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Abstract

Disorders of intestinal motility which cause functional obstruction (chronic idiopathic
intestinal pseudo-obstruction; CIIP) can be divided into two broad categories
(neuropathic or myopathic) distinguishable by electrophysiological studies.
Hirschsprung’s disease (HD), the commonest variety of CIIP, is associated with a
distal aganglionic segment of intestine of variable length, but the morphological
changes in other rarer forms of CIIP are less well defined. This thesis investigates
currently available morphological methods and examines some immunohistochemical
techniques in evaluating abnormalities in the smooth muscle and nerve cell
cytoskeleton and the interface between these two elements as possible pathogenic

factors in these puzzling conditions.

Morphometric studies of myenteric neuronal densities have established a baseline
against which some neurogenic forms of CIIP, such as intestinal neuronal dysplasia
(hyperganglionosis) and hypoganglionosis can be validated. A study of rectal suction
biopsies, seeking changes reportedly indicative of intestinal neuronal dysplasia has
suggested that some apparent abnormalities may merely be age-related variations.
Similarly, previously reported abnormalities observed by silver staining of the

myenteric plexus appear to be normal for the developing intestine.

The majority of patients with neurogenic CIIP, identified clinically by
electrophysiology, have no morphological abnormality of enteric innervation
recognisable by conventional histological techniques and immunohistochemical studies

of neurofilaments (NF), neural cell adhesion molecule (N-CAM) or muscarinic



receptors were similarly unrewarding.

In contrast, in myopathic CIIP some important new ultrastructural observations have
been made regarding fibrosis, atrophy and central vacuolation of intestinal muscle.
Peripheral vacuolation and folding of the smooth muscle plasma membrane are
considered to be artifacts. Immunohistochemical studies using NF antibodies,
originally applied to detect neuropathic abnormalities, demonstrated a striking
increase in nerves in the circular muscle in myopathic CIIP. Probably of greatest
significance was the identification of contractile protein isoform abnormalities in
intestinal myopathies. This new approach has demonstrated notable changes,
unrecognised by conventional methods, that may affect enteric muscular function. It

also opens the way to further studies at the molecular and genetic levels.
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Chapter 1. General Introduction and Historical Appraisal

Intestinal obstruction is a common and sometimes life-threatening condition usually
due to localised lesions in the intestinal wall, within its lumen or compressing it from
the outside. Rarely, however, chronic or recurrent symptoms of intestinal obstruction
may occur in the absence of any obvious mechanical cause, a situation described by
the term chronic idiopathic intestinal pseudo-obstruction (CIIP). A heterogeneous
spectrum of pathological changes in the intestinal wall may be associated with this
functional disorder which affects intestinal motility and produces alterations in normal
intestinal peristalsis. Normal gut motility is dependant on an intact neural circuitry
comprising enteric plexuses communicating with each other and the rest of the bowel
wall; it is also dependant on intact normal contractile tissue consisting of the circular
and longitudinal muscle coats. Thus the abnormalities giving rise to CIIP can be
subdivided broadly into two groups: neuropathic (primary neural defects) and

myopathic (primary defects in the intestinal smooth muscle).

Defective intestinal motility is manifested clinically by gross abdominal distension and
pain, bilious vomiting, food intolerance or difficulty in defaecation. The abdominal
distension is a result of intestinal dilatation, often affecting the colon alone but

sometimes involving other parts of the intestine.

For centuries these disorders were entirely unexplained or ’agnogenic’ (Ravitch
1966), but recently, with the evolution of improved detection methods and better
understanding of normal intestinal physiology, several distinct pathological entities

have been identified, although many still remain unclarified. The diagnostic methods

21



used have evolved from gross anatomical examination, through histological, enzyme
histochemical and ultrastructural to immunohistochemical techniques, each of which

have contributed to the understanding and diagnosis of pseudo-obstructive disease.

1.1 Megacolon

The earliest surviving description of megacolon can be attributed to Frederici
Ruyschii. In 1691 he described the death of a 5-year old girl with a grossly dilated
colon, whose symptoms were not alleviated with the usual remedies employed in

those times for deworming or to relieve flatulence.

Similar descriptions, dating two centuries later, of megacolon resulting in death failed
to clarify the pathophysiology of this disease. The reports included a young doctor
with long standing symptoms of "dyspepsia, frequent acid vomitings and costiveness’
(Parry 1825); a 17-year-old boy with ’acute intestinal obstruction, yet always
constipated habit’ (Ebers 1836); a 10-year-old boy, who from the ’earliest age never
had spontaneous stools’ (Barth 1870); a 4-year-old boy with ’difficulty on defaecation
since the age of 3 months’ (Gee 1884) and an 8-year-old girl, who had long been
’subject to constipation’ (Bristowe 1885). ’An insufficient degree of intestinal
muscular power and action as a physical cause for costiveness’ was recognised by
Jacobi in 1869. He urged examination of the *locomotive power of the intestinal tract
in every case of abnormal function where there is no local obstruction, no faulty
secretion or apparently no improper food’. In particular he emphasised that ’in infants
whose constipation dates from the first hour of life, an abnormal intestinal anatomy

may be the cause for the costiveness’.
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1.2 Hirschsprung’s Disease

The first significant contribution to the unravelling of pseudo-obstructive disease was
in 1886 when Harald Hirschsprung , a Danish professor of paediatrics, presented his
detailed necropsy findings on two infants (aged 11 and 8 months) for the Gesellschaft
fur Kinderheilkunde in Berlin. His paper was entitled "Stuhltragheit Neugeborener in
Folge von Dilatation und Hypertrophie des Colons" and was published in the
Jahrbuch fur Kinderheilkunde in 1888. In contrast to previous reports of megacolon,
Hirschsprung demonstrated that the most striking dilatation was seen in the sigmoid
and transverse colon and that the rectum was of normal calibre. Hirschsprung’s
invitation for reports of similar patients resulted in a literature review of 55 cases

(Griffith 1899) and Hirschsprung himself reported four further patients in 1900.

Hirschsprung’s disease (HD) was thus the first of the pseudo-obstructive disorders to
be identified as a distinct clinical entity, although the pathology was far from clear

for another 60 years.

1.2.1 Histological Observations in Hirschsprung’s Disease

Suggestions of a neurogenic origin for HD were made first by Lennander (1900) and
a number of authors subsequently noted that neurons in the myenteric plexus were
very poorly developed (Bretano 1904) or completely absent (Dalla Valla 1920;
Robertson and Kernohan 1938; Tiffin 1940; Bodian 1949). However, contradictory
reports claiming the presence of myenteric neurons also appeared (Finney 1908;
Schmidt 1909; Retzlaff 1920; Cameron 1928). Due to a lack of understanding that the
abnormality responsible for pseudo-obstruction in HD was in the undilated segment

of intestine, and to omissions in the recording the exact site of the specimens
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analysed, no conclusions could be made until the late 1940’s and early 1950’s. HD
is now understood to result from aganglionosis (i.e. an absence of neurons in the
enteric plexuses) in the distal segment of the intestine; the dilated proximal intestine
is usually morphologically and functionally normal. Since the absence of enteric
neurons in HD is not always easy to demonstrate, other methods have been

investigated to improve the diagnostic accuracy.

Figure 1. Hirschsprung’s disease: Little Richard, one of the first patients shown to
have aganglionosis of the distal intestine. He was successfully diagnosed and treated
in January 1949 at The Hospital for Sick Children, Great Ormond Street. Note the
enormously dilated intestine clearly visible through the abdomen.
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1.2.2 Acetyl Cholinesterase Activity in Hirschsprung’s Disease

Biochemically, high levels of cholinesterase activity were found in the aganglionic
segments in HD compared with the ganglionic portions and normal controls (Kamijo
et al. 1953). An overall increase in specific (acetyl) cholinesterase was more marked
than that in non-specific (butyryl) cholinesterase. The increased acetyl cholinesterase
(AChE) activity was shown histochemically to be associated with large bundles of
non-myelinated nerve fibres whilst non-specific cholinesterase activity was associated
mainly with smooth muscle fibres of the muscularis mucosae and the innermost layers
of the circular muscle (Kamijo et al. 1953). An increase in non-specific cholinesterase
activity was confirmed to be present in the muscularis mucosae but was noted also
in the longitudinal muscle by Niemi et al. (1961). An increase in AChE-positive
nerve fibres in the muscularis mucosae and the lamina propria of the aganglionic
segment was reported by Meier-Ruge (1967, 1968, 1972) and by Elema et al. (1973)
and the histochemical assessment of AChE-activity in mucosal biopsies emerged as

the most reliable method for diagnosing HD (Meier-Ruge 1974; Lake et al 1978).

1.3 Pseudo-Hirschsprung’s Disease

It soon became apparent that other pseudo-obstructive diseases clinically mimicking
HD also existed in which either no aganglionosis could be detected (Ehrenpreis 1966;
Bentley 1966; Nixon 1966; Spencer 1966; Lister 1966; Pages 1966; Duhamel 1966;
Katz 1966), or ’aganglionosis was seen in one or the other of the enteric plexuses but
not in both’ (Pages & Duhamel 1966; Ikeda et al. 1988). The delay in identifying
the pathology in HD can also be partly explained by the existence of these pseudo-
Hirschsprung’s diseases, which comprise a number of intestinal neuromuscular

disorders.
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1.3.1 Hyperganglionosis and Intestinal Neuronal Dysplasia (IND)

Further progress in the elucidation of pseudo-obstruction was made by the routine
examination of the AChE staining pattern in biopsies from patients suspected
clinically of having HD. In some patients a distribution pattern of AChE-positive
nerve fibres emerged which was unlike that in controls or in patients with HD (Meier-
Ruge 1971). This consisted of an increase in the number of nerve fibres, which were
finer than those seen in HD and occurred in the lamina propria but not in the
muscularis mucosae. Numerous neurons were present, and were found in unusual
locations such as the lamina propria and within the muscularis propria (Meier-Ruge
1971,1974,1985; Puri et al. 1977a; Fadda et al. 1983; Scharli & Meier-Ruge
1981,1986). Giant ganglia with increased numbers of neurons in the enteric plexuses
and variability in neuronal size, ranging from giant to minute, were also seen. This
condition became known as hyperganglionosis (Garrett & Howard 1981) or intestinal
neuronal dysplasia (IND), and two types (A and B) were described (Fadda et al.
1983; Scharli and Meier-Ruge 1981, 1986; Meier-Ruge 1985). Type A is reported
to be associated with hypoplasia or aplasia of sympathetic nerves and mucosal
inflammation, and to present clinically with bloody stools and symptoms of intestinal
spasticity. Examination of the sympathetic, adrenergic innervation is claimed to be
of value in diagnosing IND type A, but difficulties arise from the capricious nature
of the formaldehyde- induced fluorescence methods used to identify adrenergic nerves
in tissue sections. After exposure to formaldehyde vapour, catecholamine-fluorescent
(extrinsic) nerve fibres are seen in the normal bowel around intestinal blood vessels
and synapsing with enteric neurons. In IND type A the absence or a reduction in the
number of these nerves have been reported (Fadda et al. 1983; Scharli and Meier-

Ruge 1981, 1986; Meier-Ruge 1985).
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Type B IND (Fadda et al. 1983; Scharli and Meier-Ruge 1981, 1986; Meier-Ruge
1985) lacks evidence of involvement of sympathetic nerves or mucosal inflammation,
but exhibits hyperplasia of the sub-mucosal and myenteric plexuses and an increase
in AChE-positive nerve fibres in the lamina propria (which has also been reported in
type A) and around the adventitia of the submucosal vessels. These changes can occur
in an isolated distal segment of the bowel or may involve the entire gastrointestinal
tract. IND may also be seen proximal to the aganglionic segment in HD (Puri et al.

1977a; Meier-Ruge 1985; Fadda et al. 1987).

Disorders in which hyperplasia of the myenteric plexus is a cardinal feature range
from hyperganglionosis (IND) through glial cell hyperplasia to frank
neurofibromatosis (Feinstat et al. 1984; Navarro et al. 1990; Fuller and Williams
1991; D’Amore et al. 1991). Many of the changes seen in IND are present in the
intestine from patients with neurofibromatosis (von Recklinghausen’s disease) and
intestinal involvement may be the first sign of this condition (Fuller & Williams
1991). Glial cell hyperplasia (Navarro disease) may be accompanied by
hypoganglionosis (a reduced number of neurons) or the neuronal numbers may be
’normal’. Whilst a few reports of myenteric plexus neuronal numbers exist in
experimental animals (Christensen et al. 1984; Gabella 1987¢,1989b), in man only
scanty information is available (Munakata et al. 1978; Schuffler et al. 1978; Schuffler
and Jonak 1982; Feinstat et al 1984; Krishnamurthy et al. 1985) and there is even less
data for children (Meier-Ruge et al. 1970; Ikeda et al. 1988). Thus, what constitutes
normoganglionosis in different parts of the human intestine has not been satisfactorily

defined.
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1.3.2 Hypoganglionosis

Hypoganglionosis alone and without associated glial cell hyperplasia was recognised
first by Karl Tittel (1901). Bentley (1966) also described pseudo-obstruction
associated with smaller and more sparse ganglia and scanty neurons in the myenteric
plexus. Hypoganglionosis may be a primary condition due to developmental
mechanisms similar to those that cause HD (Munakata et al. 1978; Yanagihara et al.
1991) or be secondary to inflammatory processes specifically attacking the enteric
plexuses (Houropian and Kim 1982; McDonald et al. 1985; Krishnamurthy et al.
1986; Burns et al. 1990; Lennon et al. 1991). An early illustration of the presence
of a mononuclear inflammatory infiltrate in the myenteric plexus with scanty
degenerate neurons in a 7-year-old boy was provided by Cameron (1928), who
believed that the abnormality noted gave a clue to the pathology responsible for HD.
Mechanisms postulated | for secondary hypoganglionosis include auto-immune
phenomena or the effect of toxins. In the early phase the plexuses are populated by
chronic inflammatory cells which then disappear leaving denervated intestine
(Horopian and Kim 1982; Krishnamurthy et al. 1986; Burns et al. 1990). Secondary
hypoganglionosis or aganglionosis may also result from nerve damage following
surgery (Dajani et al. 1986; Cohen et al. 1993). A hypoganglionic segment of varying
length may also be seen in HD proximal to the aganglionic segment. In the absence
of reliable baseline values for normal intestinal neuronal density, assessment of

hypoganglionosis is subjective and requires clarification.

1.3.3 Immaturity of Enteric Neurons
The presence of immature neurons thought to be responsible for intestinal motility

disturbances was described by Spencer in 1966 (who also referred to the unpublished
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work by Smith Blanca), by Bughaighis and Emery (1971), and Erdohazi (1974).
Intestinal neurons apparently at morphologically different stages of development were
observed by Smith Blanca (1968). Using silver staining, a method commonly
employed in neuropathology, Tanner et al. (1976) revealed the absence of enteric
argyrophilic neurons in some patients and regarded this as a possible cause of pseudo-
obstruction. Although silver staining has been studied in the experimental animal and
control adult bowel (Smith Barbara 1967, 1968a,1968b; Schuffler 1989) very little
is known of the normal appearances with this method in young children and newborn

babies.

1.3.4 Other Neuropathic Diseases

Silver staining has been reported to reveal degenerative changes (loss of cell bodies,
fragmented or swollen clubbed processes and axonal drop out) in the neurons of the
myenteric plexus in pseudo-obstruction (Dyer et al. 1969; Schuffler et al 1978; Smith
Barbara 1982; Schuffler and Jonak 1982; Krishnamurthy et al. 1985; Krishnamurthy
and Schuffler 1987; Schuffler 1989). Abnormalities of argyrophobic cells have also

been noted (Schuffler 1989; Navarro et al. 1990).

The adynamic bowel syndrome, characterised by abdominal distension with a total
absence of bowel sounds, was described in three children by Nixon (1966). On
conventional histology the ganglia in the myenteric plexus were smaller and less
numerous than normal; similar findings were reported in a further four patients
investigated by Kapila et al. (1975). Subsequently in a patient with clinical signs of
adynamic bowel syndrome, the absence of AChE-positive nerve fibres in the lamina

propria, submucosa and the circular and longitudinal muscle layers of the bowel wall
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was observed by Puri et al. (1977b). The small, scanty ganglia showed normal AChE
activity and on ultrastructural examination only the remnants of neural tissue elements

were found in vacuolated, practically empty nerve tracts.

1.3.4.1. Neurofilament Studies

Despite the various changes in enteric innervation described in the preceeding
sections, it is evident that in many patients with clear electrophysiological evidence
of a neural-based pseudo-obstruction, no morphological abnormality can be detected

by either light or electron microscopy.

Immunohistochemical studies in patients with pseudo-obstruction including HD, using
antibodies to neurofilament proteins, revealed abnormalities not recognised by
conventional morphological examination (Kluck et al. 1986; Tibboel et al. 1987).
However these results were not reproducible (MacKenzie and Dixon 1987; Sams et
al. 1992) and the discrepancies noted may be related to the fact that all these studies
were performed in fixed, paraffin-wax embedded tissue, which may cause alterations

in the epitopes recognised by the antibodies employed.

