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IRRITABLE BOWEL SYNDROME AND THE ENTERIC NERVOUS SYSTEM

Abnormalities of the enteric nervous system in
heterozygous endothelin B receptor deficient (spotting
lethal) rats resembling intestinal neuronal dysplasia
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Background: A homozygous mutation of the endothelin B receptor (EDNRB) gene in spotting lethal
(sl/sl) rats leads to Hirschsprung’s disease (HSCR) with long segmented aganglionosis. However, the
effects on the development of the enteric nervous system (ENS) promoted by a heterozygous mutation
of the EDNRB gene are not known. The present study aimed to describe and morphometrically assess
the phenotypic abnormalities of the ENS in heterozygous (+/sl) EDNRB deficient rats in comparison
with homozygous (sl/sl) EDNRB deficient and wild-type (+/+) rats.

Methods: The distal small intestine, caecum, and colon were obtained from sl/sl, +/sl, and +/+ rats.
To demonstrate the three dimensional organisation of the ENS, the intestinal wall was microdissected
info wholemounts and incubated against the pan-neuronal marker protein gene product 9.5.
Assessment of the ENS included morphometric quantification of ganglionic size and density, the
number of nerve cells per ganglia, and the diameter of nerve fibre strands within both the myenteric
and submucous plexus.

Results: S|/sl rats were characterised by complete aganglionosis resembling the same histopathologi-
cal features observed in patients with HSCR. +/sl rats revealed more subtle abnormalities of the ENS:
the submucous plexus was characterised by a significantly increased ganglionic size and density, and
the presence of hypertrophied nerve fibre strands. Morphometric evaluation of the myenteric plexus did
not show statistically significant differences between +/sl and +/+ rats.

Conclusions: In contrast with sl/sl rats, +/sl rats display non-aganglionated malformations of the ENS.
Interestingly, these innervational abnormalities resemble the histopathological criteria for intestinal neu-
ronal dysplasia (IND). Although IND has been described in several intestinal motility disorders, the
concept of a clearly defined clinical-histopathological entity is still controversially discussed. The
present findings support the concept of IND based on clearly defined morphological criteria suggest-
ing a genetic link, and thus may provide a model for human IND. Furthermore, the data underline the
critical role of the “gene dose” for the phenotypic effects promoted by the EDNRB/EDN3 system and
confirm that the development of the ENS is not an “all or none” phenomenon.

tion of the enteric nervous system (ENS), regarded as a

multigenic neurocristopathy,' and represents a cause of
significant paediatric morbidity and mortality.” The character-
istic histopathological features of HSCR are complete absence
of ganglia in both the myenteric and submucous plexus and
hypertrophy of nerve fibre strands within distal segments of
the gastrointestinal tract. In the last decade different gene
mutations have been identified in patients with HSCR.’

The term intestinal neuronal dysplasia (IND) was first
introduced by Meier-Ruge in 1971 to describe hyperplastic
changes of the submucous plexus underlying intestinal motil-
ity disorders with symptoms similar to those observed in
HSCR. IND has been reported in adults and children suffering
from chronic constipation and is frequently associated with
HSCR. Giant ganglia and hypertrophied nerve fibre strands in
the submucous plexus are the most prominent histopathologi-
cal features of IND.” ° However, the aetiology of IND is not yet
known and the concept of a clearly defined clinical-
histopathological entity is still controversially discussed.” As
HSCR and IND frequently occur in combination,® similar
molecular defects may underlie these distinct developmental
disorders of the ENS.

