced secretion to acetylcholine.
(Gut 1993; 34: 1405-1411)

Department of Paediatric
Surgery, Institute of
Child Health, London
S P Hardy
L Spitz

Department of Clinical
Dental Sciences,
University of Liverpool,
Liverpool
P M Smith

Division of Cell and
Molecular Biology,
Institute of Child Health,
London
R Bayston
Correspondence to:
Dr S P Hardy, Department of
Cell Biology, AFRC Institute
of Animal Physiology and
Genetics Research,
Babraham, Cambridge
CB2 4AT.

Accepted for publication
9 February 1993

Hirschsprung's disease (HD) is characterised by
spastic constriction of the affected colon associ-
ated with a variable length ofaganglionosis in the
distal colon and proliferation of extrinsic nerve
fibres.' The exact mechanisms responsible for the
abnormal smooth muscle function in the affected
colon remains unknown but amply show the
importance of the enteric nervous system in
regulating colonic function.
By contrast with the substantial body of

research on the smooth muscle changes in HD,
the role of the enteric nervous system on human
colonic ion transport either under normal condi-
tions or in various disease states remains un-

explored. Heath et al2 examined the absorptive
function of the rectum in vivo in children with
HD and showed greater absorption of sodium
and chloride ions and higher rectal potential
difference compared with control children.
To determine the effect of the neural abnor-

malities inHD on colonic ion transport, the basal
electrical properties and response to neurally
mediated secretagogues (iloprost), neurotrans-
mitters (acetylcholine and carbachol), and lumi-
nally active secretagogues were examined in (a)
aganglionic and ganglionic rectosigmoid colon
and (b) ganglionic transverse colon. A prelimi-
nary report of this study has been communicated
to the Physiological Society.3

Methods

TISSUE SPECIMENS
Tissue specimens were obtained from children
having corrective surgery for HD (mean age 6- 1
months, range 3-11). The normally innervated
'control' tissues were obtained from children
with anorectal anomalies (mean age 18 9 months,
range 1-120). All transverse colon specimens
were taken from left (proximal transverse) colos-
tomy closures. Children with other intestinal
neuropathies were excluded. All specimens were
obtained from scheduled operations (approval
obtained from the Hospital Ethical Committee)
from children with normal electrolyte status.
Most of the patients received 0-2 mg atropine

as part of the inductive anaesthetic course. All
children received endotracheal anaesthesia with
halothane, nitrous oxide, and oxygen together
with narcotic mediated analgesia with fentanyl or
morphine and bipivucaine (peripheral or
epidural).
The duration of ischaemia due to clamping of

the main tissue blood supply or dissection was
minimised and usually less than 40 minutes.
Collateral blood supply was not disrupted while
dissection took place. Tissues were collected in
theatre in ice chilled oxygenated NaCl-Ringer's
solution and transported immediately to the
laboratory. The tissue segments were opened
longitudinally and the luminal surface rinsed in
NaCl-Ringer's solution. The tissues were pinned
out on wax, mucosal surface down, and stripped
free of the outer layers of muscle using micro-
dissection scissors at x 50 magnification. Care
was taken to remove as little submucosal tissue as
possible. The tissues were bathed in oxygenated
NaCl-Ringer's solution during dissection, which
took 10 to 15 minutes. The dissected outer
muscle layers together with mucosa/submucosa
adjacent to the tissue used in the Ussing
chambers were fixed for histological analysis.
The preparations of mucosa/submucosa were

mounted in Perspex open topped Ussing type
chambers against rubber 'O rings' to minimise
edge damage. The exposed tissue area was
0-9 cm2 (0 17x006 cm rectangle). Tissue sur-
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faces were bathed with NaCi-Ringer's solution
containing (in mmol/l) NaCl 113; KCl4 5; MgCl2
1-0; Na2HPO4 02; NaHCO3 25; CaCl2 1-25, and
glucose 10-0. Each chamber was oxygenated and
stirred directly by bubbling with 5%CO2 in
oxygen. The chamber was kept at 37°C by a
heated water jacket.