Neurofilament proteins in the normal central nervous system exist in weakly
phosphorylated or dephosphorylated forms in the neuronal perikarya and dendrites.
In contrast, the axonal neurofilament proteins are heavily phosphorylated. In neurons
damaged by toxins, nerve section or crushing, and in neurodegenerative disease such
as Alzheimer’s disease, neurofilament phosphorylation increases in the neuronal cell

bodies (Nixon and Sihag 1991; Leigh et al. 1989).
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Eaker et al. (1990) compared myenteric plexus with cortical neurons in the rat by
neurofilament immunostaining using several poly- and monoclonal antibodies on
frozen tissues. They found absent or reduced immunoreactivity in the rat myenteric
plexus neurons (perikarya and processes) with antibodies directed against
phosphorylated neurofilaments compared with strong immunostaining in the axons of
the brain. With antibodies recognising dephosphorylated neurofilaments strong
immunostaining was seen in both the brain and myenteric plexus neurons. They
concluded that neurofilament phosphorylation in the enteric neurons was low. No
attempts to date have been made to assess the degree of neurofilament

phosphorylation in pseudo-obstructive diseases.

1.3.5 Smooth Muscle Abnormalities

It has long been recognised that abnormalities could also be present in the contractile
tissue comprising the smooth muscle of the gut wall in patients with CIIP. Absence
of one of the intestinal smooth muscle coats (Humphry et al. 1980), absence of all
intestinal muscle layers (Emanuel et al. 1967; Hussain et al. 1992) or the presence
of an extra, oblique outer muscle layer (Yamagiwa et al. 1988) have been described.
Abnormalities consisting of fibrosis and myocyte vacuolation were detected by light
microscopy on conventionally stained histological sections in adults (Schuffler et al.
1977a,1977b; Faulk et al. 1978; Lewis et al. 1978; Jacobs et al. 1979; Smith JA et
al. 1982; Smout et al. 1985; Anuras et al. 1983a, 1986a; Alstead et al. 1988;
Rodrigues et al. 1989; Colemont & Camilleri 1989; Martin et al. 1990) and in
children (Puri et al. 1983; Milla et al. 1983; Bagwell et al. 1984; Anuras et al.
1986b; Kaschula et al. 1987; Vargas et al. 1988; Schuffler 1988a; Nonaka et al.

1989). Smooth muscle in the urinary tract may also be affected resulting in
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megacystis and/or megaureter. The almost universally fatal megacystis-microcolon-
intestinal hypoperistalsis syndrome was regarded as the most severe form of intestinal
myopathy (Puri et al. 1983), even though neural abnormalities were also observed in
this disease by some authors (Berdon et al. 1976; Armoury et al. 1977; Wiswell et
al. 1979; Kirtane et al. 1984; Bindl et al. 1989). The milder, adult forms of intestinal
myopathy present during the second decadeT of life , although symptoms can often be

traced to early childhood (Milla 1991).

Conventional histology in these disorders can identify only the grossest degrees of
fibrosis and smooth muscle vacuolation, and more subtle morphological abnormalities
may remain undetected. Milder degrees of fibrosis, central vacuolation and other
changes in smooth muscle cells can, however, be detected ultrastructurally (Schuffler
et al. 1977; Shaw et al. 1979; Smith JA et al. 1982; Puri et al. 1983; Milla et al.
1983; Krishnamurthy and Schuffler 1987; Lake 1988; Venizelos et al. 1988; Alstead
et al. 1988; Martin et al. 1990). Nevertheless, as was noted with the neuropathic
forms of CIIP, in biopsies from many patients with clear electrophysiological

evidence of muscle disease no abnormality is found on light or electron microscopy.

It is imperative to appreciate the different ultrastructural appearances that can occur
in normal intestinal smooth muscle in various normal physiological states (Gabella
1981, 1987a,1987b, 1988, 1989a, 1990a,1990b,1990c,1990d) to distinguish them
from pathological changes suggestive of intestinal smooth muscle disease. Equally,
the artefacts produced in both smooth muscle and nerves by surgical trauma
(ischaemia, hypoxia) and any delay in fixation of surgically resected specimens of

bowel need special consideration lest they be interpreted as being of pathological
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significance.

1.4 Aims

The purpose of this thesis is to examine and evaluate current histopathological
methods in the diagnosis and classification of non-Hirschsprung’s pseudo-obstructive
disease, particularly in childhood. The specimens examined were obtained from a
variety of patients with neuropathic and myopathic forms of CIIP, in many of whom
the diagnosis was supported not only by clinical observations but also by
electrophysiological studies (see Chapter 2). The examination and evaluation of these

samples has been accomplished as follows:

(a) Establishment of a baseline of neuronal density in the normal myenteric plexus in

order to address the problems of hypo- and hyperganglionosis (see Chapter 4).

(b) Application of recently described criteria for the diagnosis of IND on rectal

suction biopsies and a critical evaluation of their validity (see Chapter 3).

(c) Appraisal of silver staining in normal intestine during childhood to assess whether
the appearances in the myenteric plexus differ between children and adults and which

changes may be normal in maturing bowel (see Chapter 5).

(d) Analysis of neuromuscular ultrastructure in pseudo-obstruction and comparison
of the changes encountered with variations seen under experimentally induced
conditions to differentiate true pathological alterations from artifacts produced by

fixation and surgical trauma (see Chapter 6).
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(e) The use of immunohistochemical techniques in an attempt to identify new methods
which will recognise specific entities within the broad classification of
neuropathic/neurogenic and myopathic/myogenic motility disorders. The integrity of
intestinal nerves, smooth muscle and some aspects of the interface of the intestinal
neuro-muscular junction have been assessed in biopsy material from patients with
pseudo-obstruction and controls. Neural markers (antibodies to neurofilament triplet
proteins and their phosphorylation), smooth muscle markers (antibodies to contractile
filaments), a marker for neural cell adhesion molecule, and an antibody to muscarinic

receptors have been used for this purpose (see Chapters 7 and 8).
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Chapter 2. Clinical Investigation of Pseudo-obstruction by Electrophysiological

Techniques

2.1 Introduction
Chronic idiopathic intestinal pseudo-obstruction (CIIP) comprises a spectrum of
disorders in which persistent or recurrent obstructive symptoms are associated with

defective gut motility rather than anatomical blockage.

Efficient peristalsis and the propagation of ingested food along the length of the bowel
is dependent on intact contractile smooth muscle forming the longitudinal and circular
muscle coats of the bowel wall. Although smooth muscle is capable of independent
contraction, a neural input is important in co-ordinating these contractions to produce
orderly peristaltic activity. The enteric nervous system (ENS), sometimes termed the
"little brain of the intestine’, serves this purpose. It comprises three enteric plexuses,
the myenteric plexus of Auerbach (the motor division) and the two submucosal
plexuses of Meissner and Henle (sensory and secretory division), which communicate
with each other and with the smooth muscle of the gut wall through intrinsic nerve

fibres.

The ’little brain’ behaves like an intelligent computer terminal containing motor
programs, which can be modulated by the *main frame computer’, the central nervous
system (CNS). Communication with the CNS is through autonomic ganglia by the
sympathetic and parasympathetic pathways and the enteric nervous system programs
are selected on the basis of sensory input. The ’little brain’ is ultrastructurally and

physiologically more akin to the CNS than to autonomic ganglia in that there is a
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paucity of extracellular spaces, so that glial elements and neurons are closely applied
to one another without intervening connective tissue. There are also large areas of
perikaryon in direct contact with the surrounding ganglionic basal laminae (Gabella
1987a). In addition a multiplicity of co-localised non-adrenergic non-cholinergic

(NANC) nerves is seen both in the ENS and in the CNS (Furness and Costa 1987).

The ENS consists of sensory neurons, interneurons and both excitatory and inhibitory
motor neurons. The messages received by sensory receptors are modulated by
myenteric interneurons which co-ordinate switching on or off inhibitory or excitatory
motor neurons in the myenteric plexus to control the contractile activity of the smooth
muscle layers. There are also motor programs in the interneuronal synaptic circuits
which are independent of sensory input and produce cyclical contractions which form

the migrating motor complexes (MMCs) referred to later (see below).

Thus intestinal motor activity depends on the contractile function of the intestinal
smooth muscle coats and the integrated actions of intrinsic and extrinsic neural and
humoral influences which co-ordinate the segmental relaxation of the inherently
contractile smooth muscle tissue (Wood 1988a,1988b; Wood 1989a,1989b). CIIP can
therefore be classified as myopathic or neuropathic, depending on whether the
primary defect is in the smooth muscle of the bowel wall or in the complex enteric
neural circuitry. CIIP can also result from abnormal humoral metabolism, but for the

purpose of this study only disorders intrinsic to the gut are considered.

Intestinal motor function can be studied by a variety of electrophysiological

techniques. Small intestinal manometry using perfusion catheters (see Methods;
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2.2.2.1) is one such method and considerable knowledge of the normal motor patterns
exists including those seen in premature infants (Ruckebusch 1986; Bisset et al.

1988a,1988b,1989; Berseth 1989).

In the normal small intestine motor activity in the fasting state consists of a quiescent
phase (phase I) followed by a phase of irregular contractions (phase II) and finally by
bursts of rhythmic phasic contractile activity known as migrating motor complexes
(MMCs; phase III; Fig.1). MMCs occur sequentially at different levels of the
intestine at the maximum rate for smooth muscle contraction (12 cycles/min in small
intestine) and at a pressure of 40-80 cm of water. Their pattern is cyclical, and at any
given site in the small intestine an MMC is seen about every 90 minutes. Following
a meal the cyclical fasting pattern is disrupted and replaced by continuous
contractions. This continuous pattern lasts for a variable period (typically for 3-4
hours) depending on the volume and composition of the meal after which the cyclical

fasting pattern reappears.

In disease various abnormal patterns are associated with disorders of the smooth
muscle (Fig.2) and enteric nerves (Fig.3). In the former, there are weak contractions
of low amplitude (Milla 1991; Devane et al. 1992a). In the later, the contractile
activity is of normal or increased pressure, but MMCs are irregular and show

abnormal propagation down the gut (Milla 1991; Devane et al. 1992a).
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Figure 1. A recording of intraluminal pressure in the small intestine showing phase
IIT of the migrating motor complex with normal amplitude, frequency and aborad
propagation. The ports for channels D1 and D2 are positioned sequentially in the
duodenum and the port for channel J is at the proximal jejunum; all ports are Scm
apart.
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30 cms waterl

J

myopathy - low pressure, non propagated Intestinal contractions

Figure 2. Phase III pressure activity in a baby with myopathic pseudo-obstruction.
Note the low amplitude contractions. (A) gastric antrum, (DI1) duodenum, (J)
proximal jejunum.

38



50 ems waterj

J 7: NH 441

neuropathy - impaired propagation of MV with broad rapidly
propagated contractions (arrowed)

Figure 3. Phase III pressure activity in the small intestine of a child with neuropathic
CUP showing irregular contractions and poor propagation. (D1) and (D2) duodenum,
(J) proximal jejunum.

Motor activity can also be studied by the less invasive technique of surface
electrogastrography (EGG), which merely requires the positioning of electrodes on
the skin overlying the gastric antrum. Studies using EGG have shown that antral
dysrhythmias are seen both when disease is present throughout the gastrointestinal
tract and sometimes when disease appears to be present only in regions of the
gastrointestinal tract remote from the stomach. This method is therefore considered
to be an ideal screening investigation in intestinal pseudo-obstruction (Devane et al.
1992b; Reddy et al, 1992), but a normal pattern does not necessarily exclude disease
distal to the stomach. The intrinsic constant rhythmic polarisation and depolarisation
of the plasmalemmal membranes of smooth muscle cells gives rise to electrical slow

wave or electrical control activity (EGA). Gastric EGA can be detected by EGG and
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the dominant frequency of the contractions determined. This dominant frequency is
3 cycles/min (cpm) in the normal stomach; see Fig.4 (Kelly 1981) and 12 cpm in the

small intestine (Weisbrodt 1981).

A pattern of chaotic variable frequencies without a dominant frequency (Fig.4) is
associated with myopathic disease (Devane et al. 1992b), and tachygastrias (of
increased dominant frequency; Fig.4) or, less commonly, bradygastrias (of decreased

dominant frequency), are indicative of a neuropathic process.
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Figure 4. Surface electrogastrography: frequency displayed as a pseudo-3-dimentional
representation of a running spectral analysis of muscle cell activity and a short extract
from the real time signal. (A) Normal frequency of electrical control activity (ECA);
(B) continuously irregular EGA (myopathic); (C) tachygastria (neuropathic).
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Thus electrophysiological studies can be used to investigate patients with intestinal
pseudo-obstruction to identify abnormalities in either the enteric innervation or in the
intestinal smooth muscle. Some clinical features may also give a clue to the
pathophysiology. Due to the rarity of these conditions, studies of significant numbers

of patients are limited and few have been systematically investigated.

In this chapter the clinical symptoms and electrophysiological investigations are
considered in patients with apparently disturbed intestinal motor activity in whom the
diagnosis of HD had been excluded. The information gained was then used as a basis
for investigations to define corresponding morphological abnormalities in intestinal
samples from patients with CIIP which are described and discussed in the following

chapters.

2.2 Materials and Methods

2.2.1 Patients Investigated by Electrophysiological Techniques
Electrophysiological investigation was performed in 26 subjects (14 female and 12
male) with clinical evidence of CIIP. Antroduodenal manometfy alone was performed
in 10 patients, electrogastrography alone in two, and both investigations in 14. The
ages at the time of manometry ranged between 9 days and 48 years (median 9
months). These investigations were performed and analysed by Drs. Milla, Bisset,

Devane and Ravelli.

41



2.2.2 Methods

2.2.2.1 Small Bowel Motility Studies

Motor function of the small intestine after an overnight fast (Fenton et al. 1983), was
assessed manometrically in 24 patients using phase III activity to probe the integrity
of the enteric nervous system and intestinal smooth muscle. The patients were sedated
(chlorpromazine 2mg/kg intramuscularly) and a triple-lumen catheter with portholes
5 cm apart was positioned under fluoroscopic control so that the distal port lay in the
proximal jejunum and the proximal two ports in the duodenum. The tube was
perfused with 0.9% saline at a rate of 0.2 ml/min using a pneumohydraulic constant
pressure perfusion pump (Arndorfer Medical Specialities, Winsconsin, USA). The
intralumenal pressures were measured by three transducers (Series 3, Luerlock,
Gaeltec, UK), the outputs of which were displayed on an oscillographic chart recorder
(Washington MDU-4). Activity was recorded for a minimum of three cycles of
migrating motor complexes (MMCs) where these were present, or for a minimum

period of 4 hours if the MMCs were absent.

2.2.2.2 Surface Electrogastrography (EGG)

Fasting gastric electrical control activity was recorded and analysed in 14 patients
using a modification of the method described by Van der Schee and Grashuis (1987).
The potential differences across three pairs of silver/silver chloride electrodes,
matched for impedance and placed on the skin over the epigastrium with ECG gel,
were measured for a 1-hour period following an overnight fast (or a fast of at least
4 hours in the smallest infants). Skin impedance was reduced to less than 5 kOhms
by light skin abrasion. The signals picked up by the electrodes were amplified and

filtered using band-pass filters with cut-offs of 0.01 Hz and 0.25 Hz for the high and
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low-pass filters, respectively, to remove frequencies originating from cardiac
electrical activity. The signals were captured, digitalised and stored using an IBM-
compatible microcomputer, as well as being displayed on a conventional Gould 2800
S/8 chart recorder for later off-line analysis. A running spectral analysis of the real-
time signal captured on disk was performed. Modular computerised algorithms for
data capture, digital conditioning of the captured signal, division into subsections, and
frequency analysis (PC-Dats, Prosig Computer Consultants) were used. These
modules were ordered and invoked by a Fortran code routine (RM-Fortran, Ryan
McFarland). Each 1-hour recording was subdivided into 53 overlapping segments of
256 seconds (75% overlap); each segment was digitally filtered (band-pass
Butterworth filter, 0.015-0.25 HZ, slope 24 Db/Octave) and the frequencies present
were determined by Fast Fourier Transformation and autoregressive modelling. The
peak frequency present in each segment was extracted and the dominant frequency of

the 1-hour recording (that present in the greatest number of segments) was obtained.

2.3 Results
Electrophysiological abnormalities by antroduodenal manometry, EGG or both
techniques were seen in 23 of the 26 patients studied. These were indicative of

neuropathy in 11, myopathy in 11 and combined neuropathy/myopathy in one (see

Table 1).
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Table 1. Electrophysiological investigations

Trace Indicative of:

Abnormality Neuropathy Myopathy Neuro/myo- Normal
detailed by: pathy

Both ADM & 4 6 0 0
EGG

ADM but not 1 1 0 0]
by EGG

ADM (EGG not 6 3 1 0
performed)

EGG (ADM not 0 1 0 1
performed

Neither by 0 0 0 2

ADM nor EGG

Total 11 11 1 3

ADM antroduodenal manometry
EGG electrogastrography

Of the 11 ’neuropathic’ patients, antroduodenal manometry alone was performed in
six, and both manometry and EGG in five. The recordings of fasting small bowel
motor activity by antroduodenal manometry showed irregular, bizarre MMCs without
cyclical propagating activity in all 11 patients. In five neuropathic patients also
investigated by EGG, persistent tachygastria (7-9 cpm) of the gastric antrum was seen
in four, but in the fifth the recording was entirely normal with a dominant frequency

of 3 cpm.

Of the 11 *myopathic’ patients, antroduodenal manometry was performed in 10 and

44



EGG in seven; one patient was investigated by EGG alone. Antroduodenal manometry
showed a grossly reduced amplitude of contractions in all channels of the recording
in all 10 patients. The one patient examined by EGG alone showed a chaotic pattern
with no dominant frequency. Of the seven patients examined by antroduodenal
manometry and EGG, both techniques showed changes of myopathic disease in six,

but in one EGG was normal despite myopathic manometry.

In one other patient the recording of small bowel fasting motor activity showed small
amplitude contractions as well as irregular, non-propagating MMCs, thus indicating

abnormalities in both the smooth muscle as well as the neural elements.