Ontogenetic studies revealed that mutations in the en-
dothelin B receptor (EDNRB) gene or its specific ligand
endothelin-3 (EDN3) lead to defects in the development of
neural crest cells.” " When colonisation of the gut by neural

I | irschsprung’s disecase (HSCR) is a congenital malforma-
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crest cells is incomplete, the distal part of the intestine is left
aganglionic. A functional EDNRB/EDN3 system normally pre-
vents the premature differentiation of crest derived precursor
cells enabling the precursor population to persist long enough
to finish colonisation of the fetal bowel." "> Thus one of the
genes involved in the pathogenesis of HSCR is EDNRB.” In
humans, mutations in the EDNRB and EDN3 gene" ' are
probably carried by 10% of patients with HSCR."” To date, at
least 13 different mutations of the EDNRB gene associated
with intestinal aganglionosis have been identified."""* A
homozygous EDNRB deficiency leads to Waardenburg syn-
drome type IV (Shah-Waardenburg syndrome), a combination
of long segmented HSCR and Waardenburg syndrome II char-
acterised by sensorineural hearing loss and a pigmentary
disorder." " ** This phenotype is not only observed in humans
but in all animal models in which the EDNRB or EDN3 gene is
homozygously disrupted or mutated.” *

The spotting lethal (sl) rat with homozygous EDNRB
deficiency, an established animal model for HSCR,” ** develops
megaintestines caused by a long segmented aganglionosis

Abbreviations: HSCR, Hirschsprung’s disease; ENS, enteric nervous
system; IND, infestinal neuronal dysplasia; EDNRB, endothelin B
receptor; EDN3, endothelin-3; sl rat, spotting lethal rat; sl/sl,
homozygous; +/sl, heterozygous; +/+, wild-type.
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(A+D) Intestines of a sl/sl rat. Whereas the proximal small intestine (arrowhead) appears normal, the distal segment (large arrow) is

dilated (“megaileum”). The constricted region extends from the colon to the caecum and also includes the distal ileum (small arrows). (B+E) In
one of the animals from the +/sl group, the caecum was reduced in size. (C+F) Intestines of a +/+ rat. The ileum, caecum, and colon are

normally configured showing neither a dilated nor a constricted segment.

resembling the same histopathological features observed in
human HSCR.* Homozygous (sl/sl) rats are characterised by
white coat colour with pigmented spots” and show a 301 bp dele-
tion in both EDNRB genes.” Rats carrying this deletion in only one
of the EDNRB genes (heterozygous EDNRB deficient rats, +/sl) do
not develop HSCR and pigmental abnormalities, but minor
abnormalities of the myenteric plexus have been suggested.” In
humans, heterozygous EDNRB gene mutations also do not show
an associated phenotype of Waardenburg type II but may cause
HSCR. However, the penetrance of the HSCR phenotype is
incomplete—in homozygous mutations (74%) less than in
heterozygous (21%). Malformations of the ENS in heterozygous
and homozygous individuals without HSCR are not known.’

Therefore, the aim of the present study was to assess possi-
ble abnormalities of the ENS in +/sl rats with a 301 bp dele-
tion of one EDNRB gene. Whether a heterozygous mutation of
the EDNRB gene is capable of provoking malformations of the
ENS resembling the histopathological features of IND has yet
to be verified.

MATERIALS AND METHODS

Rats

Animals from the Wistar-Imamichi AR strain (congenital
aganglionosis) were used as homozygous (sl/sl) rats.” ¥ They
were bred by mating of heterozygous (+/sl) rats. The rats have

an autosomal recessive 301 bp deletion in the EDNRB gene
spanning exon 1 and intron 1, corresponding to the first and
second transmembrane domains of the EDNRB.” Animals
were weaned from the mother at 21 days of age and
maintained on standard rodent chow ad libitum. The
genotype of each rat used for experiments was confirmed by
polymerase chain reaction using primers flanking the 301 bp
deletion of the mutant EDNRB gene.” Four week old +/sl rats
(n=5) were compared with two week old sl/sl (n=5) and four
week old wild-type (+/+) rats (n=5).