ELECTRICAL MEASUREMENTS
The electrical indices were recorded using stan-
dard procedures by a computer based voltage
clamp modified from that described by Naftalin
and Smith.4 Experiments were carried out under
open circuit conditions. The short circuit current
values were calculated from the potential differ-
ence and tissues resistance using Ohm's law and
recorded as uA/cm2.

DRUGS
Acetylcholine, carbachol, and 3-isobutyl
1-methylxanthine (IBMX) were prepared in
NaCl-Ringer's solution. E coli STa enterotoxin
was dissolved in 0 9% phosphate buffered saline
and stored as a stock of 1000 MU/ml at -27°C in
0 5 ml volumes. Tetrodotoxin was dissolved in 5
mM disodium citrate and stored at 10-4M con-
centration at 4°C, protected from the light. The
efficacy and stability of the tetrodotoxin was
confirmed periodically by studies carried out on
unstripped rat distal colon in Ussing chamber
preparation. Tetrodotoxin (10-6M) applied to
the serosal (but not the mucosal) bathing solution
caused an immediate drop of about 88% of the
transepithelial potential difference and short
circuit current without any significant change in
transepithelial resistance and abolished the rises
in potential difference and short circuit current
seen after neural stimulation by electrical field
stimulation at 10 Hz, 5 msec pulse width, 1-5 V
for 30 seconds.

EXPERIMENTAL PROTOCOL
After mounting, tissues were allowed to equili-
brate to a stable baseline (25 to 90 minutes). Five
minutes before addition of the agonist the elec-
trical sampling frequency was increased to 10 to
30 seconds. After exposure to agonists both
mucosal and serosal bathing solutions were
changed with at least three washes ofoxygenated
prewarmed Ringer's solution and left for a period
of 20 to 45 minutes in which to reequilibrate
before addition of further agonists. Changes in
the potential difference, short circuit current,
and transepithelial resistance after agonist were
compared with the mean of the baseline taken
over the five minutes before the addition of the
agonist. Tissues maintained stable electrical
indices for up to five hours after which they
would usually show a steady decline in trans-
epithelial resistance and potential difference.
Experiments were usually stopped after four
hours.

HISTOLOGY
Tissues removed from children with HD were
separated into the different groups after histo-

logical examination for the presence or absence of
ganglion cells, which was performed after the
Ussing chamber experiments. Tissues were
pinned out on silicone rubber and fixed in 4%
(wt/vol) paraformaldehyde in phosphate buf-
fered saline (pH 7 3) at 4°C for 90 minutes.
Tissues were then washed at room temperature
for 15 to 30 minutes in phosphate buffered saline
and stored at 4°C in 7% sucrose - 0-1% sodium
azide - phosphate buffered saline until pro-
cessed. Tissues were prepared in OCT (BDH)
and snap frozen in liquid nitrogen chilled isopen-
tane. Ten ,um transverse sections were then cut
in a cryostat. Five to nine sections taken every
100 Am, collected onto gelatin subbed slides,
and stored at -27°C.

NADH diaphorase activity
The presence or absence of neurons within the
submucosal and myenteric plexus of the tissues
was confirmed by staining for NADH diaphorase
activity using the method of Hoyle and Burn-
stock.5 Slides were incubated at 37°C in phos-
phate buffered saline containing 1 mM NADH
(Fluka) and nitroblue tetrazolium (0-6 mM) for
30 to 45 minutes. The staining intensity was
controlled visually.

Acetylcholinesterase activity
Acetylcholinesterase activity was detected using
a method based on that of Karnovsky and Roots6
in the presence of the non-specific acetyl-
cholinesterase inhibitor iso-OMPA and stain
intensified with 0-1% silver nitrate (60 seconds).
The slides were lightly counterstained with
Carazzi's haematoxylin (10 seconds).

CHEMICALS
Iloprost was generously donated by Schering (W
Sussex, England). Most other chemicals, unless
otherwise stated, were obtained from Sigma
(Poole, UK).