In three patients no electrophysiological abnormality could be detected by small bowel

manometry and/or EGG.

2.4 Clinical Presentation

All the 26 patients studied had symptoms of intestinal obstruction with vomiting, an
inability to tolerate feeds, abdominal pain and distension with alternating constipation
and diarrhoea. A diagnosis of HD had been excluded in all cases by histopathological
examination of rectal suction biopsy samples. The severity of the symptoms varied;
in some patients vomiting or abdominal pain and distension predominated, while in
others constipation was the major problem. No obvious differences in these general

symptoms were noted between patients with neuropathic or myopathic disease.

Of these 26 patients 10 presented soon after birth, 11 before the age of 2 years and

five between 6 and 35 years. The median age at presentation was 4 weeks. A history
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of constipation, vomiting and abdominal pain since childhood, although not severe
enough to require investigation, was given by one patient aged 35 years at the time
of presentation. A sudden onset of obstructive symptoms was observed in two patients

(aged 10 and 17 years).

In some of the patients associated abnormalities were seen and their frequencies
varied to some extent between those with primary myopathy compared to those with

neuropathic disease (see Table 2).

Urinary tract abnormalities, ranging from recurrent urinary tract infections associated
with mild dilatation of ureters or bladder to gross hydronephrosis, were seen in 14
patients. In three hydronephrosis was discovered by antenatal ultrasonography and in
five others the initial presentation was with symptoms referrable to the urinary tract.
Intestinal electrophysiology was myopathic in 11 patients, neuropathic in one whilst
in one other patient the electrophysiological recording (trace) was normal. The patient
with electrophysiological evidence of combined myopathic/neuropathic abnormalities
also had a mildly dilated bladder. One patient with normal electrophysiology

complained of urinary tract dysfunction, which had not been investigated clinically.
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Table 2. Clinical details

Electrophysiology:

Myopathy Neuropathy Neuro/Myo Normal
Associated pathy
Abnormality: (n=11) (n=11) (n=1) (n=3)
Urinary
tract 11 1 1 1
abnormality
(n=14)
Pyloric
Stenosis 0 4 0 0
(n=4)
Malrota-
tion 4 5 0 2
(n=11)
Family
History 1 4 0 0
(n=5)
Cardiac
Anomaly 2 1 0] 0]
(n=3)

Pyloric stenosis was seen in four patients, all with a neuropathic trace. Malrotation
of the mid gut was present in 11 patients, one of whom also had gastroschisis.
Electrophysiological studies showed neuropathic changes in five of these patients,
myopathic changes in four and a normal trace in two. A short small intestine was

noted in three patients, all of whom had a neuropathic trace.

A family history of an intestinal motor abnormality was present in five patients (four

patients with a neuropathic and one a myopathic trace). These included a newborn
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baby boy (neuropathic) who died in infancy, whose deceased maternal uncle had been
similarly affected. There was also an affected stepbrother with a different father. All
the three babies had short small intestine, malrotation and pyloric stenosis. The other
four comprised an 8-month-old boy (neuropathic) with a family history of death in
infancy and similar symptomatology affecting several other male family members; a
newborn boy (myopathic) with an affected sister; and twin girls (both neuropathic)

whose symptoms matched their now deceased elder brother.

Three patients had cardiac anomalies (a ventriculoseptal defect in one and patent
ductus arteriosus in two). One of the patients with patent ductus arteriosus had a

neuropathic trace and the other two had myopathic traces.

2.5 Clinical Outcome

The initial management of all 26 patients required a laparotomy and surgical
decompression. Ileostomy was necessary in 24, either as the initial manoeuvre or
after a trial colostomy. Colostomies (one an ascending and the other a transverse
colostomy) were adequate to manage the obstruction in two patients. Total parental
nutrition (TPN) was necessary either transiently in 19 patients or long-term in seven
patients, six of whom continue on long-term home TPN. Three of these patients had
myopathic traces and three neuropathic traces. A summary of the clinical outcomes

is shown in Table 3.

Six of the 26 patients died between 15 days and 19 months of age. One of these had
neuropathic, and the other five myopathic manometry. Four patients (two neuropathic,

one myopathic and one normal manometry) are managed with an ileostomy and
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tolerate oral feeds; two patients with a neuropathic trace are well after ileo-anal or
ileo-rectal anastomoses and six patients are on oral intake without enterostomies. One
(myopathic) patient in the last group appears well without gastroenterological
medication, but suffers from a possible limb girdle myopathy. Another (neuropathic)
patient was lost to follow-up, and a third (myopathic) patient is subject to subacute
obstruction; her oral intake is limited to semi-solids. The patient with
electrophysiological evidence of combined neuropathy and myopathy is well on a
normal oral intake but dependent on the prokinetic drug, cisapride. Of the three
patients with normal manometry, one still complains of constipation and urinary tract
dysfunction but is on oral food intake. The second patient has a troublesome
’neurogenic bladder’ but constipation is managed with antegrade continence enemas
(ACE; Malone et al. 1990). In this procedure the appendix is brought to the surface
to form a fistula through which the large bowel can be irrigated to liquify the solid

colonic contents. The third patient has an ileostomy but is thriving on oral feeds.

One patient with myopathic electrophysiology has suffered pulmonary emboli,
possibly related to long-term parental nutrition. Another patient with a myopathic
trace had a cerebrovascular accident (probably a cerebral infarction). Both of these
patients had been noted to have puffy hands and feet throughout the course of their
intestinal disease. The twin sisters with neuropathic traces now show signs of spastic
paraplegia. Their now deceased elder brother with a similar intestinal motor disorder
also had spastic paraplegia. One further patient with neuropathic manometry also

suffers from spastic paraplegia.
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Table 3. Clinical outcome

Electrophysiology
Myopathy Neuropathy Neuro/Myo Normal
pathy
(n=11) (n=11) (n=1) (n=3)

Death 5 1 0 0
TPN 3 3 0 0
Oral food/ 1 2 0 1
ileostomy

Oral food/ 1 0] 0] 0
colostomy

Oral food/

resection/ 0 2 0 0
anastomosis

Oral food +/- 1 3 1 1
prokinetics

Oral/ACE- 0 0 0 1
irrigation

2.6 Discussion

The cyclical nature of smooth muscle contraction in the fasting upper gastrointestinal
tract was already noted in the last century (Beaumont 1833; Schwartzenburg 1849;
Busch 1858; Bayliss and Starling 1899). Gastric contractions at a frequency of 3
cycles per minute was documented by Morat in 1893 using small balloon to record
pressures in dogs, rabbits and in one patient. The first definitive experimental
demonstration of fasting migrating motor complexes in dogs can be credited to
Boldyreff (1902,1911). With the development of manometric techniques the current
concept of intestinal motor patterns emerged both in the experimental animal

(Ruckebusch and Laplace 1967; Szurszewski 1969) and then in the human (Stanciu
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and Bennett 1975).

Various in vitro and in vivo experiments have clarified the different motor patterns
seen on electrophysiology (Weisbrodt 1981; Wood 1981, 1990). Smooth muscle cells
are inherently contractile, and polarisation/depolarisation of the myocyte membrane
has been shown to correspond to the electrical control activity (ECA) or slow wave
activity seen by in vivo and in vitro electrophysiological methods (Furukawa et al.
1986; Bywater and Taylor 1986; Bywater et al. 1987,1989; Taylor and Bywater 1988).
The nerve blocking agent tetrodotoxin suppresses the inhibitory control and allows the
smooth muscle cells to contract at the maximal frequency of the ECA (Rinecker 1969;
Daniel and Sarna 1978). The spike potentials seen in MMCs can be shown by
microelectrode stimulation of the myenteric neurons to be the result of neural control
facilitating the opening of ion channels in the myocyte membrane; they are enhanced
by cholinergic agents and inhibited by adrenergic amines (Wood 1972; Weisbrodt
1981,1987; Furukawa et al. 1986; Bywater and Taylor 1986; Bywater et al. 1987,

1989).

Small bowel manometry is a minimally invasive investigation and the information
gained from it is valuable in the analysis of small bowel motor activity. Investigation
of patients with intestinal pseudo-obstruction by this technique provides useful
information about the nature of the abnormality and the extent of the intestinal
involvement (Milla 1983; Summers et al. 1983; Wozniak et al. 1984; Stanguellini et
al. 1987; Hyman et al. 1988; Anuras 1990). The less invasive technique of EGG is
a useful screening procedure and also provides data in intestinal pseudo-obstruction

(Devane et al. 1992), although abnormalities which are present distally in the intestine
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may or may not be reflected in the stomach. The fact that in this series of 26 patients,
only two who had abnormalities by antroduodenal manometry had normal EGG

traces, gives some indication of the frequency that this occurs.

Abnormal electrophysiological data was seen in 23 of the 26 patients studied with
clinical evidence of CIIP. Half of these patients had a neuropathic trace and the other
half 'a myopathic trace. Certain generalisations in the clinical presentation could be
observed in the light of the electrophysiological data. Most, but not all, of the patients
with a myopathic trace, but only one of those with a neuropathic trace, had additional
abnormalities in the urinary tract. The two patients with clinical evidence of vascular
complications (multiple pulmonary emboli, cerebral infarction and oedema of the
extremities), both of whom also had urinary tract abnormalities, had myopathic
traces. These findings indicate that the smooth muscle abnormalities in these patients

may be more generalised and not confined to the intestinal smooth muscle.

Malrotation of the small intestine was common, occurring in about half the patients,
including those with neuropathy as well as those with myopathy, but pyloric stenosis

and a short small intestine were seen only in patients with neuropathic disease.

Of the 26 patients studied a family history was seen in only five, three of whom had
a neuropathic disease process and two had myopathic disease. The clinical features
seen in other family members were invariably very similar to those seen in the

propositi.

The main purpose of this thesis is to identify structural alterations in the intestine that
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are the morphological counterpart of the functional changes identified
electrophysiologically. Ideally, structural abnormalities in patients with a neuropathic
trace would occur in the enteric innervation, whilst those with myopathic changes

would have corresponding morphological abnormalities of smooth muscle.

However, as shown in Table 4, this simple correlation was not possible. In this table
the preliminary histological and ultrastructural changes encountered in surgical biopsy
material from the patients submitted to electrophysiological studies are compared with
the results of the latter investigations. These biopsies were from various regions of
the intestine and included full thickness rectal biopsies as well as resected segments
of intestine obtained when the clinical management of individual patients required

surgical intervention to relieve obstructive symptoms.

It can be seen from Table 4 that morphological abnormalities, usually only at the
ultrastructural level, were seen in smooth muscle in nine of the 11 patients with
myopathic traces. However, such changes were also seen in two of the neuropathic
patients, in one of the patients with a normal trace and in the patient with combined
neuropathy and myopathy. Smooth muscle changes are considered in detail in chapter
6; they are often subtle and are frequently identified only on electron microscopy. In
addition, artifacts introduced by ischaemia and handling during surgery, as well as

those inherent in the use of relatively large specimens for electron microscopy when
fixation is not optimal, make interpretation of these changes difficult in terms of
identifying those that are truly pathological. Indeed, the main objective of Chapter 6
is an attempt to discern which of the smooth muscle abnormalities crudely lumped

together in Table 4 can be defined as meaningful in this respect.
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Table 4. Correlation of electrophysiology and morphology

Electrophysiology
Myopathy Neuropathy Neuro/Myo Normal
pathy
(n=11) (n=11) (n=1) (n=3)
Nerve ab-
normality 1 3 0 1
on routine
LM or EM
Smooth
muscle ab- 7 1 1 1
normality
on LM or EM
Changes in 2 1 0 0
both nerves
and muscle
Normal 1 7 0 1

morphology

It is also to be noted that three of the myopathic patients had neural abnormalities
detected histologically, and one myopathic patient had apparently normal morphology.
The neural changes consisted of an increase in AChE-positive fibres in the lamina
propria or muscularis propria; in two of the three patients smooth muscle
abnormalities were also present. One of the problems in our present state of
understanding is to know to what extent secondary structural changes might occur in
either smooth muscle or the enteric innervation when there is a primary defect in the
opposite compartment. It would certainly not be surprising for this to occur in view

of the intimate functional relationships between them.
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Correlation between the electrophysiological and morphological findings were even
less striking in the neuropathic patients. Structural abnormalities of the enteric
innervation were seen in only three of these 11 patients as well as in one patient with
a normal trace. In addition, smooth muscle abnormalities were seen in two
neuropathic patients whilst seven had apparently normal morphology. The conclusions
from these preliminary findings are that functional abnormalities of enteric innervation
often have no obvious morphological counterpart recognisable on routine light and
electron microscopical techniques, or that in some of the patients examined they were
absent from the particular segment of intestine examined. In either event, the
apparently non-specific nature of the neural abnormalities is exemplified by the fact

that they were equally prevalent in patients with myopathic electrophysiology.

Nevertheless, as detailed in Chapters 3,4 and 5, some apparently more specific neural
abnormalities can be defined in certain varieties of CIIP, although they are probably

overdiagnosed.

Thus the preliminary information gathered here indicates that there is no simple
relationship between the functional and structural abnormalities in CIIP. However,
in the following chapters, which use the tissue samples from the patients described
here as well as samples of intestine from other patients with CIIP not subjected to
manometric investigation, the morphological investigations are expanded in much
more detail. Not only the inadequacies and inconsistencies apparent in structural
analysis, but also the positive contributions that conventional histology, silver
staining, enzyme- and immunohistochemistry and electron microscopy can make to

the study of pseudo-obstruction are clarified.
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Chapter 3. Intestinal Neuronal Dysplasia

3.1 Introduction

Intestinal neuronal dysplasia (IND), an abnormality of intestinal innervation associated
with pseudo-obstructive dysmotility, was first described in 1971 by Meier-Ruge. He
identified morphological abnormalities best demonstrated histochemically, which
included hyperplasia of both the intermuscular and submucosal plexuses and an
increase in acetyl cholinesterase (AChE)- positive fibres in the lamina propria and
circular muscle. Hyperplasia of the plexuses was characterised by frequent, large
ganglia in association with thickened nerves. He also described the presence of
heterotopic neurons in the lamina propria and occasionally within intestinal muscle

layers.

Two types of IND have been described (Scharli and Meier-Ruge 1981, 1986; Fadda
et al. 1983; Meier-Ruge 1985, 1992). Type B is reported the commoner form, while
type A is rare and is described in only 2.2% of all dysganglionoses (Meier-Ruge
1992). In two patients with clinical and histological suspicion of IND type A (bloody
diarrhoea, mucosal inflammation and increased AChE-positive nerve fibres in the
lamina propria) seen at the Hospital for Sick Children, Great Ormond Street (GOS),
no aplasia or hypoplasia of the sympathetic innervation described to be diagnostic of
the disorder (Fadda et al. 1983; Meier-Ruge 1992) could be proven. Moreover, one
of these patients was subsequently at the age of 12 years shown to have Crohn’s
disease. Since there is uncertainty about the existence of IND type A and proven
cases are not available for study, this disorder is not further considered in this

chapter.

56



IND is reported to occur as an isolated abnormality or in association with
Hirschsprung’s disease (HD), involving a variable length of bowel proximal to the
aganglionic segment. At GOS, IND has been diagnosed very infrequently and only
in association with HD. In these patients the diagnosis was based on clear-cut
morphological abnormalities enumerated below. Others (Meier-Ruge 1971,1985,1992;
Scharli and Meier-Ruge 1981,1986; Fadda et al. 1983; Munakata et al. 1985;
Borchard et al. 1991; Scharli 1992) have used a variety of more subtle criteria, not
all of which are necessarily present in every case. These authors have varied in their
diagnostic requirements and in the emphasis they have placed on particular features.
It is in these series IND has been diagnosed as a separate entity as well as a
concomitant with HD. However, the less distinct criteria employed, which might be
difficult to confirm objectively, have not been evaluated against age-matched control
material. In addition, any correlation of the changes identified with the clinical
features or the eventual outcome are often impossible to deduce in the necessary detail
from the published papers (Meier-Ruge 1971,1985,1992; Scharli and Meier-Ruge
1981,1986; Fadda et al. 1983; Munakata et al. 1985; Borchard et al. 1991; Scharli
1992). Thus confirmation that some of the appearances taken to indicate IND are true

pathological abnormalities has been difficult or impossible to ascertain.

It is apparent that the widely varying frequency with which IND is reported in
different series of patients whose criteria for inclusion are unclear reflects differences
in interpretation of these changes. For example, at GOS only seven cases (0.3%)
have been recognised amongst 2420 patients biopsied between 1975 and 1991, whilst
Scharli (1992) reported 54 cases (62%) in a series of 115 patients; other authors

(Scharli and Meier-Ruge 1981, 1986; Fadda et al. 1983; Meier-Ruge 1985) have
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quoted incidences of 18-30%, which is similar to that of HD.

3.1.1 Full Thickness compared with Mucosal Biopsy Specimens

To date, a full thickness biopsy of the bowel wall has been regarded at GOS to be
necessary for the confirmation of IND, since diagnostic features involve the mucosa,
submucosa, myenteric plexus and the circular muscle coat. Furthermore, important
criteria such as the increase in AChE-positive nerve fibres in the lamina propria can
occur in other conditions (an increase can be seen, for example, in chronic
inflammatory bowel disease; Lake 1990) and at GOS it has been felt necessary to

evaluate all the changes before making a definitive diagnosis.

In most centres, however, the histological and histochemical investigation of gut
motility disturbances is based first on tissue biopsies of the rectal mucosa and
submucosa, and often on rectal suction biopsy specimens. There has been a tendency
to diagnose IND in such small samples, and this has been a further factor in

producing the markedly different incidence figures.