Intestinal wholemounts and immunohistochemistry

After deep ether anaesthesia, rats were sacrificed and the
intestines were removed immediately. The small intestine,
caecum, and colon were filled with a fixation solution (3%
phosphate buffered paraformaldehyde, 0.2% picric acid) for
two hours. To perform a morphometric assessment, unbiased
by the degree of intestinal distension, specimens obtained
from +/+ and +/sl rats were equally stretched resulting in the
same luminal diameters of the small intestine, caecum, and
colon, respectively. After fixation, the intestinal segments were
split open along the mesenteric border and washed 4x10 min-
utes in 50% ethanol. To improve the conditions for immuno-
histochemistry, specimens were rinsed in 0.1 M sodium phos-
phate buffer and stored overnight at 4°C in the same solution
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Figure 2 Myenteric plexus of the colon of a (A) sl/sl rat, (B) +/sl
rat, and (C) +/+ rat. The myenteric plexus of the sl/sl rats is
aganglionic and characterised by hypertrophied nerve fibre strands
(arrowheads) running in a caudocranial direction. The nerve network
of both +/sl and +/+ rats is composed of ganglia (arrows) and
interconnecting nerve fibre strands (arrowheads). Some ganglia
encountered in +/sl rats appear to be larger than in +/+ rats.
Wholemount preparations, protein gene product 9.5, x100.

supplemented with 0.05% thimerosal. After treatment with
0.1% NaCNBH, for 30 minutes, specimens were washed and
stored at 4°C in 0.1 M sodium phosphate containing 0.01%
NaN;,.

Intestinal wholemounts of both the tunica muscularis and
submucosa were dissected under stereomicroscopic control.
After pretreatment with 10% normal goat serum (Dakopatts,
Copenhagen, Denmark; X 907) for 30 minutes they were incu-
bated in an antiserum raised against protein gene product 9.5
(Ultraclone RA 95101, diluted 1:400) for 24 hours.”* Goat
antirabbit IgG (Dakopatts Z 421, diluted 1:100) was used as

www.gutinl.com

von Boyen, H-J Krammer, A Siss, et al

Figure 3 Submucous plexus of the colon of a (A) sl/sl rat, (B) +/sl
rat, and (C) +/+ rat. The submucous plexus of sl/sl rats is
characterised by the absence of ganglia and nerve cells and is
composed of a dense network of hypertrophied nerve fibre strands
(arrowheads). A comparison between (B) and (C) illustrates that the
ganglia (arrows) of +/sl rats are enlarged and more densely
distributed. The nerve network of +/sl rats frequently contains nerve
fibre strands (arrowheads) of increased diameter. Wholemount
preparations, protein gene product 9.5, x100.

secondary antiserum. The wholemounts were then incubated
in a solution containing a peroxidase antiperoxidase complex
(Dakopatts Z 113, diluted 1:100) for 12 hours. 4-Chloro-1-
naphthol was used as chromogen for the peroxidase reaction.

Morphometry and statistical analysis

In addition to the descriptive histopathological assessment of
innervational abnormalities, the ENS of +/sl and +/+ rats
was subjected to morphometric analysis. Measurements
included registration of ganglia, nerve cells, and nerve fibre
strands, and were carried out separately for the myenteric and
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Figure 4 Submucous plexus of the colon of a (A) +/sl rat and (B)
+/+ rat. At higher magnification the increased ganglionic size and
increased neuronal number per ganglion in +/sl rats compared with
+/+ rats are well discernible. Wholemount preparations, protein
gene product 9.5, x200.

submucous plexus. Evaluation was performed in a blinded
fashion by two raters. For all of the measurements, interrater
reliability ranged from 0.88 to 0.96 (p<0.0001).

The intestine of every animal was dissected into 24 whole-
mounts, 12 of the tunica muscularis and 12 of the submucosa,
corresponding to the small intestine (n=10), caecum (n=4),
and colon (n=10). In each wholemount the diameter of 10
randomly selected nerve fibre strands was recorded and a
mean value calculated. Mean ganglionic density was calcu-
lated by counting the number of ganglia in four different areas
(1 mm*) within a given wholemount. To determine mean
ganglionic size, the area of eight ganglia was measured using