STATISTICS
Results are given as the mean (one SEM). Where
sufficient tissue was available to test more than
one tissue from the same child in the chambers,
the results were averaged and considered as one
tissue. Statistical significance was tested using
the non-parametric Kruskal-Wallis analysis of
variance and Kolgomorov-Smirnoff 2 sample
test. Significance was taken at p<0Q05.

Results

BASAL ELECTRICAL PROPERTIES
Table I summarises the basal electrical measure-
ments in NaCl-Ringer's solution after equilibra-
tion (usually 60 minutes, range 25 to 90
minutes). The values obtained from the
aganglionic rectosigmoid colon were not signifi-
cantly different from the ganglionic rectosigmoid
colon either from patients with HD or from the
normally innervated controls.
No differences were found in the values from
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TABLE I Basal electrical properties ofhuman paediatric rectosigmoid and transverse colon

No Vt(mV) Isc(,AAcm2) Rt(fl cm 2)

Rectosigmoid colon
Aganglionic(HD) 26 11-7(1-5) -138-4(17-0) 91-6(7 5)
Ganglionic (ARA) 23 10-3 (1-4) -119-9 (15 5) 99 4 (7 9)
Ganglionic(HD) 14 12-0 (1-8) -120-6 (14-1) 963 (7 5)

Transverse colon
Ganglionic(HD) 15 12-3 (2 0) -109-5 (14-4) 113-5 (15-1)
Ganglionic(ARA) 13 10-0 (19) -91-2(15-9) 118-4(12-8)

Results are given as mean (SEM). HD=Hirschsprung's disease; ARA=anorectal anomalies;
Vt=transepithelial potential difference (serosal side positive); Isc=calculated short circuit current;
Rt=transepithelial resistance; No=number of children.
No significant differences were found between the five groups of tissues.

the ganglionic transverse colon between children
with HD and those with anorectal anomalies.
The values from the transverse colon in children
with HD and the controls were not significantly
different from those of the rectosigmoid colon.
No relation was found between the age of the
patient and the basal electrical properties. The
age ranges of the five groups were comparable.
The addition of 90 ,uM ouabain (BDH) to the

serosal bathing solution resulted in almost com-
plete abolition of the potential difference and
short circuit current (potential difference=<0-5
mV) in ganglionic colon (five tissues from four
children: three transverse, two rectosigmoid
colon).

NEURALLY MEDIATED SECRETION
To examine the effect of neurally mediated
secretion of the aganglionic colon iloprost, a
prostacyclin PGI, analogue, was chosen. Iloprost
has been shown to act through the submucosal
neural tissues, and not directly on the
colonocyte, to cause chloride secretion in rat
distal colon.7 Iloprost (10-6M) added to the
serosal bathing solution of the normally inner-
vated control rectosigmoid colon (tissues from
seven children, mean age: 4 8 months) resulted
in an appreciable rise in tissue potential differ-
ence (+6-7 (1-5) mV) and short circuit current
(102-6 (15-9) MtA/cm2) together with a fall in
tissue resistance (-17-7 (5-6) Q-cm2). Figure 1
shows the time course of action.
The addition of tetrodotoxin (10-6M) before

the serosal bathing solution completely pre-
vented any increase in potential difference or
short circuit current (n=3; data not shown). The
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Figure 1: Effect of iloprost (10-6M) added to the serosal
bathing solution at time 0 (arrow) on the short circuit current
(Isc) of(1) aganglionic rectosigmoid colon (four month boy)
and (2) ganglionic rectosigmoid colon (three month boy).
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Figure 2: Effect ofacetylcholine (900 uM) added to the
serosal bathing solution at time 0 (arrow) on the short circuit
current (Isc) of(1) aganglionic rectosigmoid colon (six
month boy) and (2) ganglionic rectosigmoid colon (two month
boy).

addition of tetrodotoxin, once the secretion had
stabilised at maximum values after the addition
of iloprost, reversed the increase in potential
difference, short circuit current, and trans-
epithelial resistance. The addition of iloprost to
the mucosal bathing solution failed to result in
any change in electrical properties.