3.1.2 Investigations Covered in This Chapter

It is intended firstly to specify the diagnostic criteria used previously at GOS in
diagnosing IND on full thickness specimens, and then to enumerate the criteria
proposed by a working party in 1991 (Borchard et al.) to be applied to rectal suction
biopsy specimens. This is followed by the results of a study made on rectal suction

biopsy samples to see how far these latter criteria can be applied.

In addition there is a separate study to evaluate the density of AChE-positive nerve
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fibres in the circular muscle coat as an aid to diagnosing IND, since it has been

suggested that this may be relevant in adult patients (Meier-Ruge 1992).

In the following chapter the value of neuronal density counts in the myenteric plexus

in the diagnosis of both IND and hypoganglionosis is considered.

3.1.3 Hospital for Sick Children, Great Ormond Street, Diagnostic Criteria for
IND
(a) At GOS special emphasis has been placed on the increase in AChE-positive nerve

fibres in the lamina propria (Fig.1 and 2a). These fibres run vertically from the

bottom to the top of the lamina propria and are finer than the coarse fibres, which
often run in both the horizontal and vertical planes, seen in HD (Fig.2b). No increase
in AChE-positive fibres is seen in the muscularis mucosae in IND (Fig.1) in contrast
to HD where a gross and diffuse increase in thick, knotted fibres in the muscularis

mucosae is virtually diagnostic of the disease (Fig.2b).

(b) In the majority of cases considered to have IND several heterotopic neurons were

noted in the lamina propria in addition to the increased AChE-positive fibres (Fig.3).
Whilst an occasional neuron in the lamina propria may be seen it is not, on its own,

diagnostic of IND.

(c) Hyperplasia of the submucosal and myenteric plexuses has been regarded an

important diagnostic feature and it incorporates firstly an increased frequency of
ganglion cell clusters and sometimes the presence of large ganglia defined by Scharli

(1992) as containing in excess of seven ganglion cells (Fig.4). The frequent ganglion
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cell clusters have been described as having a ’button-like’ appearance (Fadda et al.
1983; Meier-Ruge 1985; Borchard et al. 1991) and are associated with thickened

nerve processes (Fig.5).

An increase in AChE-positive nerve fibres around any of the submucosal blood
vessels, whilst noted in some patients, has not been included as a significant
discriminator for the diagnosis of IND in the material examined at GOS (see

obligatory criteria by Borchard et al. 1991 below).

3.1.4 Diagnostic Criteria for Suction Rectal Biopsies (Borchard et al. 1991)

Two obligatory criteria, which must be present when making the diagnosis of IND
were reported. These were: (a) hyperplasia of the submucosal plexus, and (b)
increased AChE-positive nerve fibres around submucosal arteries. Hyperplasia was
identified when submucosal ganglia were frequent and large containing in excess of
seven neurons. Two other features, although not essential for the diagnosis were, (c)
heterotopic ganglion cells in the lamina propria (neuronal heterotopia), and (d)

increased AChE-positive nerve fibres in the lamina propria.

3.1.5 Comment on Diagnostic Criteria

Since 1975 only seven patients with IND, all of whom had concomitant HD with IND
affecting bowel proximal to the aganglionic segment have been identified at GOS.
IND was diagnosed after symptoms of disturbed intestinal motility continued
following a corrective pull-through operation for aganglionosis. Increases in AChE-
positive nerve fibres in the lamina propria is said not to be present in older children

with IND (Borchard et al. 1991). However, biopsies from each of the patients
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considered to have IND exhibited an unquestionable increase in these fibres in
biopsies taken between 2 and 10 years of age. Although some increase in AChE-
positive nerve fibres had been noted in a small number of suction rectal biopsies from
other patients, the degree of this abnormality was insufficiently convincing to allow
a diagnosis of IND in the absence of other diagnostic features. However, the absence
of patients with isolated IND in the GOS series, and the overall much lower
frequency of this diagnosis at GOS compared with other reports is striking.
Nevertheless, the conservative approach adopted at GOS to the diagnosis of IND is

shared by at least some other authors.

Schofield and Yunis (1991) investigated 456 children in whom they identified 38
(8.3%) with IND by the criteria of increased AChE-positive nerve fibres in the
lamina propria and more than five ganglia per high power field in the submucosa. All
but one of these children improved clinically during follow-up and they concluded that
the changes they identified as indicating IND represented a histological pattern of

little clinical relevance.

Whilst few would doubt the existence of a disorder with some of the diagnostic
features described in IND as a cause of intestinal pseudo-obstruction in children, it
is clear that the diagnostic criteria, particularly when applied to rectal suction biopsy
specimens, differ in different centres and their significance in terms of clinical
outcome is not well founded. The results of Schofield and Yunis (1991) conflict with
much of the other data reported in the literature (Scharli and Meier-Ruge 1981,1986;
Fadda et al. 1983; Meier-Ruge 1985) and for this reason a similar study of the

material received at GOS was embarked on.
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3.2 Study of Suction Rectal Biopsy Specimens

This investigation was planned in two parts. The first, discussed here, has involved
the reassessment of a series of suction rectal biopsies taken from patients admitted to
GOS, during the investigation of apparent intestinal motility disturbances, applying
with minor modifications, the diagnostic criteria used by Borchard et al (1991). The
second part will comprise a clinical follow-up of these patients and is not covered in

this thesis.

3.2.1 Materials and Methods

Of a consecutive series of 548 infants and young children submitted to suction rectal
biopsy during the investigation of suspected intestinal dysmotility during 1989-1991
at GOS, 137 (25%) were diagnosed as HD. Of the remaining biopsies from 411
patients, 326 (59 %) were excluded from the study because the amount of submucosa
included in the biopsy, whilst adequate for confirming or excluding HD, was
insufficient for assessing changes that might be indicative of IND. Thus biopsies from
85 children aged 2 days to 10 years (median 11 weeks) remained. Of these children
16 (20%) were aged 1 week or less. All of these specimens had been regarded as
’within normal limits’ when originally reported but were reassessed for the present

study noting the following criteria:

(a). Any apparent increase in AChE-activity in the lamina propria, including minor

and focal increases (Fig.6).

(b). Neuronal heterotopia.
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(c). Hyperplasia of the submucosal plexus in terms of the frequency and size of the
ganglia and the association of ganglia with thickened nerves (budding). Ganglia were
classified as ’infrequent’ when examination of several sections was necessary to
identify a single submucosal neuron or cluster. If ganglia were readily found without
an excessive search in most sections their frequency was termed ’average’. Ganglia
were classified as ’frequent’ when all the sections examined showed several neurons
or clusters (Figs.7 and 8) in every field examined with a xlO objective. The sizes of
the ganglia were assessed by counting neurons in a number of ganglia and the term

’giant’ ganglion was applied if more than seven neurons were identified in a cluster.

(d). Increased number of AChE-positive nerve fibres around submucosal blood vessels

V7’ Wi

(Fig.9).

Figure 1. IND (GOS criteria). Section of mucosa and submucosa showing marked
increase in fine, vertical AChE-positive nerve fibres in the lamina propria. Note no
increase in these fibres is seen in the muscularis mucosae. Magnification x160
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Figure 2. (A) Normal AChE-activity. (B) HD. Prominant increase in thick knotted
AChE-positive nerves is seen in the muscularis mucosae together with an increase in
coarse nerves which run both in vertical and horizontal planes in the lamina propria
(compare with Fig.l). Magnification x120

4

Figure 3. IND (GOS criteria). Three heterotopic neurons in the lamina propria in
association with an increase in AChE-positive nerve fibres. Magnification x120



) % UL A PR

. % \
«
> % | Noe
#l
% 1

Figure 4. A ’giant’ submucosal Figure 5.’Button-like’ganglion in the
ganglion associated with a thickened submucosa from a patient with IND
nerve (arrowhead) from a patient with (GOS criteria). Note increased AChE-
IND (GOS  criteria). H&E. positive nerves in the lamina propria
Magnification x480 but not in the muscularis mucosae.

Magnification x120
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Figure 6. Focal increase in AChE-positive nerves in the lamina propria.

Magnification x120

-.tf

Figure 7. H&E stained section of
rectal suction biopsy from a neo-
nate showing frequent submucosal
ganglia (arrowheads).
Magnification x160

Figure 8. AChE-activity in a suction
rectal biopsy from a neonate showing
frequent submucosal ganglia in ’button-
like’ association with nerves. Note also
a mild increase in lamina proprial
AChE-positive fibres. Magnification
x200
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Figure 9. AChE-positive nerves around submucosal blood vessels appear more
pronounced than in most samples and thus considered to be increased. Magnification
x160

3.2.2 Results

In none of the biopsies were changes seen sufficient to diagnose IND by the GOS
criteria, and in particular, the marked diffuse increase in AChE-positive fibres in the
lamina propria, which were previously regarded as a key factor, was lacking. In this
study an increase was recorded when it was of much lesser degree and often focal in
distribution. By the reduced diagnostic thresholds described above, 60 patients (71%)

were identified in whose biopsies some features of IND were detected.

In biopsies from 15 patients a mild and often focal increase in AChE-positive nerve

fibres in the lamina propria was noted.
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Neuronal heterotopia was not a feature in the biopsies examined, occurring in only
one specimen in which it was not accompanied by any increase in AChE-positive

nerve fibres in the lamina propria.

Ganglia in the submucosa were frequent in biopsies from 38 patients (45%), average
in 31 (36%) and infrequent in 16 (19%); giant ganglia were present in only four
patients (5%). As shown in Fig.10 a relationship existed between the frequency of
submucosal ganglia and the patient’s age at biopsy. Frequent ganglia occurred in 22
(73%) of the 30 patients biopsied under the age of 4 weeks, but in only 15 (29%) of
the 52 patients biopsied after the age of 4 weeks. On the other hand, all 15 patients
with infrequent ganglia were biopsied after 4 weeks of age. Comparing younger (aged
less than 4 weeks) with older children (aged more than 4 weeks) significant
differences between those with ’frequent’, ’average’ and ’infrequent’ ganglia were

established (chi sq = 18.28; p < 0.01).

In most biopsies only occasional isolated AChE-positive nerve fibres around

submucosal arteries or veins were seen, but biopsies from 20 patients showed several

prominent positive fibres.
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Figure 10. Relationship between frequency of submucosal ganglia (frequent, average
or infrequent) and age (more or less than 4 weeks) at biopsy.

Frequent AChE around AChE in Giant Number of
ganglia SM vessels LpP ganglia patients

(38) (20) (15) (4)

+ + + - 6

+ + - - 3

+ - + + 2

+ - - - 28

- - + + 1

- - - + 1

- + - - 11

- - + - 8

Total 60 (71%)

Figure 11. One or more of the various histological features reported in IND
(Borchard et al.1991) were encountered in 60 (71%) of the 85 patients studied. In
only nine (11%) were both obligatory criteria for IND of Borchard et al. met (see
box).
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All four criteria were not seen in any one patient (Fig.11) but frequent ganglia and
increased nerve fibres around the submucosal blood vessels coexisted in 9 patients,
six of whom also had some increases in lamina proprial nerve fibres. It is of interest
that of these nine patients with biopsies showing both obligatory criteria for the
diagnosis of IND required by Borchard et al (1991) eight were aged more than 4
weeks, and five were aged more than 2 years at biopsy. An increase in AChE-
positive nerve fibres around submucosal blood vessels were also seen in biopsies with
average frequency of ganglia (9 patients) three of whom also showed an increase in
positive nerve fibres in the lamina propria. Prominent nerve fibres were also seen
around submucosal blood vessels in two patients with infrequent ganglia. Giant
ganglia coexisted with increased fibres around submucosal blood vessels in two

patients.

3.2.3 Discussion and Conclusions

This study confirms that at least some of the histological criteria other authors have
used to diagnose IND can be identified in suction rectal biopsy specimens previously
at GOS regarded as 'normal’ from children with suspected pseudo-obstruction. One
or more of these changes were seen in 60 (71%) of our 85 patients. However, the
two obligatory criteria of Borchard et al (1991) were satisfied in only 9 (11%). In
addition, neurons in the lamina propria (neuronal heterotopia), a feature which,
together with an obvious increase in vertical AChE-positive fibres in the lamina
propria, we have hitherto regarded as important for the diagnosis of IND, were absent

from all the biopsies studied.

In the previous experience at GOS, IND has been diagnosed in only seven patients,
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all whom had concomitant HD. Whilst these patients had undoubted persistent
intestinal motor dysfunction even after surgical resection of the aganglionic segment,
the histochemical abnormalities identified as IND were considerably more marked
than those accepted by Borchard et al (1991) and in particular they had a marked
diffuse increase in AChE-positive fibres in the lamina propria. The association
between IND and aganglionosis is well recognised (Briner et al. 1986; Fadda et al.
1987) and IND has also been identified as an isolated entity independent of HD
(Meier-Ruge 1971,1985; Scharli and Meier-Ruge 1981,1986; Fadda et al. 1983;
Borchard et al. 1991; Scharli 1992). Whilst in many centres the reported incidence
of IND is much higher than at GOS, rising to as high as 80% in association with
aganglionosis (Briner et al. 1986) it is agreed that most patients improve with
conservative management (Scharli and Meier-Ruge 1981; Fadda et al. 1983,1987;
Meier-Ruge 1985; Munakata et al. 1985; Rintala et al. 1989; Pistor 1989; Schofield
and Yunis 1991; Sacher et al. 1991; Simpser et al. 1991; Scharli 1992) and that this
improvement may be accompanied by reversion of the histochemical changes to

normality (Munakata et al. 1985; Simpser et al. 1991).

The question therefore arises whether the changes identified as IND really depict a
clinico-pathological entity or whether they merely form part of the spectrum of
normality. This problem is complicated by the complete lack, for obvious ethical
reasons, of good, age-matched control biopsy material from children with normal
intestinal function. It is of great interest, however, with regard to one important
criterion for IND, namely hyperplasia of the submucosal plexus, that in this series
’frequent’ ganglia were seen significantly more often in younger children aged less

than 4 weeks at biopsy and so could merely represent an age-related phenomenon.

71



It is true, nevertheless, that our previous dismissal of minor differences in the
histochemical pattern observed in rectal suction biopsies may relate to the tertiary
referral practice at our hospital. Detailed follow-up of our patients, except those with
established HD, tends to be performed at the referring hospitals which might blunt
our awareness of residual problems of intestinal motility in those patients in whom
aganglionosis was excluded. It is for this reason that we are conducting a careful
follow-up of all the patients described here to establish any clinical significance of

these findings.

3.3 Study on Increased AChE-positive Nerves in the Circular Muscle in IND

The increase in AChE-positive nerves in the circular muscle coat noted by Meier-
Ruge (1971) could be relevant as an increase of such nerves in the circular muscle
is claimed to be an important and sometimes the only feature of IND in adults
(Meier-Ruge 1992). Neural density in the circular muscle was investigated in colonic
samples of the patients in whom the diagnosis of IND was made together with control

samples and intestine from patients with HD.

3.3.1 Materials and Methods

AChE-positive nerve density was analysed in 14 snap-frozen, full thickness specimens
of colon. These samples compriseci control specimens obtained at necropsy from six
patients (aged 8 weeks- 1 year; median 3 months) who died of non-gastroenterological
diseases (sudden infant death syndrome, Pena Shokeir syndrome, encephalopathic
disease and 3 with congenital heart disease), and eight ’test’ specimens. The latter
were proximal resection margins of two pull-through specimens from patients (aged

6 and 7 months) with HD and six colonic resections from patients (aged 6 months -
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12 years; median 4 years) with IND (GOS criteria).

The density of nerves, identified by their AChE activity (see Appendix), in the
circular muscle was analysed. AChE-activity was demonstrated on cryostat sections
of snap frozen blocks of bowel taken longitudinally to the long axis of the intestine
thus sectioning the circular muscle coat transversely. A representative area of the
circular muscle in the stained sections was photographed using a x10 objective and
a green filter on ILFORD PAN F film and printed under standard conditions. The

final print magnification was x212.

The nerve density was analysed using a simplification of the morphometric method
of Aherne (1967; Aherne and Dunnill 1982) by assessing the number of nerves
intercepting three parallel lines (measuring 17.7 cm in length; the distance between
the lines being 0.8 cm). The lines were drawn on an acetate sheet which was placed
over the circular muscle on the print. These lines were orientated parallel to the
longitudinal muscle coat and at right angles to the direction of the smooth muscle
cells in the circular muscle. The area analysed, when converted to the actual area of
intestine, measured 544 um? The number of intercepted nerves was recorded. The

density was expressed as the number of nerves per 100 um? of circular muscle.
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Figure 12. Density of AChE-positive nerves in the
circular muscle in HD, IND and controls.

3.3.2 Results
The values obtained for AChE-positive nerve fibres in the circular muscle coat from
the control samples of colon (n=6) ranged between 6.8-16.4 (mean 10) nerves/100

pm?,

In contrast, those from the patients diagnosed as having IND (n=6) ranged from
12.3-21 (mean 16) nerves/100 um?. Using Student’s t-test this increase was significant
(0.01>p>0.001). Results in the proximal resection margins of the colonic pulled-
through specimens from the two patients with HD were 9.4 nerves per 100 um? in
one (falling within the control range) and 21.1 nerves/100 um? in the other (falling

within the IND range).
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3.3.3 Discussion and Conclusions
Despite the small number of samples analysed there was a statistically significant
increase in the circular muscle nerve density in specimens of colon from patients

diagnosed as having IND by other criteria.