Table 1 Statistical comparison between +/+ rats and
+/sl rats—small intestine

p
+/+ rats +/sl rats Value

Ganglionic size (ym?)
Myenteric plexus
Submucous plexus

Neuronal No per ganglion

7077 (883.8) 7782 (248.4) NS
1643 (296.4) 5127 (484.6) <0.05

Myenteric plexus 13.87 (2.16) 13.56 (2.32) NS
Submucous plexus 4.40 (1.48) 10.20 (1.23) <0.05
Ganglionic density (No/mm?)
Myenteric plexus 12.32 (1.27) 12.79 (2.00) NS
Submucous plexus 9.68 (1.21) 21.62(1.28) <0.05
Diameter of nerve fibre
strands (pm)
Myenteric plexus 583 (1.34) 6.98(2.01) NS
Submucous plexus 4.81(0.39) 7.07(2.32) NS

Data are mean (SD).

417

the manual segmentation function of the software package
Kontron KS 100 (Zeiss, Germany) which allows manual trac-
ing of the regions of interest. Neuronal content per ganglion
was determined by counting the number of nerve cells located
within 10 ganglia.

Data were pooled for each group and evaluated separately
for the intestinal segments examined (small intestine,
caecum, colon). Statistical comparison between +/+ rats and
+/sl rats was carried out by non-parametric two-tailed Mann-
Whitney U tests with p<0.05 considered as an indicator of
significance.

RESULTS

Macroscopic findings

The colon, caecum, and distal ileum of sl/sl rats (fig 1A) were
constricted causing a long segmented “megaileum” (fig 1D).
The intestines of both +/sl (fig 1B) and +/+ (fig 1C) rats
showed normal macroscopic features (fig 1E, 1F). Only in one
animal in the +/sl group was the caecum reduced in size (fig
1E). Nevertheless, no +/sl rat showed clinical signs of
functional intestinal obstruction and all developed normally
similar to wild-type rats. Sl/sl rats died within the first three
postnatal weeks.

Histopathological findings
Within the constricted intestinal segments of sl/sl rats, ganglia
of both the myenteric and submucous plexus were absent (figs
2A, 3A). Whereas the myenteric plexus was characterised by
thickened nerve fibre strands running in a caudocranial direc-
tion, the submucous plexus was composed of a dense nerve
network of irregularly distributed nerve fibre strands. The
hypertrophied nerve fibre strands extended orally towards the
transition zone. Within the dilated intestinal segment the
nerve fibre strands became thinner and ramified into smaller
branches. Proximal to the megaileum the myenteric and sub-
mucous plexus were normally configured showing the
characteristic features of a regular ganglionic nerve network.
+/sl rats did not show distal aganglionosis, as observed in
sl/sl rats. However, in comparison with +/+ animals, +/sl rats
revealed the following structural abnormalities: the myenteric
plexus frequently contained ganglia of larger size and the pri-
mary nerve fibre strands appeared to be slightly thickened (fig
2B, 2C). These findings were even more pronounced within
the submucous nerve network which exhibited an obvious
increase in ganglionic density and size (fig 3B, 3C). Frequently
the borders of adjacent ganglia fused to form “ganglionic con-
glomerates”. Higher magnification showed that the ganglia of
+/sl rats contained an increased number of neurones
compared with +/+ rats (fig 4A, 4B). Morcover, the diameter
of submucous nerve fibre strands appeared to be enlarged, in
particular within the caecum and colon of +/sl rats. However,
no nerve cell degeneration or signs of neuronal immaturity
(neurones of reduced size and poorly developed cytoplasm)
were observed.

Morphometric analysis

Whereas the aganglionic condition in sl/sl rats was readily
discernible, the less severe abnormalities of the ENS encoun-
tered in +/sl rats, as described above, were subjected to mor-
phometric analysis to verify if the alterations differed signifi-
cantly from +/+ rats (tables 1-3). With regard to the
myenteric plexus, no statistically significant differences were
found between +/+ and +/sl rats concerning ganglionic size
and density, neuronal content, or diameter of nerve fibre
strands. However, statistical comparison of the data obtained
for the submucous plexus confirmed that the ganglia of +/sl
rats were significantly larger, contained more neurones, and
were more densely distributed. Mean ganglionic density of
+/sl rats exceeded that of +/+ rats by about two times in the
small intestine, three times in the caecum, and more than five
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Table 2 Statistical comparison between +/+ rats and
+/sl rats—caecum