In contrast, addition of iloprost to the serosal
bathing solution of aganglionic rectosigmoid
colon resulted in no significant change in poten-
tial difference (+0 4 (0 1) mV) or short circuit
current (+7 8 (1 6) PA/cm') in tissues from eight
children (p<0 001 v control ganglionic colon).
The fall in transepithelial resistance (-3-8 (1 2)
Q>cm2) did not reach statistical significance com-
pared with the ganglionic control tissues (-6-0
(2-6) Q_c,'2). Figure 1 shows a typical trace
together with that of the control ganglionic
colon.

CHOLINERGIC AGONISTS
The effect of direct cholinergic neurotransmitter
action on the colonocyte was examined. Addition

900 ,uM 9 FiM
Figure 3: Changes in short circuit current (Isc) (Mean
(SEM)) to acetylcholine and carbachol ofaganglionic colon
(n=8 to 12 per agonist) and ganglionic colon (n=6 to 12 per
agonist). #p=<0 05 v ganglionic control colon.
HD=Hirchsprung's disease, ARA=anorectal anomalies.

II
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of acetylcholine (900 and 9 uM) to the serosal
bathing solution of the control ganglionic recto-
sigmoid colon gave transient increases in poten-
tial difference and short circuit current coupled
with a fall in transepithelial resistance. Figure 2
shows the time course of action of 900 ,uM
acetylcholine. Maximum responses were
obtained at about two (900 ,uM) and about five
minutes (9 uM) after addition to the serosal
bathing solution.
By contrast with ganglionic colon, aganglionic

colon gave either a small or absent response to
serosal acetylcholine compared with control gan-
glionic tissues (data summarised in Fig 3). Figure
2 shows a typical trace of the response of
aganglionic rectosigmoid colon to high concen-
trations of acetylcholine (900 ,uM).

Subsequent experiments using the acetyl-
cholinesterase resistant acetylcholine analogue
carbachol (9 ,M) to the serosal bathing solution
ofcontrol ganglionic rectosigmoid colon resulted
in a transient rise in potential difference and
short circuit current (+4-6 (0-9) mV; +62-5
(14-5) liA/cm2 respectively; tissues from eight
children).
The response of aganglionic rectosigmoid

colon to carbachol showed considerable variation
(median increase in short circuit current: + 16-2,
range 0-135-5 liA/cm'). The mean response was
not significantly different from that ofthe control
ganglionic tissues using non-parametric analysis
(p=0 06). Two broad patterns of response to
carbachol, however, could be seen. Seven of the
total 14 aganglionic tissues gave increases of less
than 10 MuA/cm2 (mean increase of 3-1 (1.4) ,uA/
cm2; p=0 001 v control tissues). The other seven
tissues responded to carbachol with a mean
increase of 66-4 (15-9) liA/cm2 (p>0 05 v
control tissues).

ACETYLCHOLINESTERASE STAINING PATTERN
The extent of the acetylcholinesterase activity
within the submucosa and mucosal tissues was
examined histochemically. In ganglionic colon
from children with anorectal anomalies acetyl-
cholinesterase staining was present in the ganglia
of the myenteric and submucosa plexus with
occasional nerve fibres in the submucosa and
lamina propria. In contrast, aganglionic tissues
from children withHD showed dense staining of
large acetylcholinesterase positive nerve fibres in
the submucosa, lamina propria, and particularly
the muscularis mucosa (Fig 4).
The abundant acetylcholinesterase activity

released by the hypertrophied nerve fibres is
likely to contribute to the impaired response to
acetylcholine.