In colon from one of the control patients (aged 8 weeks) an apparently elevated
density (16.4 nerves/100 um?) of AChE-positive nerve fibres in the circular muscle
was found. Although no gastrointestinal symptoms had been noted in this patient,
other changes consistent with diagnostic features for IND in the colon could be
detected. These included a mild focal increase in AChE-positive nerve fibres in the
lamina propria. In the submucosa ganglia were frequent and showed ’button’-like
association with thickened nerves and AChE-positive nerves around submucosal blood
vessels were relatively prominent. However, no heterotopia or giant ganglia were
identified. The myenteric neuronal density (see Chapter 4) was also slightly elevated

(9.4/mm).

The proximal block from one of the patients with HD also showed an elevated
circular mu.scle nerve density (21.1 nerves/100 um?). In this specimen there was a
mild focal increase in AChE-positive nerve fibres in the lamina propria and the
myenteric neuronal density (see Chapter 4) was also elevated (11.4/mm). No other
features associated with IND were detected in this sample. The clinical significance

of these findings cannot be assessed since the patient was lost to follow-up.

Although the sample size is small and the morphometric technique employed is

simple, there appears to be an increase in AChE-positive nerves in the circular muscle
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in specimens from patients with an intestinal motility disturbance and other
morphological changes suggestive of IND. The practical value of this type of
assessment in terms of aiding the diagnosis of IND is debatable but it may be useful
as an additional diagnostic parameter, particularly in adult patients in whom other

morphological markers of IND may be lacking (Meier-Ruge 1992).
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Chapter 4. Neuron Density in Normal Intestine in Childhood as a Basis for the

Assessment of Hypo- and Hyperganglionosis

4.1 Introduction

Whilst HD (aganglionosis) is the commonest and most easily identified neurogenic
intestinal motility disorder, other rarer neuropathic disturbances are also recognised.
These are intestinal neuronal dysplasia (see Chapter 3) in which an excess of intestinal
neurons (hyperganglionosis) is one morphological feature, and hypoganglionosis

which is characterised by a paucity of myenteric neurons (Garrett and Howard 1981).

Both hyper- and hypoganglionosis may occur as isolated abnormalities, or affect a
portion of intestine immediately proximal to the aganglionic segment in patients with
HD (Briner et al. 1986; Fadda et al. 1987; Borchard et al. 1991). In either event,
their recognition is of clinical importance since complete surgical excision of the
abnormally innervated bowel results in normal peristalsis (Fadda et al. 1987;
Borchard et al. 1991). However, conservative treatment of patients with
hyperganglionosis may be advocated initially since symptoms can improve

spontaneously (see Chapter 3).

Patients, particularly neonates, presenting with signs of pseudo-obstruction are
generally first investigated by taking a rectal suction biopsy specimen which contains
both mucosa and submucosa. Such biopsies, examined histochemically for acetyl
cholinesterase (AChE) activity and serially sectioned to identify neurons in the
submucosal plexus, are excellent for confirming or refuting a diagnosis of HD, based

on the characteristic AChE-staining pattern in the muscularis mucosae and lamina
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propria (Lake et al. 1978) and the absence of submucosal ganglia . However, these
specimens are of little value in defining hyper- and hypoganglionosis. The diagnosis
of neuronal dysplasia on a suction rectal biopsy is a matter of continuing controversy
(see Chapter 3) while that of hypoganglionosis is unreliable since the reduction in
ganglia is usually confined to the myenteric plexus (Ariel et al. 1985; Fadda et al.
1987; Meier-Ruge 1992). A further point is that the distal rectum just above the
dentate line (the mucocutaneous junction or anal verge) has a short hypoganglionic
segment in normal subjects (Aldridge and Campbell 1968). Since the precise level at
which a diagnostic suction rectal biopsy is taken is difficult to assess clinically,
particularly in neonates, this hypoganglionic zone may be sampled, providing a

further source of potential diagnostic error.

From a practical view point, specimens suitable for the assessment of hypo- and
hyperganglionosis would include formal full thickness biopsies of rectum, pieces of
large intestine removed during the fashioning of a colostomy for decompression or,
in patients suspected of having hypo- or hyperganglionosis accompanying HD, pull-
through specimens of colon removed during excision of the aganglionic distal
segment. The purpose of this chapter is to analyse the extent to which routinely
prepared, haematoxylin and eosin (H&E) stained sections of formalin-fixed paraffin
embedded tissue can be utilised to recognise neuronal disorders of the intestine other
than HD in these specimens. Using this technique alone, the distinction of these
entities is quantitative, and relates to counts of neuronal densities in the myenteric
plexus rather than the submucosal plexus. This is because submucosal counts are
much more time consuming and difficult to standardise, and because hypoganglionosis

appears to be confined to the myenteric plexus (Borchard et al. 1991; Scharli 1992).
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Thus, the first requirement is to establish control data for myenteric neuronal density
in normal intestine, so that deviations below (hypoganglionosis) and above
(hyperganglionosis) the normal can be assessed objectively; since the majority of
patients with pseudo-obstruction present in infancy (Milla 1991) there is a clear need

for reliable baseline data in the paediatric age group.

This chapter describes the method used for intestinal neuron density counts and its
validation, and then documents neuron counts of both transverse and longitudinal
sections of full thickness specimens taken at post-mortem examination at defined
points in the jejunum, ileum and colon from 21 children (aged 4 weeks to 10 years)
as well as from the colon of 8 adults (16-83 years). This material provides normal

control data concentrating on the paediatric age group.

Selected colonic resection specimens from six children with HD and one with
suspected isolated hypoganglionosis are also examined. The HD patients included two
with persistent impairment of intestinal motility thought to have concomitant intestinal
neuronal dysplasia, and one considered to have hypoganglionosis accompanying HD.
In each case neuronal densities are compared with controls and any differences noted

are related to the clinical data available.

4.2, Materials and Methods

a) Control specimens

Sleeves of colon approximately 10cm long, the distal margins of which were 2cm
proximal to the recto-sigmoid junction were removed at necropsy from patients dying

of non-gastrointestinal diseases (congenital heart disease, sudden infant death
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syndrome, pneumonia, metabolic liver disease, status asthrﬁaticus, rﬁyocardial
infarction and road traffic accidents). These patients comprised 21 children ranging
in age between 4 weeks and 10 years (group 1) and 8 adults aged between 16 and 83
years (group 2). Delay between death and necropsy ranged between 6 and 48 hours

(median 24 hours).

Sleeves of small intestine also approximately 10 cm long, one taken from the jejunum
with an upper limit 2cm distal to the duodenojejunal flexure, and one from the ileum
with a lower limit 2cm proximal to the ileocecal valve were also taken from all the

children in group 1 and two of the adults in group 2.

For each specimen the bowel was opened, washed with saline and fixed in 10%
formalin in phosphate buffer. The circumference was measured and both longitudinal
and transverse blocks measuring 4.6-33 mm were taken from the proximal jejunum,
distal ileum and distal descending colon and were processed routinely and embedded
in paraffin wax. Sections (3um) were cut and stained by haematoxylin and eosin

(H&E) omitting the differentiation step of acid alcohol after Harris’ haematoxylin.

b) Surgical specimens

Neurons were counted in longitudinal blocks (measuring 16.8-29.4mm; median 22
mm) from the proximal resection margins in pull-through specimens from four
patients with HD. Two further patients with HD had persistent pseudo-obstruction
following pull-through operations. Second colonic resections showed evidence of
intestinal neuronal dysplasia proximal to the aganglionic segments diagnosed on

adjacent blocks of frozen tissue which showed increased AChE-positive nerve fibres
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and heterotopic neurons in the lamina propria with frequent and often large enteric
ganglia in both myenteric and submucosal plexuses. Sections (12mm and 31.3mm in
length) of the paraffin wax embedded tissue from the proximal resection margin of
the second resections were analysed. Neuron density was also assessed in sections
(27.5mm in length) of colon from a patient in whom isolated hypoganglionosis (small,
sparse ganglia in the myenteric plexus) had been observed. All the above patients

were children aged between 8 months and 10 years.

¢) Methods.

In both longitudinal and transverse sections of each specimen, the total number of
neurons in every tenth section at six consecutive levels was counted, and the neuron
density expressed as the mean number of neurons per mm. The section length was
measured with a calibrated eyepiece graticule. In a preliminary study on two tissue
blocks counts of neurons identified by the H&E stain were compared with counts in
the immediately subsequent serial sections, in which neurons were demonstrated by
immunohistochemical methods using polyclonal antibodies to protein gene product 9.5
(Ultraclone Ltd, Cambridge, UK), neuron specific enolase and S100-protein (Dako
Ltd.,High Wycombe, UK). The standard avidin-biotin-peroxidase complex (ABC)
method with diaminobenzidine (DAB) was employed (Hsu et al. 1981). Biotinylated
anti mouse and anti rabbit antibodies and the ABC complex were obtained from

Dako.

The maximum diameter of neurons was also measured using a calibrated eyepiece

graticule.
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4.3 Validation

The numeric estimation of myenteric neurons has a number of potential problems.
These are identification of neurons, counting the same neuron more than once, and
how many and how long sections are needed for adequate volume of myenteric plexus
to be analysed. These points were addressed and the investigations are reported

below.

The reliability of the haematoxylin and eosin (H&E) stain for identifying neurons was
tested in paraffin sections of two samples of post-mortem intestine by comparing
density values obtained using immunohistochemical methods to aid recognition of
nerve cells. The issue of how many sections (3um thick) were required to record the
accurate myenteric neuronal density was investigated by counts in 32 samples of post-
mortem intestine. These counts were made in serial sections (n=24) and sections
chosen at sufficiently separated levels to count each neuron only once, taking account
of the measured neuronal size. The length of section required to represent the

myenteric neuronal population was also considered.

4.3.1 Identification of Neurons

In order to establish the reliability of the H&E stain in neuronal identification, a
comparison was made of neuronal densities (number of neurons per mm) obtained by
immunohistochemical methods and the H&E stain. Neurons were readily identified
in the H&E stained sections by their amphoteric, granular cytoplasm and open
vesicular nuclei with prominent nucleoli. The supporting cells in the ganglia caused
no problems in identification since the sparse cytoplasm of these cells was never

granular or amphoteric and the compact nuclei were not confused with open vesicular
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neuronal nuclei. The cytoplasmic appearance of the neuron sufficed to be included in

the count (Fig.l).

%

Figure 1. A section ofjejunum showing the myenteric plexus containing one neuron
with a nucleus and nucleolus (thin arrow) and a second neuron in which only
cytoplasm is seen (thick arrow). Both appearances are included in the assessment of
neuron density. The remaining cells comprise supporting cells easily identified by the
absence of granular, amphoteric cytoplasm and/or the presence of compact nuclei.
H&E Magnification x480

Using the antibody to SI00-protein, negative neuronal perikarya was clearly visible
against the strong glial immunoreactivity in the ganglia. All neurons showed strong

immunostaining with the antibody to neuron specific enolase (NSE) on the
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background of positive nerve fibres. The antibody to protein gene product 9.5 (PGP
9.5) showed some variability in cytoplasmic reactivity, although most neurons were

positively stained.

The mean density obtained in sections stained with H&E was almost identical to the
density in sections where neurons were identified immunohistochemically

demonstrating the reliability of the H&E stain in identification of intestinal neurons.

4.3.2 Neuronal Size

In children most neurons were 20-23um in diameter with very occasional neurons
measuring 30um. Most neurons in the neonates were small (8-15um) and only
occasional neurons were larger. In adults, however, neurons measuring 30um were

common and occasional larger neurons of 40um in diameter were also seen.

Thus the largest neuron seen in the intestine from children was 30pxm in diameter and
many measured less , especially in the very young. To avoid counting each neuron

more than once, every 10th section of a series of serial (3um) sections was chosen.

4.3.3 How Many Sections are Required for Analysis?

Some intersectional variation in neuronal density was seen among the 24 serial
sections from each of 32 specimens of intestine analysed. Whether or not this is
important was tested by comparing the mean density in all 24 sections with the mean

density in sections spaced at levels so that individual neurons were counted only once.

This was done firstly by comparing the density value in the first of the serial sections
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between the first section and 24 serial
sections.

Values on the axes represent neuron density per mm.

20 r

1st and 11th section

O 1 1 1 1 1 1 1 ]

0 2 4 6 8 10 12 14 16

24 serial sections

Figure 3 Comparison between neuron
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Figure 4. Comparison of neuron density
between the 1st, 11th and 22nd sections
and 24 serial sections. Values on the axes
represent neuron density per mm.

with the mean of all 24 sections (Fig.2). Next the mean of the first and 11th sections
(Fig. 3) and then the mean of the first, 11th and 22nd sections (Fig. 4) were
compared with the mean of all 24 serial sections. A close linear relationship was seen
for all three comparisons and no statistically significant difference could be shown
between them. The correlations were: for the single section (y=1.12x-0.428,
r=0.919, p<0.001), for two spaced sections (y=1.104x-0.304, r=0.969, p<0.001)

and for the three spaced sections (y=1.099x-0.435, r=0.99, p<0.001).

This result indicates that a single section may provide a satisfactory and representative
neuronal density value. However, the sample size present in one section obviously
depends on the section length as well. Amongst the 32 specimens of intestine
examined for the validation study, the section lengths ranged for the jejunum 6.8-15
mm (median 11.2 mm), for the ileum 4.6-19.2 mm ( median 9 mm) and for the colon

5.2-18.6 mm (median 12.5 mm).
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For the neuron density counts used for the baseline studies, a total of six sections
spaced 30 um apart (ie. every 10th section of the serial 3 um-thick sections) was
examined at each site. These samples were of length 13-24 mm (median 20 mm), for
the jejunum, 10.4-26 mm (median 19 mm) for the ileum and 10-33 mm (median 22.2
mm) for the colon. These sample sizes are well in excess of the minimum required
according to the validation studies but really reliable figures were considered to be
necessary in view of the extraordinary variations in counts obtained by previous
studies (Meier-Ruge et al. 1970; Schuffler et al. 1978; Schuffler and Jonak 1982;

Ikeda et al. 1988).

4.4 Baseline Neuronal Density and Comparison of Density in Surgical Resections
a). Baseline Results

The neuron density in post-mortem tissue (Fig.5) is lowest in the jejunum and highest
in the colon. Similar density values in both longitudinal and transverse sections in an
individual bowel were seen and Fig.6. shows that there is a close correlation between
LS and TS values in the same specimen (y = 0.25 + 1.04x; r = 0.8; p < 0.001).
For children the mean neuron density in the colon was 7.7/mm (TS), 7/mm (LS) and
in the small intestine about 4/mm (ileum 4.3/mm in both TS and LS ; jejunum
3.6/mm in TS and 3.7/mm in LS). In this group no significant variation could be
shown in neuronal density with age (Fig.7). For adults the mean colonic neuronal
density was 5.1/mm, perhaps indicating a slight fall in old age, although the numbers

of patients were small and the result was not statistically significant (see Fig.8).
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intestine. There is a close linear relationship and significant correlation between TS
and LS counts. y= 0.25 + 1.04x; r=0.8; p< 0.001.
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Figure 9. Neuron density in the most proximal block of surgically resected colon
from seven patients. Patients A, B, C and G had Hirschsprung’s disease and counts
were made on the initial pull-through specimen. Patient C was later shown to have
concomitant intestinal neuronal dysplasia. Patient G was regarded as having an
unusually long hypoganglionic segment without hypertrophied nerve trunks. Patients
D and E had persistent pseudo-obstructive symptoms following an initial pull-through
operation for Hirschsprung’s disease. Neuron density is that in a second pull-through
intestine. On adjacent blocks of frozen tissue the diagnosis of intestinal neuronal
dysplasia was made. Patient F had intestinal pseudo-obstruction and was observed to
have microscopic features of isolated hypoganglionosis. Horizontal lines represent the
mean control neuron density for colon in longitudinal section in children: 7/mm +
or - 2SD.

b). Results in the Surgically Resected Colon

The neuron density in the surgically resected colons is shown in Fig.9. Neuron counts
in the proximal blocks from two patients with Hirschsprung’s disease (A and B) fell
within two standard deviations from the control mean, but two others with HD were
outside this range, one with elevated density (C) and the other below this range (G)
indicating evidence of hyper- and hypoganglionosis respectively in these two patients.

Similarly values just at the level of two standard deviations below the control mean
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in patient F with a subjective impression of hypoganglionosis and of well above two
standard deviations in the two patients (D and E) in whom a diagnosis of intestinal

neuronal dysplasia was established by histochemical criteria.

In children the circumferences of colon at post mortem ranged from 2-6cm (mean
3.5c¢m), for ileum 1-4cm (mean 2cm) and for jejunum 1.5-5cm (mean 2.5cm). In
adult colon the circumference was 3.5-7cm (mean 5.5cm), measured in fixed tissue.

The circumference of surgically resected specimens measured from 3.5 to 5.5 cm.

4.5 Discussion

Previous assessments of neuron densities in the myenteric plexus, mainly on adult
intestine using various methods, have resulted in a wide range of normal values
(Table 1). No consistent study using a standardised procedure has been employed in
children. The results presented here are 20 times higher than those of Schuffler and
colleagues (1978, 1982). In both their studies and in this one a seemingly similar
approach was employed. Each neuron was counted only once using sections at
appropriately spaced levels in paraffin blocks. Schuffler et al. (1978) and Schuffler
and Jonak (1982) counted only nucleated neurons whereas in this study all neurons
were counted regardless of the presence or absence of nuclei. Those without nuclei
were recognised by their characteristic cytoplasmic appearances alone. Different
criteria for identifying which neurons are included may in part explain the
discrepancies. However, it is unlikely that these considerations would entirely explain
such large differences. The intestinal wall in children is thin and in order to obtain
better orientation of sections in this study blocks of colon mostly included the taenia.

This may have also contributed to the higher density values seen here, since neurons
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are more numerous in the myenteric plexus adjacent to taenia than elsewhere

(Schuffler 1988, personal communication).