+/+ rats +/sl rats p Value
Ganglionic size (ym?)
Myenteric plexus 7495 (919.2) 9104 (122.5) NS
Submucous plexus 1979 (210.8) 8143 (501.5) <0.05
Neuronal No per
ganglion
Myenteric plexus 16.63 (1.37) 18.24 (0.93) NS
Submucous plexus 4.30 (1.27) 13.33 (0.86) <0.05
Ganglionic density
(No/mm?)
Myenteric plexus 9.80 (0.95) 11.53 (1.68) NS
Submucous plexus 6.92 (0.64) 20.94 (0.94) <0.05
Diameter of nerve fibre
strands (pm)
Myenteric plexus 7.91 (1.64) 9.83 (1.2¢) NS
Submucous plexus 5.48 (0.41) 10.66 (1.47)  <0.05

Data are mean (SD).

Table 3 Statistical comparison between +/+ rats and
+/sl rats—colon

+/+ rats +/sl rats p Value
Ganglionic size (ym?)
Myenteric plexus 8365 (784.6) 9983 (302.8) NS
Submucous plexus 2212 (346.1) 8277 (687.4) <0.05
Neuronal No per
ganglion
Myenteric plexus 1576 (2.92) 20.81 (2.62) NS
Submucous plexus 6.10 (0.9) 13.92 (1.51)  <0.05
Ganglionic density (No
/mm?)
Myenteric plexus 6.99 (1.22) 10.01 (1.93) NS
Submucous plexus 3.14 (0.4¢) 17.00 (1.18)  <0.05
Diameter of nerve fibre
strands (pm)
Myenteric plexus 8.52 (1.53) 9.77 (1.14) NS
Submucous plexus 5.32(0.23) 10.51 (2.11)  <0.05

Data are mean (SD).

times in the colon. A similar craniocaudal gradient was also
recorded for ganglionic size and neuronal content, indicating
that the hyperplastic changes of the submucous plexus were
more pronounced within the distal segments of the gut. This
observation was also made with regard to the nerve fibre
strands of the submucous plexus: whereas in the caecum and
colon of +/sl rats the mean diameters differed significantly
from +/+ rats (two times larger), in the small intestine no
statistically significant differences were found.

DISCUSSION

In the present study, we showed that a heterozygous 301 bp
deletion of the EDNRB gene leads to morphological abnor-
malities of the ENS. The statistically significant alterations
primarily affected the submucous plexus and consisted of an
increase in ganglionic size and density, increased neuronal
content of the ganglia, and hypertrophy of nerve fibre strands.
Obviously, a heterozygous defect does not completely abolish
the inhibitory potential of the EDNRB/EDN3 system'' allowing
the gut to be colonised by precursor cells. However, loss of one
functional EDNRB gene may cause premature formation of
“ganglionic conglomerates” before the arrangement of nerve
cells into normal sized ganglia has been completed. As the
submucosa is the last intestinal layer to be colonised during
the intramural migration of precursor cells, incomplete devel-
opment of the ENS will affect the architecture of the submu-
cous nerve network in particular. Moreover, as the EDNRB/
EDN3 system mainly influences neuronal development within
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distal segments of the gut," " malformations of the ENS will

be expected primarily in this region. Indeed, the morphomet-
ric analysis of the ENS from +/sl rats confirmed that the most
pronounced abnormalities were located within the caecum
and colon and only to a lesser degree within the small
intestine.