E COLI STA ENTEROTOXIN
To examine the secretory response of the
colonocytes to secretagogues added to the lumi-
nal bathing solution, tissues were challenged
with 50 MU/ml E coli STa enterotoxin. The
binding of STa enterotoxin to specific receptors
on human colonic mucosa has been shown to
increase mucosal guanylate cyclase concentra-
tions8 and to increase cGMP in intestinal cell
lines.9

Control ganglionic colon (tissues from nine
children) showed a prompt increase in potential
difference (+4-7 (1-5) mV) and short circuit
current (+39-0 (6.4)1uA/cm2, Fig 5A). The tissue
resistance showed an initial increase in of 6-5
(2-6) Q.cm2 before a subsequent fall of -9-15
(4-6) Q-cm2 (Fig SB shows a typical trace).
Aganglionic colon gave similar responses to STa
enterotoxin in potential difference (+3-2 (1 1)
mV), short circuit current (+33-6 (11 8) uA/cm2)

A B

Figure 4: (A) Photomicrograph ofrectosigmoid colon from a child with Hirschsprung's disease (three month girl) showing
increased acetylcholinesterase activity in the hypertrophied nerve bundles in the submucosa, muscularis mucosa, and lamina
propria compared with (B) ganglionic tissuefrom a child with anorectal anomaly (eight month boy) showing minimal
distribution ofacetylcholinesterase activity (original magnification x200).
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Figure 5: Response to E coli STa enterotu
added to the mucosal bathing solution at tn
short circuit current (Isc) and (B) transepi
(RT) ofganglionic transverse colon (four
child with imperforate anus.

and transepithelial resistance (an
of +4-6 (1-7) fl-cm2 followed b3
(1-2) fl-cm2; tissues from four c
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increases in the control ganglio
increases in potential difference a
current were reversible on wasi
bathing solutions. Repeat chall
enterotoxin 45 to 60 minutes later
of serosal tetrodotoxin (10-6M
increases. The increase in short c]
STa enterotoxin in the presence
was not significantly differeni
aganglionic and ganglionic colk
short circuit current (SEM): +25
(aganglionic colon, n=4) v 37.i
(ganglionic colon, n=4). The
transepithelial resistance was un

presence of tetrodotoxin. No (

found between age of the p;
response to STa.

RESPONSE TO ISOBUTYLMETHYLXA
Tissues were challenged witd
methylxanthine (IBMX 1 mM)
bathing solution to stimulate se
cyclic nucleotides through inhi
phodiesterase activity and activat
cyclase activity. No differences N

responses ofaganglionic colon (in
tial difference: 11-9 (0-9) mV
current: + 157-4 (4-3) AA/cm2
epithelial resistance: -21-0 (4- 7
from three children) and control
(potential difference: + 10-2 (I

circuit current: + 170 7 (12 6) uA/cm2; fall in
transepithelial resistance: -26-0 (6 0) fQ cm2;
tissues from three children).
These data suggest that, if stimulated directly,

the colonocytes in aganglionic colon have an
unimpaired secretory capability.

SECRETION IN PROXIMAL GANGLIONIC COLON
FROM CHILDREN WITH HIRSCHSPRUNG'S DISEASE

----- .To determine whether the reduced secretory
response to iloprost and acetylcholine was con-

10 15 20 fined to the aganglionic segment or extended
proximally into ganglionic colon we examined
the basal and secretory responses in the
ganglionic rectosigmoid proximal to the
aganglionic region. In addition, the basal and
secretory responses of the proximal right trans-
verse colon in children with HD against children
with anorectal anomalies were compared.

Ganglionic rectosigmoid colonfrom children
withHD
The basal electrical properties of the ganglionic

10 15 20 rectosigmoid colon from children with HD
(mean age 14-7 months, range 3 to 48) were
comparable with the ganglionic control tissues

ixin (50 MU/mi) (see Table I).

thelial resistance The response of the ganglionic rectosigmoid
month girl)from a colon to neural activation by 10-6M iloprost was

not significantly different from the control gan-
glionic colon described above (increase in short
circuit current (SEM): +82-1 (8-9) /A/cm2 (HD,