Table 1. Comparison of Neuron Density in Different Studies of Normal Human
Colon.

Number of

Study Density | Controls
Schuffler et al., 1978 27.8/100mm 7
Schuffler and Jonak, 1982 42.9/100mm 20
Meier-Ruge et al., 1970 756 /10mm ?
Tkeda et al., 1988 >30/10mm ?
Smith 1993 (present study) 7 /mm 29

At the other end of the scale, Meier-Ruge and colleagues (1970) recorded neuronal
densities ten times those encountered in this study and approximately 200 times those
recorded by Schuffler et al. (1978) and Schuffler and Jonak (1982). The greater
density recorded by Meier-Ruge et al. (1970) is partly the result of using sections
three times thicker than in this study. However, it is unlikely that this could explain
a ten-fold difference. Meier-Ruge studied exclusively bowel resected for
Hirschsprung’s disease (Meier-Ruge 1988, personal communication) and some
patients may have had intestinal neuronal dysplasia (hyperganglionosis) proximal to

the aganglionic segment, inflating the density recorded.
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In the present study neuron densities have been systematically investigated in specified
sites of the normal intestine in children and in adults by methods accessible to any
histopathology laboratory. The mean density values were in keeping with observations
of neural tissue volumes (Wells et al. 1987). In contrast, others workers have
analysed adult intestinal neuron density alone (Schuffler et al.1978; Schuffler and
Jonak 1982), or intestine from children with Hirschsprung’s disease (Meier-Ruge et

al. 1970).

The concept of Dirichlet domains (Loeb 1976; Wells et al. 1987) can be applied to
describe the myenteric plexus, which is a three dimensional network of organized
spatial structures. This network (see Fig.10) consists of a set of polygons outlined by
nerve trunks with ganglia at the apices of the polygons. Ganglia are spaced 1-5mm
apart in the colon (Bodian et al. 1949) and further apart in the small intestine (Wells
et al. 1987). Any one section, particularly of a short length of intestine, may miss
some or all ganglia (see Fig.10). By analysis of sections in longitudinal or transverse
blocks of intestine at levels designed to include each neuron only once, the inclusion
of a representative population of neurons is ensured, resulting in a reliable and

reproducible values of neuronal derisity.
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Figure 10. Diagrammatic representation of the myenteric plexus showing the concept
of Dirichlet domains (circles). Random sections in planes indicated by lines A-C will
miss some of the ganglia (B), all of the ganglia (A), or none of the ganglia (C) if
short lengths of bowel are analysed. LM, longitudinal muscle; CM, circular muscle;
SM, submucosa; MM, muscularis mucosae; M, mucosa.

Provided that a sufficient length is analysed, counts in a single section as shown by
Fig. 10 may also be valid. However, short lengths (less than 10 mm), particularly in
the small intestine, may give false results in single sections due to the insufficient

number of neurons in the more widely spaced ganglia.

Comparison of neuron densities in TS and LS from the same specimens of post-
mortem intestine are shown in Fig.6. A close linear relationship is obtained indicating

that either LS or TS are suitable for neuronal counting. The specimens were not
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distended and their circumferences did not vary greatly. Clearly intestinal dilatation
would produce an increase in circumference and some increase in the length. This
could effect neuronal counts and could be a consideration in megacolon when the
intestine is hugely dilated. However, in most cases of pseudo-obstruction surgical
decompression of the bowel is achieved by colostomy before bowel resection so that

intestinal dilatation is rarely a significant problem. -

The largest neuron seen in the iﬁtestihe from children was 30um in diameter and
many measured less, especially in the very young. In the adults studied here a greater
proportion of large neurons was seen, occasionally measuring 40um in diameter. No
reports, other than in the fetus (Vaos 1989), exist about neuronal size in the human
gut in relation to age, although growth in neuronal volume has been shown in the
monkey brain from infancy to adulthood (Headon et al. 1985). Observations by
Gabella (1987a) in experimental animals also confirm that the average neuron size is
significantly smaller in the newborn intestine than in the adult bowel, the difference
being more marked in larger animals such as sheep and cattle, than in the smaller

species such as the mouse and shrew.

Deviations in neuronal density from normal baseline data in surgically resected
intestine correlated well with persistence of clinical symptoms. Proximal blocks from
resected intestine from two patients with HD (Fig 9; A,B) showed density values
within two standard deviations from the established post-mortem mean, both of whom
appeared to be cured by the bowel resections. In contrast, of the patients with residual
problems of intestinal dysmotility after pull-through operations for HD, all were

found to have density values outside two standard deviations from the control mean.
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Two of these patients (Fig 9;D,E) had intestinal neuronal dysplasia
(hyperganglionosis) diagnosed on the basis of other criteria (see Chapter 3).
Moreover, patient C with a high density value was later shown by examining frozen
tissue to have intestinal neuronal dysplasia (hyperganglionosis) proximal to
Hirschsprung’s disease. Thus neuron counts are helpful in confirming or refuting a
subjective impression of hyperganglionosis when only paraffin wax embedded tissue
is available for analysis. The diagnosis of hypoganglionosis is based on the presence
of sparSe small génglia with scanty néuforis. In patient F with symbtoms of ihtestinal
dysmotility and microscopical features of hypoganglionosis without concomitant
Hirschsprung’s disease, the neuron density was found to be just at two standard
deviations below the mean, so that the subjective impression of a relative paucity of
neurons was supported, but could not be diagnosed objectively as hypoganglionosis.
In patient G with Hirschsprung’s disease, who appeared to have an extensive
transitional zone with small sparse ganglia and without hypertrophied nerve trunks
proximal to the aganglionic segment, however, a grossly reduced density value well

below two standard deviations from the mean was seen.

The length of the intestine increases with increasing body length and, since it is
assumed that neurons do not proliferate after birth, a reduction in neuron density
would be expected with increasing age. However, this has been challenged by the
following observations in animals. In the rat and chick there is an increase in neurons
in the myenteric plexus during post natal life, and tritiated thymidine uptake by
neurons in the mouse duodenum can be seen at least 2 weeks after birth (Gabella
1987a). At birth the human gut measures on average about 4 meters (Bryant 1924)

and in the adult about 7.5 meters (Bryant 1924). The growth of the intestine is most
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rapid in the early years of childhood, (Bryant 11924) and by 10 years of age both the
small gut and colon have reached the adult lengths. Despite expectations, based on
the reported higher neuronal packing density in immature animals compared with
adult animals (Gabella 1987), no obvious reduction in neuron density was encountered
in this study in infants and children up to the age of 10 years when the length of the
child’s intestine has reached the adult dimensions. In addition there was no obvious
reduction in neuron density seen in the young adults, although in old age a slightly

lower density was encountered (Fig. 8).

To explain this apparent discrepancy, it is possible that not all neurons were identified
in the very young due to the presence of small nerve cells, whereas in the older
children and adults these cells were more readily recognised. As the adult neurons are
larger it may also be possible that the same cell could have been counted twice.
However, this would not be true in the intestine of the older children where the
largest neuron measured 30um. The small number of patients examined may also
influence the results, as in all ages there are length variations in the gut (Bryant
1924). However, the possibility of neuronal proliferation in childhood cannot be ruled

out and warrants more extensive study.

In conclusion this study has established a baseline of myenteric neuronal density in
childhood. The method can be applied to routinely processed archival tissue sections
and neuronal density analysis may be of value even in single sections, although this
obviously depends on an adequate section length. The longer the intestinal length
examined the more representative is the density value in a single section of that

myenteric plexus. The section length needs to be in excess of 5 mm, but in the small
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intestine where neuronal density is less than in the colon, it may be preferable to
examine section lengths in excess of 10mm. This baseline data was shown to be
clinically useful in identifying hyperganglionic segments of bowel where subjective
impressions can be misleading. However, the diagnosis of marginal hypoganglionosis
was not improved by this method in the single case examined. In one other patient
hypoganglionosis was obvious by subjective examination and neuronal counts merely

confirmed this observation.
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Chapter 5. Assessment of Argyrophilia in the Developing Myenteric Plexus

During Childhood

5.1 Introduction

In the previous two chapters the contribution of conventional histology and
histochemical techniques to the study of neurogenic forms of pseudo-obstruction have
been discussed. However, many patients with clinical signs of intestinal motor
dysfunétibn and electrophysiological evidence of a neurogenic defect show no
abnormalities by these methods. In addition, where abnormalities exist there may be
poor correlation between their severity and the degree of functional obstruction noted
clinically. The faiilure to identify neural abnormalities in the myenteric plexus might
reflect either insensitivity of the staining methods in current use or the study of an

insufficient volume of the plexus.

In 1967, Barbara Smith reintroduced a silver impregnation method used previously
in neuropathology to the study of the intestinal myenteric plexus. This technique
employed thick (50 um) sections of the bowel cut tangentially, parallel to the mucosal
and serosal surfaces at the level of the myenteric plexus. This increased the sample
of neurons seen in any one section and allowed examination of their morphology in

greater detail, as well as their spatial distribution and intercellular connections.

The silver staining method identifies two main types of neurons, those that take up
silver (argyrophils) and those that do not (argyrophobes), together with intermediate
types showing varying lesser degrees of argyrophilia. There is some regional

variability in the proportions of argyrophilic and argyrophobic nerve cells, but both
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types are normally present. The relative number of the two types of neurons also

varies in different patients (Schuffler 1989).

In patients with pseudo-obstruction, the method has been applied mainly to intestine
from adult subjects (Dyer et al. 1969; Schuffler et al. 1978,1985; Schuffler and Jonak
1982; Smith Barbara 1982; Schuffler 1989). The abnormalities identified by this
technique include changes in the neuronal perikarya, such as blurring of cell margins
and cytoplasmic swélling, fragmentafiof\ dr ’vacuélaﬁon’, with argyropﬁilia conﬁned
to a peripheral rim (Schuffler 1989). Changes described in the processes include
swelling, beading or fragmentation of axons, clubbing of dendrites and axonal drop-
out (Schuffler 1988b, 1989). Some of these changes are seen in intestine from patients
with other neurological abnormalities involving the peripheral and/or central nervous
system. They can also be produced by inflammatory processes of viral, parasitic,
neoplastic or toxic (purgatives) aetiology (Smith Barbara 1968b; Krishnamurthy and
Schuffler 1987; Schuffler 1989). In the patients with pseudo-obstruction, the
possibility that some of these changes may be secondary to neuronal degeneration in
long-term obstipation or following the use of anthraquinone cathartics cannot be

excluded.

Similar studies in childhood pseudo-obstruction are sparse (Tanner et al. 1976;
Navarro et al. 1990) but complete absence of argyrophilic neurons has been proposed
as the cause of intestinal motor dysfunction in three neonates (two boys and a girl)
with short small bowel, malrotation and pyloric stenosis (Tanner et al. 1976). Two
of these infants were born at 36 weeks gestation the third was delivered at full term.

The intestinal samples were obtained at the age of 13 days, 24 hours and 15 days
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respectively.

As with any technique, there is a need to establish base-line data in unaffected
subjects to indicate the range of normal appearances against which any variations
relating to disturbed function can be assessed. Since some of these variations may be
age-related and since it has been noted that at birth not all enteric neurons have
reached full morphological maturation (Smith Blanca 1968), a process that continues
for at least the first 2 years of life (Bughaighis and Emery‘ 1971), it is irﬁportant to
establish control data in the paediatric age range. In childhood, and particularly in the

neonatal period, no systematic control data is available.

For this reason a number of colonic specimens obtained at necropsy from preterm
babies, neonates, infants and young children dying from non-gastrointestinal diseases
were studied by the silver staining method. The appearances of the myenteric plexus
were examined by noting neuronal morphology, and the size and appearance of
neuronal processes. The cellularity of the ganglia together with the presence or
absence of argyrophilic neurons and the ratios of argyrophobic to argyrophilic cells

were all assessed in relation to the age of the child.

Surgical specimens of terminal ileum from patients with pseudo-obstruction were also
investigated. The ileal samples were obtained at decompression ileostomy when this
procedure became necessary to relieve their obstruction. Thus the region of intestine

examined (small rather than large intestine) was dictated by clinical considerations.
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5.2 Materials and Methods

5.2.1 Control Intestine

Sleeves of sigmoid colon measuring 3 cm in length were obtained at post-mortem
from 48 infants and children (including two preterm and one term stillborn infants)
who lacked anatomical abnormalities and died of non-gastrointestinal diseases
(congenital heart disease, encephalopathy, hydrocephalus, cerebro-spinal deformities,
glioma, lactic acidosis, sudden infant death syndrome, haemorrhagic shock,
diaphragmatic hernia, persistent fétal circulation, cafdibmyopathy, pneumothorax;
hydronephrosis). Of these patients 26 were male and 22 female. The age of the
patients ranged from preterm infants to 14 years of age, comprising 2 fetuses (33
weeks gestation each) and one stillborn infant delivered at term, 18 neonates (8 hrs-
1 month), 16 infants (2-6 months), 3 babies (7-12 months) and 8 children (18 months
to 14 years). The delay between death and autopsy ranged between 6 and 48 hours

(median 24).

5.2.2 Intestine from Patients with Pseudo-obstruction
Terminal ileum from 16 patients with pseudo-obstruction were also studied by the
silver staining method. These patients ranged in age from 1 month to 17 years

(median 20 months).

5.2.3 Methods

The intestine was opened and pinned out without stretching on cork with the mucosa
towards the cork. The bowel was then fixed in a large volume of unbuffered 10%
formol saline in excess of 14 days without changing the fixative. Blocks measuring

2x2cm were frozen mucosa down flat on a freezing microtome chuck. Frozen sections
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(50 um thick) were taken parallel to and including the myenteric plexus and collected
in distilled water. In general in young children the myenteric plexus was contained
in six to nine sections. Sections including the greatest area of the myenteric plexus
were selected and post-fixed in Cajal’s formol ammonium bromide (see Appendix)
for 24 hours. After two rinses with distilled water, they were transferred to 50%
alcohol containing 10% pyridine for 1 hour at 37°C. After two distilled water rinses
sections were impregnated in 20% silver nitrate at 37°C for 1 hour, and without
washing taken through three changes of 10% formalin, one change of 2% formalin
and two changes of distilled water. They were then treated in ammonical silver nitrate
(see Appendix) with constant agitation for 1 minute and then taken through three
changes of 1% formalin with rapid agitation, and finally collected in distilled water.
Sections were treated with 5% sodium thiosulphate for 5 mins, washed thoroughly in
water, mounted on glass slides after teasing out the creases, dehydrated in alcohol,
cleared first in carbol xylene and then in xylene before mounting in natural resin

mountant.

The staining of these samples was performed in batches of six. At least one specimen

known to contain strongly argyrophilic neurons was always included.

The myenteric plexus was studied noting the number of argyrophilic and argyrophobic
neurons in at least four ganglia. Argyrophobic neurons were distinguished by their
ample cytoplasm from smaller supporting cells with less cytoplasm. The morphology
of processes and neuronal cell bodies was also examined. The cellularity of the
myenteric plexus was assessed by calculating the mean number of neurons per

ganglion and the ratios of the mean number of silver-negative to silver-positive cells
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per ganglion were also calculated. Finally the appearances, the cellularity, the
argyrophobe/argyrophil ratios and the presence or absence of argyrophilic neurons

were correlated with the age of the child.

5.3 Results of the Base-line Study

5.3.1 Morphological Appearance and Uptake of Silver

Neurons in the 48 control specimens studied by the silver staining method clearly
demonstrated variation in the nerve cell number, size and structure with a particular
type (small, large, condensed or fuzzy argyrophils) predominating in a given patient.
The axons and dendrites also varied from fine and thin to short and stubby processes.
The outlines of neurons in some instances were fuzzy and indistinct but in others were
well defined. The neuronal cell processes also exhibited variability in morphology
ranging from fine, long and straight to nobbily and twisted structures with a tangled
appearance. A variability in the uptake of silver by the neurons was also noted, with
the neurons in some specimens showing only faint argyrophilia while their processes
were stained jet black. Occasionally the perikarya appeared impregnated in a striped
fashion reminiscent of crumpled tissue paper, and infrequently they were speckled and
had numerous short brush-like processes. In some samples the argyrophilic neurons
were predominantly small, spidery and strongly impregnated. Neurons in a few
samples appeared bloated and swollen with bulbous processes while in others they
seemed condensed and small. These varied silver staining appearances are illustrated

by figures 1-14.
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Figure 1. Silver staining in the myenteric plexus of a baby aged 2 months showing
ganglia containing both argyrophilic and argyrophobic r.eurons and connecting nerve
tracts. Magnification x130.

'"A*.r

Figure 2. Silver staining in the myenteric plexus of ai neonate aged 8 days showing
strongly positive axons in the connecting tracts but onlly irgyrophobes in the ganglia.
Magnification x130.
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The following illustrations show the variability of the neurons. The magnification of
each x340.

Figure 3. A ganglion from a neonate aged 8 days showing argyrophobes and an
absence of argyrophils.

«

Figure 4. A ganglion containing argyrophobes and several argyrophils with well
formed processes in a baby aged 5 months.
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Figure 5. A ganglion in a baby aged 5 months showing poorly impregnated neurons
with poor processes.

Figure 6. Condensed barely argyrophilic neurons from a 4-day-old.
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Figure 7. Faint argyrophilia in occasional neurons without appreciable processes.
Baby aged 7 months.

Figure 8. Occasional condensed argyrophil showing no obvious processes.
Fragmented twisted axons in the connecting tracts. Baby aged 7 months.
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Figure 9. Absence of argyrophilic neurons in a ganglion from a still born term infant.
Axons in the connecting tract are also faint and fragmented.