Interestingly, malformations of the ENS observed in +/sl
rats, such as submucous giant ganglia and hypertrophied
nerve fibre strands, resemble the histopathological features of
IND described in humans.”® IND has been reported as an
enteric neuropathology underlying severe chronic constipa-
tion and intestinal pseudo-obstruction in children and
adults.”'™” Controversies concerning the reliability of the diag-
nosis (for example, histopathological criteria, morphometric
techniques) and clinical management (for example, conserva-
tive versus surgical therapy) have questioned IND as a
clinical-histopathological entity.”* > However, morphometric
analysis of the ENS from +/sl rats carried out in the present
study clearly revealed alterations similar to those found in
IND—for example, hyperganglionosis of the submucous
plexus and hypertrophy of nerve fibre strands. Thus at least
from a morphological point of view, our findings support the
concept of IND as a distinct intestinal innervational disorder.
Hyperganglionosis of the enteric nerve plexus has also been
described recently in a mouse model carrying a Ncx (Enx,
Hox11L1) deficiency and was proposed as a model for human
IND.”” These data suggest that the same phenotypic
abnormality of the ENS may be caused by multiple genetic
factors, as has been shown for HSCR.”

Although the pathophysiological significance of an in-
creased number of neurones is not well established, it has
been reported that neuronal hyperplasia in Ncx (Enx,
Hox11L1) deficient mice leads to abnormal intestinal
peristalsis” and that an increased number of hippocampal
neurones in fyn  deficient mice causes learning
abnormalities.” Thus hyperinnervation of the submucous
plexus may cause inappropriate activation of enteric neu-
rones. As the submucous plexus is actively involved in the
modulation of intestinal motility,” alterations in this nerve
network—apart from abnormalities of the myenteric plexus—
may also provoke intestinal motor dysfunctions leading to
symptoms of chronic constipation.

In the early postnatal period, +/sl rats showed no obvious
signs of functional intestinal obstruction. We cannot exclude
the fact that the enteric neuronal malformations may be clini-
cally compensated over a given time period and may not lead
to intestinal motility disorders until adulthood. Whereas +/sl
rats did not show the histopathological and clinical features of
HSCR, in about 5% of patients with HSCR a heterozygous
EDNRB deficiency has been found.’ It is not known whether
patients without HSCR, who carry a heterozygous EDNRB
deficiency, show abnormalities of their ENS similar to those
observed in +/sl rats. If the EDNRB gene mutation is
heterozygous, less severe enteric neuronal malformations
such as IND may be expected due to weaker expression of the
gene product. Systematic genetic screening for a heterozygous
mutation in the EDNRB gene in a representative group of
patients definitely diagnosed with IND has not yet been
carried out. However, recently it has been shown that in a
small number of patients with IND (n=20) and combined
HSCR/IND (n=12), an EDNRB mutation could not be
identified.” This is not surprising considering the frequency of
EDNRB mutations in HSCR of only 2-4%.> The same is also
true for those HSCR patients who have been additionally
diagnosed with IND. Moreover, the absence of a genetic defect
in patients with IND can also be attributed to the fact that
abnormalities of the ENS may arise not only from congenital
but also from environmental factors. In particular, hyperplas-
tic changes, as observed in IND, have also been described in
experimental intestinal stenosis reflecting the postnatal plas-
ticity of the ENS.*
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In contrast with SOX10, endothelin converting enzyme, and
other factors (for example, GDNF protein family, neuro-
trophins, neuropoietic cytokines),”* the EDNRB/EDN3 sys-
tem acts as an inhibitory tool in enteric neuronal
differentiation." Whereas a functional EDNRB/EDN3 system
prevents differentiation of precursor cells before having colo-
nised the entire bowel wall, a homozygous defect causes pre-
mature differentiation leaving the distal gut aganglionic. The
present study provides morphometrically confirmed evidence
that the phenotype of the ENS is not only altered by a homo-
zygous but also by a heterozygous 301 bp deletion of the
EDNRB gene: whereas the homozygous defect causes long
segmented HSCR, heterozygous EDNRB deficiency leads to an
IND-like histopathology. The latter observation suggests that
hyperganglionosis may be linked to a genetic defect and that
+/sl rats may provide another model for human IND. Further-
more, the data underline the critical role of the “gene dose” for
the phenotypic effects promoted by the EDNRB/EDN3 system
and confirm that the development of the ENS is not an “all or
none” phenomenon.
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