X initial increase n=8) v 94 4 (14-6) ,uA/cm2 (control, n=7).
y a fall of -6-3 The response of the proximal ganglionic recto-
.hildren) which sigmoid colon from children with HD to 9 ,uM
ent from the acetylcholine was significantly reduced com-
onic colon. The pared with the control ganglionic colon (increase
md short circuit in short circuit current (SEM): +26-5 (9-1)
hing out of the (ganglionic HD, n= 14) v +76-2 (14-6) uA/cm2
Lenge with STa (control colon, n=12; p<0 01). Ganglionic
r in the presence colon proximal to the aganglionic zone had
I gave similar acetylcholinesterase staining patterns compar-
ircuit current to able with the control tissues. No apparent
of tetrodotoxin increase in acetylcholinesterase activity within
t between the the muscularis mucosa was seen. The response to
on (increase in carbachol although showing wide variability
9 (4-3) ,uA/cm2 similar to that seen in the aganglionic tissues

O (8-7) /LA/cm2 (increase in short circuit current: + 106-5 (36-5)
initial rise in pA/cm2, tissues from four children) was not

iaffected by the significantly different from the ganglionic
correlation was control colon.
atient and the The ganglionic rectosigmoid colon from

children with HD gave increases in potential
difference and short circuit current to IBMX and
STa enterotoxin that were not significantly dif-

LNTHINE ferent from the values obtained from the control
h 3-isobutyl-1- ganglionic colon described above (mean increase
in the mucosal in short circuit current (SEM) to 50 MU/ml STa
ecretion by cell enterotoxin: +45-1 (8-9); tissues from five
Lbition of phos- children; to 1 mM IBMX: +232-9 (17-4) uA/
ion ofadenylate cm2; tissues from three children).
were seen in the
icrease in poten-
r; short circuit
; fall in trans-
) fl-cm2; tissues
ganglionic colon
1-2) mV; short

Ganglionic transverse colon
Table I gives the basal electrical values of the
proximal transverse colon in children with HD
(mean age 16 months, range 3 to 45) and children
with anorectal anomalies (mean age 17-8 months,

E
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E
0
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1tE _
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TABLE II Increase in Isc (,uA/cm2) across the transverse
colonic mucosa from children with Hirschsprung's disease or
anorectal anomalies

Hirschsprung's Anorectal
Secretagogue disease anomalies

I ,uM iloprost +7 0 (2 5) +7-4 (4 5)
(n=3) (n=3)

9 ,iM acetylcholine +24-9 (9 7) +70 9 (27 9)
(n=4) (n=5)

50 MU/ml STa enterotoxin +64-1 (18-1) +88-7 (26 7)
(n=5) (n=5)

Results are given as mean (SEM). n=number or children. Other
abbreviations as in Table I. No significant difference exists
between the response of the two groups of tissues.

range 3 to 72). The basal values were similar
between the two groups of children and were not
significantly different from the values obtained
for the rectosigmoid colon. All tissues were
ganglionic.
The response to neurally mediated secretion

with iloprost (10-6M), serosal acetylcholine
(9 uM), and mucosal STa enterotoxin (50 MU/
ml) were similar between tissues from children
with Hirschsprung's disease and the controls
(Table II) and were similar to those of the
ganglionic rectosigmoid colon.
These data show that the secretory response of

aganglionic colon to certain neurotransmitters
including acetylcholine is impaired and this
abnormality extends beyond the level of the
aganglionosis. The secretion in response to other
secretagagues acting directly on the colonocyte,
however, is unaffected by the abnormal innerva-
tion.

Discussion
This is the first report giving details of the basal
electrical values in paediatric rectosigmoid and
transverse colon. Segmental heterogeneity,
principally reflecting Na+ transport, exists
between the proximal and distal colon both in the
rat and human colon.""3 Consequently, we have
considered the transverse and rectosigmoid sep-
arately. The basal electrical values in the recto-
sigmoid and transverse colon were similar and
both were comparable with the reported data on
adult colon"'2' although we have not identified
the ions participating in either the basal or
secretory responses.