Figure 10. Poorly impregnated spotty barely argyrophilic neurons with occasional
processes. The argyrophobic neurons also appear small and ill defined. A baby aged
7 months.
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Figure 11. Large, fuzzy and bloated argyrophils showing no evident processes
in a 14 year-old child.

Figure 12. Another ganglion from the 14 year-old boy showing large ill defined
argyrophils with occasional processes. Note also poorly formed knobbly and twisted
but black axons in the connecting tracts.
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Figure 13. A third ganglion from the 14 year-old boy showing apart from the large
and fuzzy neurons also an axonal knot (arrow).

Figure 14. A ganglion from a 20 month-old child with large and ill defined
argyrophils showing only occasional stubby and stunted processes.
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Of these 48 control samples, 17 had strongly argyrophilic neurons although in two
the processes were twisted and in one the neurons appeared condensed. Whilst
argyrophobic neurons were plentiful in a further 17, no silver-positive cells could be
identified in any of the ganglia included in the sections. In one of the latter group the
argyrophobic neurons were small. The three stillborn babies were all in this group
with no argyrophilic neurons. In samples from a further two patients only one silver-
positive nerve cell was encountered in each after examination of several ganglia
comprising only argyrophobes. The remaining 12 specimens contained neurons with
faint argyrophilia and of these eight samples showed neurons consisting of swollen,

woolly or fuzzy cells (5), large, speckled cells (1) or small, shrunken cells (2).

5.3.2 Relationship of Age and Argyrophilia

The age of the children in the group with good argyrophilic neurons (n=17) ranged
from 3 days to 8 years (median 7 months). The age range for infants and children
with no or only one argyrophilic neuron(s) (n=16) was 8 hours to 1 year (median 8
weeks). None of the still-born infants (n=3) had silver positive neurons. A variable
degree of silver uptake, with only occasional neurons exhibiting strong argyrophilia,
was seen in remaining 12 specimens from children aged 1 day to 14 years (median

8 weeks).

In every specimen where argyrophilic cells were observed, in all the ganglia
argyrophobic cells outnumbered the argyrophils; the ratios of argyrophobes to
argyrophils ranged from 3:1 to 37.2:1 (median 9:1). No clear relationship could be
demonstrated between age and the ratio of argyrophobes to argyrophils (Fig.15).

Similarly the neuronal numbers appeared not to be age related (Fig.16).
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Figure 15. The ratio of argyrophobic to argyrophilic neurons plotted against age
(logarithmic scale). A logarithmic scale is used because the majority of patients were
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plotted against age
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Figure 17. The number of patients with argyrophilic neurons and those without
argyrophilic neurons in relation to age. Preterm, neonates, children aged between 3
and 12 months and those over 18 months.

5.4 Results in the Ileal Specimens

The morphological variations in the samples from patients with pseudo-obstruction
were similar to, but less marked than in the normal controls. These included
indistinct, swollen argyrophilic cell bodies with thin, tangled or fragmented processes
as well as strongly argyrophilic ’spidery’ neurons with distinct linear processes. In
six of the 16 samples no argyrophilic neurons were seen and three had only
occasional condensed argyrophils with short fragmented processes. The age of the
patients with no silver-positive cells ranged from 5 weeks to 12 years (median 4
years). The three patients with only occasional, condensed silver-positive cells were
siblings (an elder brother aged 14 months and his twin sisters aged 10 months at the

time of the biopsy).
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In the specimens in which argyrophilic cells were seen, the ratios of argyrophobic to

argyrophilic cells ranged from 3:1 to 10:1 (median 5:1).

5.5 Discussion

Metal impregnation methods are notoriously finicky and consistent results can be
difficult to reproduce. The specificity of these techniques relies heavily on stringent
attention to detail in their performance. To control this aspect, samples with known
strongly argyrophilic neurons must be included in each staining batch. Appearances
in the intestine may differ between necropsy material and surgically resected intestine
due to effects of muscle contraction in the latter. This can be overcome by allowing
the layers of intestinal muscle of surgically resected specimens to relax (for 6-18

hours) in a moist chamber at 4°C prior to fixation.

It has been suggested that argyrophilic neurons are responsible for ordered peristaltic
contraction by emitting a specific neurotransmitter (Tanner et al. 1976). However, it
is currently thought that argyrophilia merely reflects the neurofilament content of the
neuron (Christensen et al. 1990). Although strongly silver-positive neurons may be
seen in the sigmoid colon soon after birth, in the majority of specimens argyrophilic
neurons appeared only at some time during the first year of life (Fig.17). In contrast,
between 1 year and 18 months of age the absence of these neurons was exceptional,
and after 18 months argyrophilic neurons were always seen. Thus the presence of
argyrophilic neurons appears to reflect a developmental process involving intrinsic
intestinal innervation. Consequently the absence of argyrophilia may be of
pathological significance only after the first year life reflecting an arrest of this

maturation process.
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Three patients with absent argyrophilic neurons in the terminal ileum were older than
18 months (8, 8 and 12 years). In all of these patients abnormalities were seen on
routine histological or histochemical techniques. Two were noted to have
hypoganglionosis with only scanty, small ganglia. The third child was also
hypoganglionic and showed grossly reduced transmural AChE activity. In particular
the circular muscle coat appeared denervated and on ultrastructural examination empty
and vacuolated nerve tracts were found. Thus silver staining in these specimens did
not add to the diagnosis but merely reinforced observations made using routine

techniques.

The other three infants with no argyrophilic neurons in the terminal ileum were aged
5 weeks, 3.5 months and 7 months. Routine histology and electron microscopy in
these patients was unhelpful. In the light of control data the absence of silver-positive

neurons cannot be regarded of pathological significance.

Silver staining in the three siblings with scanty, condensed argyrophilic neurons in
the terminal ileum may reflect a pathological abnormality but equally could represent
a variant of the normal morphological appearance at a particular stage in the
development of the intestinal innervation, since all these babies were less than one

year of age and similar condensed small neurons were encountered in the controls.

In the control material wide variations in morphology of the myenteric plexus were
seen. In one 14 year-old boy with cerebro-spinal deformities, the myenteric plexus
contained fuzzy, swollen poorly impregnated cells with inadequate, often bulbous

processes. This appearance could possibly be the result of the same process affecting
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both ENS and CNS.

A wide variation in the proportions of argyrophilic and argyrophobic neurons was
seen in the terminal ileum from patients with intestinal pseudo-obstruction, but similar
variations were also noted in the control specimens of colon as well as in a number
of other intestinal resections, from various sites, not detailed here. It is apparent that
there is a considerable variation in silver staining in normal enteric neurons. Until this
is clearly defined the silver impregnation technique is unlikely to provide any striking
new insights into the pathogenesis of intestinal motor disturbances in childhood.
Ideally control material should have consisted of tissue from the terminal ileum, but
because of the lack of any obvious differences between the appearances of the
myenteric plexus in the terminal ileum and the colon, further investigation was not

considered likely to be fruitful.

This study has shown an enormous variability in neuronal morphology using silver
staining in the normal myenteric plexus and highlights the need for considerable
experience and understanding of the range of normality in the interpretation of this
technique. Indeed, at least some of the changes regarded as pathological in other
series, such as blurring of neuronal cell outline and apparent disorganisation of cell
processes, was encountered frequently in our control specimens. It is also important
to consider the age of the patient in assessing the significance of an absence of
argyrophilic neurons, since these cells may normally be absent, at least in the sigmoid
colon up to 1 year of age. In the older child, however, the absence of silver-positive

cells should be regarded abnormal.
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Silver staining particularly in the adult patients is regarded as an important tool in the
identification of morphological mostly degenerative abnormalities (Schuffler 1989) not
appreciated on routine sectioning. However, the information gained using these
techniques is limited and the investigation requires a large tissue sample. For these
reasons there is a clear need to explore other methods for examining intestinal
innervation. With increasing understanding of the physiology of intestinal motor
activity and the connections between the extrinsic and intrinsic neural pathways
(Furness and Costa 1987; Furness et al. 1989), silver staining is likely to become
obsolete. However, the concept of tangential sectioning allows the assessment of a
larger volume of the intermuscular plexus and could be adapted usefully, for instance,

to immunostaining techniques (see Chapter 8).
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Chapter 6. Light and Electron Microscopical Appearances in Intestinal

Myopathies

6.1 Introduction

Although comparatively little is known about the myopathic varieties of CIIP, it
appears that they often involve the whole gastrointestinal tract, and may affect other
organs such as the gall bladder and urinary tract (Christensen et al. 1990; Malagelada
1990). The examples with multiorgan involvement are now often termed hollow

visceral myopathies (Krishnamurthy and Schuffler 1987).

Intestinal myopathies are more commonly recognised in adult practice (Schuffler et
al. 1977a,1977b; Faulk et al. 1978; Lewis et al. 1978; Jacobs et al. 1979; Smith JA
et al. 1982; Anuras et al. 1983,1986a; Smout et al. 1985; Venizelos et al. 1988;
Alstedt et al. 1988; Colemont and Camilleri 1989; Rodriques et al. 1989; Martin et
al. 1990;) but are also increasingly diagnosed in the paediatric age group (Puri et al.
1983; Milla et al. 1983; Bagwell et al. 1984; Anuras et al. 1986b; Vargas et al. 1988;
Schuffler et al. 1988a; Nonaka et al. 1989). Both sporadic and familial examples are
seen, and the mode of inheritance as well as the patterns of intestinal and other organ
involvement are variable. Schuffler and Pope (1977b) described an autosomal
dominant type with oesophageal dilatation, megaduodenum, redundant colon and
megacystis. An autosomal recessive type (Anuras et al. 1983) is characterised by
dilatation of the small intestine with multiple small intestinal diverticula. These
patients may have ptosis and external ophthalmoplegia, but do not have megacystis.
Other familial visceral myopathies involving single families are also reported (Jacobs

et al. 1979; Foucar et al. 1985; Anuras et al. 1983,1986a; Alstead et al. 1988) and
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in some kindreds the absence of male-to-male transmission raises the possibility of
an x-linked dominant inheritance (Faulk et al. 1978; Rodriques et al. 1989). The most
severe, almost universally fatal type of intestinal myopathy is described as the
megacystis, microcolon, intestinal hypoperistalsis syndrome (Puri et al. 1983),
although some investigators believe it to be the result of neural defects (Berdon et al.
1976; Armoury et al. 1977; Wiswell et al. 1979; Kirtane et al. 1984; Bindl et al.
1989). In this condition mainly affecting females, the bowel is shortened, the
proximal small bowel is dilated whilst the distal intestine is narrowed and malrotated.
The mode of inheritance for this disorder is not entirely clear. The original report by
Berdon et al. (1976) described five female infants two of whom were sisters and Puri
et al. (1983) also reported affected siblings indicating a possible autosomal recessive
condition. Currently in the 10th edition of McKusack’ Mendelian Inheritance in Man
(1992) this disorder is considered to be autosomal recessive but clearly needs to be
distinguished from milder dominantly inherited intestinal myopathies involving the
urinary tract. Sporadic examples of intestinal myopathy have also been reported
(Schuffler et al. 1981; Schuffler 1989). Degenerative enteric leiomyopathy seen in
native African children has been observed (Kaschula et al. 1987) often in association
with inflammation of the muscularis propria and has been postulated to have an

immune or toxic aetiology.

As described in Chapter 2, intestinal myopathy is associated with characteristic
electrophysiological findings, but the morphological data, particularly that obtained
by conventional histology are frequently unrewarding. Even with electron
microscopy, pathological abnormalities may be sparse or absent, and when present

are often difficult to distinguish from artifact.
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Fibrosis of the muscularis propria, and vacuolation of smooth muscle cells in the
muscle coats are the most frequently described changes. When gross these changes
may be recognised bvy light microscopy (Schuffler et al. 1977; Rodriques et al. 1989;
Anuras et al. 1983,1986a; Smout et al. 1985), but the identification of lesser degrees
of fibrosis and smooth muscle vacuolation requires ultrastructural examination (Puri
et al. 1983; Milla et al. 1983; Krishnamurthy and Schuffler 1987; Lake 1988). These
changes may be more pronounced in the longitudinal (Schuffler et al. 1977,1981;
Jacobs et al. 1979; Anuras et al. 1983,1986a; Rodriques et al. 1989) or in the circular
muscle coat (Shaw et al. 1979; Lake et al. 1988; Nonaka et al. 1989). In some
examples abnormalities are seen equally in both layers of the muscularis propria
(Smith JA et al. 1982; Smout et al. 1985; Anuras et al. 1986a; Schuffler et al. 1988;
Alstead et al. 1988a) and may occasionally involve the muscularis mucosae (Alstead
et al. 1988). Accumulation of sarcoplasmic glycogen has also been described (Dieler
et al. 1990) and intramyocytic inclusions (Martin et al. 1990) have been found in one
kindred with autosomal dominant inheritance, having a myopathy confined to the
internal anal sphincter. Other reported abnormalities include non-uniform electron
density of the myocyte cytoplasm (Schuffler et al. 1977a; Shaw et al. 1979; Smith JA
et al. 1982; Alstead et al. 1988) and discontinuity of myocytic plasma membranes

(Schuffler et al. 1977a).

In this chapter the light and electron microscopical appearances seen in the muscle
coats in CIIP are addressed, in an attempt to delineate those changes that might be
specific to intestinal myopathy. A major problem in interpreting the ultrastructural
changes stems from various constraints in the material examined, which apply

particularly to resected specimens of human intestine. The surgical procedures
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involved in their removal are lengthy, ligation of vessels prior to excision results in
the tissue being exposed to possible ischaemic damage, and the relatively large
samples required for proper orientation mean that fixation for electron microscopy can
be distinctly suboptimal. All these factors may influence the ultrastructural
appearances so that defining changes that are of specific pathological importance from
induced artifacts may be very difficult. This is almost certainly the reason why
apparent ultrastructural abnormalities are seen in cases without evidence of primary
functional abnormality of smooth muscle as identified by electrophysiological studies

and described in Chapter 2.

Thus, in this chapter attention is focused on those samples from patients with
electrophysiological evidence of intestinal myopathy (see Chapter 2) but also includes
other specimens from patients with CIIP of neurogenic or undetermined origin. One
sample of functionally normal colon excised during colonic interposition for
oesophageal atresia is also included. In an attempt to identify artifacts additional
samples were examined from two animal experiments (using rats and piglets)
involving short or longer periods of intestinal ischaemia of known duration,
performed in separate studies on free radical production and induction of necrotizing

enterocolitis.

The intention is to define microscopic changes occurring only in proven cases of
myopathy that might truly reflect primary smooth muscle disease. Changes that occur
equally in neuropathic or known ischaemic smooth muscle are, diagnostically
non-specific and possibly artifactual. Apparently specific myopathic changes

encountered in patients with CIIP symptoms, but not categorised as myopathic or
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neurogenic by electrophysiological studies (the undetermined group) might then be

designated as myopathic by morphological criteria.

6.2 Materials and Methods

6.2.1 Animal Tissue

6.2.1.1 Rat Experiment: Effect of ischaemia (short duration) on enteric smooth
muscle

The tissues employed were the byproduct of an experiment to investigate whether
intestinal ischaemia, with or without reperfusion, could affect membrane lipid
peroxidation produced by an increase in free radical production. This experiment
provides information on possible ultrastructural alterations induced by short term
ischaemia of known duration. The study (performed by Drs. PJ Milla and K Lindley,
Institute of Child Health) required the removal of samples of small intestine from
male Wistar rats for biochemical analysis, but parts of these samples were donated
for the present investigation. The procedures used produced small intestinal ischaemia
for 10 minutes by ligation of the superior mesenteric artery in six rats. In addition,
the intestine in three of the six was reperfused for 5 minutes after release of the
ligature. Intestine from three control animals in which the artery was not ligated was

also examined.

The animals (aged 55 weeks) were sacrificed by cervical dislocation and proximal
jejunum was removed of which a ring of bowel measuring 3mm from each animal
was fixed at room temperature for 24 hours in 2.5% glutaraldehyde in 0.1M
cacodylate buffer at pH 7.4 containing 2.5mM calcium chloride. Blocks of tissue

from each ends of the specimen including the full thickness of the bowel wall were
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then processed into Araldite resin for electron microscopy (see Appendix).

Ultrathin sections were cut, contrasted with uranyl acetate and lead citrate (see
Appendix) and viewed by transmission electron microscopy. The appearances of the
circular and longitudinal muscle layers and the myenteric plexus were scrutinised for

any alterations and photographed. The mucosal morphology was also examined.

6.2.1.2 Pig Experiment: Effect of ischaemia (prolonged) on enteric smooth muscle
The tissues examined were from an experiment investigating the induction 6f
necrotizing enterocolitis in newborn piglets by prolonged (48-72 hours) segmental
ligation of mesenteric vessels (performed by Dr. P Sibbons, Institute of Child
Health). Samples of ileum were kindly donated for this investigation, which provides
information on the ultrastructure of the intestine following prolonged circulatory

arrest of known duration.

Under general anaesthesia using halothane, oxygen and nitrous oxide delivered
through a close-fitting mask, six normal and one low birth weight newborn piglets
from an outbred commercial herd (Large White/Landrace strain) were subjected to
ligations of various vessels supplying the terminal ileum. The samples of ileum were

recovered when the animals were killed 3 days after vascular ligation.

The mesenteric vascular arcades supplying the bowel are formed from groups of
vessels, each comprising an artery, a vein and one or two efferent lymphatics. The
lymphatics alone were ligated in five piglets, the vein in another animal and in the

low birth weight piglet a combined arterial and lymphatic tie was used. Rings of
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ileum (3mm width) supplied by the ligated vessels and samples of unaffected ileum
were fixed and processed in the manner described above (6.2.1.1). The muscularis

propria and the myenteric plexus were examined in detail.