Studies in animal and human colon show that
certain developmental changes in enterocyte
tissue enzymes occur in the colon, particularly in
the immediate pre and postnatal period.22
Jenkins et al,2324 using in vivo rectal dialysis,
found evidence of fully developed sodium trans-
port in preterm neonates but reduced anion
exchange (probably reflecting net bicarbonate
secretion) in children of 1 to 12 months of age.
We found no significant correlation between the
basal potential difference and age. Basal potential
difference readings obtained in Ussing chamber
preparations of human colon primarily reflect
active sodium transport."'2 Assuming this is
similar in infant colon, the data presented here
support the in vivo data that human electrogenic
sodium transport is fully developed at birth.

Basal electrical properties of rat distal colon
have a considerable neural tone as shown by the
fall in the potential difference and short circuit

current to tetrodotoxin.2" We hypothesised that a
changed response to secretory stimuli might exist
in HD as a result of the changes in the innerva-
tion to the colon and that these changes would be
reflected in the electrical indices. The similar
basal electrical indices in ganglionic and agang-
lionic tissues show that basal electrogenic ion
transport in infants is not influenced by the
enteric nervous system in either normally inner-
vated or aganglionic colon - that is, HD - and
highlight an important difference between the
neural control of rat and human colonic ion
transport. No significant difference was found in
the response of aganglionic and ganglionic colon
to STa enterotoxin in the presence or absence of
tetrodotoxin. The neural influences might act on
electrically silent ion transport mechanisms such
as bicarbonate secretion but these were not
examined in this study.

In this study, the reduced or absent response to
acetylcholine but not carbachol in aganglionic
rectosigmoid colon might result, at least in part,
from reduced concentrations of acetylcholine
reaching the basolateral muscarinic receptors
through the enzymatic breakdown by the abun-
dant tissue acetylcholinesterase activity. Studies
on non-epithelial tissues have shown increases in
muscarinic receptor density in response to
reduced exposure to acetylcholine.2' Although
we have not examined muscarinic receptor
density, the variability in the response to car-
bachol suggest that changes in muscarinic recep-
tor density or activation, or both may also occur
in aganglionic colon.
The reduced response of the proximal gang-

lionic colon in the children with HD to 9 ,uM
acetylcholine has important implications for the
siting of the surgical anastomosis of the proximal
ganglionic colon. It is possible that these tissues
are from the 'transitional zone' (the border
between aganglionic and ganglionic tissue)
although the histological acetylcholinesterase
activity was not distinguishable from control
ganglionic colon. The functional assay used here
is, therefore, of greater sensitivity than acetyl-
cholinesterase staining. These findings show that
the normality of the proximal bowel cannot be
adequately assessed by acetylcholinesterase
activity and the presence of ganglion cells.
The time during which the major vascular

supply was occluded varied between tissues and
cannot be corrected for. A reduced viability of
the aganglionic colon could account for the
reduced responses to the iloprost and acetyl-
choline. This was considered unlikely, however,
for the following reasons: the basal values and
response to IBMX and STa enterotoxin were
comparable with control tissues and with the
proximal ganglionic tissue from HD. The gang-
ionic rectosigmoid colon also responded to
iloprost comparable with the control tissues and
so acted as an internal control.

In conclusion, the in vitro electrical properties
of paediatric transverse and rectosigmoid colon
are reported. The results indicate that (a) the
electrogenic ion transport mechanisms in both
the rectosigmoid and proximal transverse colon
of children are similar, and (b) comparable with
reported adult data; (c) basal net electrogenic ion
transport of the transverse and rectosigmoid
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colon are unaffected by the neural abnormalities
in the colon in HD; (d) aganglionic and gang-
lionic colon from children with HD are able to
respond to certain secretagogues that act directly
on the colonocyte, and (e) this response does not
have a neural component; (f) the response of
aganglionic rectosigmoid colon to neurally
mediated secretion through acetylcholine and
iloprost is impaired; (g) the proximal ganglionic
rectosigmoid colon in children with HD also
exhibits an attenuated response to acetylcholine
despite normal histology. These findings show
that the neural abnormalities in HD exert an
inhibitory effect on the secretory mechanisms in
response to cholinergic stimuli. The problems of
constipation seen in children with HD are due
not only to abnormal smooth muscle and sphinc-
ter function but to a reduced secretory potential
of the rectosigmoid colon.
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