6.2.2 Human Tissues From Patients with CIIP

6.2.2.1 Patients

Samples of intestine from a total of SO patients with CIIP were investigated. These
included the 26 patients in whom electrophysiological studies were performed (see
Chapter 2) and 24 others. In addition, a sample of functionally normal colon taken
at surgery for colonic interposition in the treatment of a child with oesophageal atresia

was examined.

In Table 1 data are set out grouping these patients into those with myopathic disease
(the 11 patients with electrophysiological evidence of myopathy as well as the patient
with combined myopathy/neuropathy detailed in chapter 2); those with neuropathic
disease (the 11 patients with electrophysiological evidence of neuropathy described
in Chapter 2, as well as three patients with HD, three with hypoganglionosis, three
with IND - see Chapter 3); and those with undetermined motility disturbance. The
patients with undetermined motility disturbance comprised the three patients with
normal traces on electrophysiological study (see Chapter 2) and 15 others in which

electrophysiological studies had not been performed.

The colonic interposition sample is identified separately in the Table 1. In addition,
the numbers of small and large intestinal samples, and the methods of

investigation (light microscopy alone, or both light and electron microscopy) are
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included in Table 1.

Table 1. Samples examined by light or electron microscopy

Small gut Large gut
Disease Number of LM only LM&EM LM only LM&EM
Category Patients
Myopathy 12 0 11 0 8
Neuropathy 20 0 13 0 10
Unde- 18 2 9 2 12
termined
Colonic 1 0 0 0 1
Inter-
position
Total 51 2 33 2 31
6.2.2.2 Methods

Full thickness specimens of intestine were obtained during exploratory laparotomy,
surgical decompression or intestinal resection. The samples included pieces of full
thickness intestine measuring 2cm length and 2cm width, sleeves of the complete
intestinal circumference averaging 2cm in length, and lengths of up to 20 cm of
resected intestine. The intestine was opened and a strip parallel to the long axis of the
bowel extending from one resection margin to the other was taken, pinned flat on

cork in 10% formalin in phosphate buffer and processed routinely into paraffin wax.

126



An adjacent longitudinal strip of bowel in blocks of lcm length was snap-frozen in
hexane cooled to the temperature of solid carbon dioxide (-90°C) and stored at -30°C
to -40°C for histochemical studies. A full thickness slice of 3mm width and 1 cm
length was fixed in 2.5% glutaraldehyde (see above 6.2.1.1) placing flat and with the

mucosa down on card.

(a) Light Microscopy

Longitudinal blocks comprising the entire specimen (and on occasions additional
transverse blocks) were processed into paraffin wax. Sections (3um) from these

blocks were stained with H&E to assess gross morphology.

Cryostat sections were cut from the snap-frozen intestine and stained with H&E,
periodic acid Schiff (PAS) after celloidin protection, Gomori one-step trichrome and
picrosirius. The activities of acid phosphatase using the Gomori lead precipitation
method and acetyl cholinesterase were also assessed on cryostat sections (details of

the methods are found in Appendix).

(b) Electron Microscopy

A full thickness slice of 3mm width and 1 cm length was fixed and processed as

described above in 6.2.1.1.

6.3 Results
6.3.1. Rat Experiment
Ultrastructurally, the smooth muscle cells within the muscularis propria and

muscularis mucosae appeared healthy with well formed caveoli, and clearly defined
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dense bodies and dense bands. Slight looseness of the contractile filaments within the
myocyte cytoplasm was seen and mitochondria appeared mildly dilated (Fig. 1). No
abnormality was discernable in the nerves within the enteric plexuses nor in those in
the muscularis or in the lamina propria. The mucosa appeared healthy and no

morphological alterations could be detected in the enterocytes.

«
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Figure 1. Electron micrograph of ischaemic reperfused rat intestine showing good
preservation of smooth muscle cells. Occasional mitochondria show evidence of
vacuolation but most are well preserved with well formed cristae. Normal caveolae,
dense bodies and bands and well organised myofilaments. Magnification x 10900

These appearances were seen in intestine from all the animals examined including
those with intestinal ischaemia with or without reperfusion. Thus it was concluded

that acute ischemia of up to 10 minutes duration did not produce changes that are
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identifiable on routine electron microscopy.

6.3.2 Pig Experiment

Venous ligation alone was insufficient to produce changes identifiable on routine
ultrastructural examination. A general looseness and disorganisation of the
myofilaments with a loss or reduction in dense bodies were found in the circular
muscle of intestine removed from piglets where lymphatics had been occluded
(Fig.2). In addition, sub-sarcolemmal blebbing was apparent in these specimens.
Increased amounts of rough endoplasmic reticulum and a prominent Golgi apparatus,
together with accumulation of a lipid-like substance within the myocytes was also a
feature. This appearance was not seen in the same animal in a block of intestine taken
from intestine with a normal vascular supply away from the occluded segment. No

abnormalities were seen in the nerves.

In the low birth weight piglet where NEC was produced by a combined
arterial/lymphatic tie, the intestine adjacent to the NEC lesion showed gross
disorganisation of the muscle (Fig.3) and proliferation of endoplasmic reticulum
(Fig.4). Severe disruption of plasma membranes and disorganisation of myofilaments
with an obvious loss of dense bodies was noted in the myocytes. However, dense
bands remained in the intact portions of the plasma membranes, although caveoli were
sparse throughout. Mitochondria were ill-defined with damaged cristae and the
smooth muscle cells were separated by dilated empty spaces. Gross subsarcolemmal
blebbing was seen throughout. Due to the degree of destruction of the muscle, the
nerves were also harder to trace, but contained normal filaments and neurosecretory

granules. It was sometimes hard to discern whether a structure was an abnormal

129



empty nerve process or a large sub-sarcolemmal bleb, but generally these structures
could be traced back to the muscle cytoplasm strongly suggesting that the latter

interpretation was correct.

Intestine not submitted to vascular occlusion showed no abnormality (Fig.5).

Figure 2. Electron micrograph of circular muscle in a piglet subjected to lymphatic
occlusion. Note the prominant subsarcolemmal blebbing (arrows) with loosely
distributed myofilaments. Magnification x 10900
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Figure 3. Ultrastructure of the circular muscle in a low birth weight piglet subjected
to combined arterial/lymphatic ligation showing gross destruction of the smooth
muscle. Vacuolation and prominant blebbing is seen together with proliferation of
endoplasmic reticulum. Magnification x3600
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Figure 4. A higher magnification of the smooth muscle from the piglet shown in
Fig.3 illustrating the proliferation of the endoplasmic reticulum. Magnification x7300.
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Figure 5. Intestine not subjected to vascular occlusion from the same piglet as seen
in Figs. 3 and 4. Magnification x5500

Table 2a. Correlation of light microscopical appearances with putative primary

diagnosis
Disease Number of Light Microscopy:
Category Patients Fibrosis Myocyte Myocyte

Atrophy Vacuolation

Myopathy 12 3 3 2
Neuropathy 20 0 0 0
Inter- 1 0 0 0
position
Unde- 18 5 5 1
termined
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6.3.3 Human Resected Intestine

Light microscopical abnormalities were seen in eight patients (see Table 2a).

Figure 6. Trichrome stained muscularis propria showing

prominent fibrosis (green) and a gross atrophy of smooth
muscle cells (red) particularly in the circular muscle.
Magnification x570

6.3.3.1 Fibrosis and Atrophy of the Smooth Muscle Cells in the Muscularis
Propria on Light Microscopy

Gross fibrosis and atrophy of smooth muscle cells in the muscularis propria,
especially in the circular muscle, was seen in eight patients using routine histological
techniques (Fig.6). In six patients the fibrosis was seen in all the specimens examined
including small and large intestine. In two others the fibrosis affected only a distal

segment of the rectum.
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6.3.3.2 Vacuolation of Individual Myocytes of the Muscularis Propria on Light

Microscopy

In three patients the smooth muscle cells appeared vacuolated. However, only
post-mortem tissue was examined from one of these patients. In routine sections no

vacuolation was seen in the muscularis propria from the remaining 47 patients.
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Figure 7. Photomicrographs showing pronounced pjroliferation of
nerves in the c¢ircular muscle in the same patient as
illustrated in Fig. 6. A) immunostaining for PGP 9.5
Magnification x120 (B) AChE-activity. Magnification x120
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6.3.3.3 Light Microscopical Abnormalities of the Innervation of the Muscularis
Propria Associated with Fibrosis

In all the samples from two patients with gross fibrosis of the muscularis propria and
smooth muscle cell atrophy (Fig.6) there was a profound proliferation of nerve fibres
within the muscle layers (Fig. 7 a and b). In one of these patients the nerve
proliferation was more pronounced in the areas adjacent to the myenteric plexus
whilst in the other it was distributed throughout the smooth muscle layers. In both of
these patients there was also increased acid phosphatase activity within the myocytes

indicating the presence of active lysosomes.

6.3.3.4 Electron Microscopical Changes

A variety of ultrastructural alterations of the smooth muscle cells in the muscularis
propria were encountered (see Table 2b). In particular the mitochondria showed a
range of apparent abnormalities. They were occasionally amorphous and often
appeared dilated with poorly preserved cristae. In most patients some degree of
mitochondrial dilatation was evident (Fig.8) and in 20 the mitochondria were grossly
bloated with poor preservation of the cristae. This appearance was more noticeable
in the circular than in the longitudinal muscle coat. From nine of these 20 patients the
sample examined was a large resection specimen and from two patients multiple

biopsies were obtained during an exploratory laparotomy.
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Figure 8. Relatively normal circular muscle. The smooth muscle cells are closely
applied with little connective tissue between them. A nerve varicosity is seen (arrow).
Note the vacuolar appearance of the mitochondria (arrow heads). Magnification
x2800.

Figure 9. Gross fibrosis of the circular muscle and severe atrophy of the myocytes.
Magnification x1600
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Figure 10. Profound increase in connective tissue with only occasional atrophic
smooth muscle cells remaining. Magnification x3600

Figure 11. Prominent increase in connective tissue between atrophic and spindly
smooth muscle cells. Magnification x5500
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Figure 12. Higher magnification of the spindly and atrophic myocytes seperated by
a gross increase in connective tissue. Magnification x 10900 -

Figure 13. Central vacuolation of the myocytes and general looseness of the
myofilaments. Mitochondria relatively well preserved. Magnification x 10900
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Figure 14. Marked increase in glycogen within the smooth muscle cell cytoplasm.
Magnification x 10900.

% '

Figure 15. Dense bodies forming sheets in some smooth muscle cells and appear to
have undergone proliferation. Magnification x5500.
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Figure 16. Higher magnification of the expanded and apparently proliferated dense
bodies. Magnification x 14500

Figure 17. An obvious increase in centrally placed mitochondria. Note also
amorphous mitochondria with no apparent cristae (arrows). Magnification x5500

140



Figure 18. A smooth muscle cell showing autophagic activity is illustrated. Note
hugely dilated lysosomes which contain electron dense degradation products.
Magnification x5500
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Figure 19. Myocytes showing pronounced subsarcolemmal blebbing (asterisk).
Magnification x 10900
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Table 2b. Correlation of electron microscopical appearances with putative primary
diagnosis

Disease No. Electron Microscopy:
Type Pts Fibr- Myocyte Myocyte Auto- Blebs Mito-
osis Atrophy vacuol- phagic chon-
ation activ- drial
ity abn.
Myo- 12 7 3 5 1 3 2
pathy
Neuro- 20 0 0 0 0 11 10
pathy
Inter- 1 0] 0 0 0 0] 1
position
Unde- 18 7 5 6 1 2 7
termined

Differences in the distribution and organisation of the myofilaments were also
evident and the amount of intercellular collagen varied. The myocyte ultrastructural

appearances were of three types:

(a) ’Disorganisation of the myofilaments’ (myocyte vacuolation; Table 2b) was
seen in 11 patients in three of whom profound fibrosis and atrophy was evident on
light microscopy. The ultrastructural appearances of fibrosis and atrophy are depicted
in Figures 9-12. Light microscopy in three had shown smooth muscle vacuolation,
but these included the post-mortem samples from one patient. This ultrastructural type
was characterised by an increase in connective tissue between the myocytes and
profound disorganisation of the contractile filaments resulting in a moth-eaten

appearance due to frank cytoplasmic holes in the centres of the myocytes (Fig.13).
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In some the holes were shown to contain glycogen and in samples from three patients
this accumulation of glycogen was prominent and confined not only to the vacuoles
(Fig.14). Proliferation of intermediate filaments and peripheral displacement of dense
bodies was obvious. In two patients dense bodies appeared in fused sheets (Figs.15
and 16) rather than individually in the central regions in a number of myocytes. The
disorganisation of myofilaments in one patient was accompanied by a marked
proliferation of mitochondria (Fig.17) and in another an apparent loss of dense
bodies. Numerous atrophic, electron- dense and spindle-shaped smooth muscle cells
were also identified (Figs.11 and 12) in samples showing disorganisation of

myofilaments from six patients.

b) ’Autophagic activity’ was seen in all the samples from two patients with gross
fibrosis, smooth muscle cell atrophy, acid phosphatase activity within the myocytes
and proliferation of nerves on light microscopy. This ultrastructural type was
characterised by the presence of active lysosomes containing electron-dense products
of degradation in the smooth muscle cells (Fig .18). The myofilaments were grossly
disarranged and the myocytes had almost completely lost their smooth muscle cell
characteristics. The collagen between the myocytes, many of which appeared
atrophic, was also grossly increased. Moreover, frequent but ultrastructurally
unremarkable nerves were detected between the smooth muscle cells in the circular
muscle. In one of these patients the dense bodies formed continuous sheets and

appeared to have undergone proliferation (see Figs.15 and 16).

(c) ’Subsarcolemmal blebbing’ was seen in the intestine from 16 patients. The

muscle had a honeycomb appearance, with the plasma membrane which was thrown
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into folds around peripheral vacuoles containing no contractile filaments or organelles

(Fig. 19).

Other Associated Ultrastructural Abnormalities

Apart from mitochondrial changes seen in most specimens, as noted above, in one
patient, the mitochondria were rounded and contained ’tubular’ arrays without obvious
normal cristae (Fig.20). This mitochondrial appearance was not seen in the intestine
from her twin sister biopsied on the same day, nor was it found in any other intestine

examined.

In one patient with a normal electrophysiological trace, the smooth muscle appeared

extremely fragmented with ill- defined plasma membranes, grossly disorganised

myofilaments and hugely bloated mitochondria.
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Figure 20. Tubular arrays inside globular and rounded mitochondria. Magnification
X14500.
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Figure 21. Smooth muscle cells closely applied in the circular muscle coat from the
colonic transposition specimen showing relatively good preservation. Mild looseness
of the myofilaments can be seen and the mitochondria appear slightly vacuolated.
Magnification x 10900

Apart from mild mitochondrial dilatation no ultrastructural abnormality was detected
in the colonic transposition specimen (Fig.21). The myofilaments were well aligned
and the plasma membranes and caveoli were well preserved. The muscle cells were
in close contact with each other and there was a minimal amount of collagen between
them. Nerves were readily identified and contained dense-cored and empty

neurosecretory granules in normal amounts.
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Figure 22. Electron micrograph of myenteric plexus showing a relatively
unremarkable neuron and well preserved axons and supporting cell processes.
Magnification x2800

Figure 23. Poorly preserved myenteric plexus. A vacuolated and ’degenerate’ neuron
and dilated bloated axons and supportin cell processes. Magnification x5500
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Figure 24. Well preserved smooth muscle cells in the circular muscle. The nerve

tracts, however, show gross vacuolation with a loss of neural elements. Magnification
x5500

In general neural structures seemed better preserved than myocytes (Fig.22) but
dilated axons and processes were seen in four samples (Fig.23), in all but one of
which gross subsarcolemmal blebbing of smooth muscle cells was also noted. Two
of these patients had neuropathic manometry. Condensed neurons and tightly packed
small nerve cell or supporting cell processes were seen in four further patients, three
of whom had neuropathic electrophysiology. Vacuolated nerve tracts (Fig.24) were
seen in intestine from another three patients and in two patients both nerves and
smooth muscle were grossly ill defined. One of the patients with poorly defined
intestinal tissue components had showed evidence of transmural inflammation on a

previous sample.
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6.3.3.5 Correlation between the Light and Electron Microscopical Appearances,
and the Putative Primary Diagnosis

(a) Specific Changes

Fibrosis, atrophy and central vacuolation, either on light microscopy and EM, EM
alone or light microscopy alone, was seen in seven patients with electrophysiological
evidence of myopathic disease (see Tables 2a and 2b). These changes were not seen
in any of the 12 patients with electrophysiological neuropathic disease and thus appear

to be specific morphological markers of myopathy.

Excess glycogen was seen only in proven myopathic patients and this change was
accompanied by ultrastructural central vacuolation in all the three patients in which

it was observed.

(b) Non-specific Changes

Other changes (subsarcolemmal blebbing, irregularities in mitochondrial appearance)
were seen more frequently in the neuropathic group than in the myopathic thus appear

not to be markers of myopathic disease.

(c) New Sub-group

In one patient from the group with myopathic electrophysiology there was striking
evidence of lysosomal autophagocytosis. Many myocytic lysosomes in specimens from
both large and small intestine contained electron-dense degradation products. These
changes were accompanied by gross fibrosis, smooth muscle cell atrophy as

morphological evidence of myopathic disease, and there was also proliferation of
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nerves in the muscle layers (identified by their AChE-activity and on EM) and acid

phosphatase activity in the myocytes.

This same association of lysosomal autophagic activity, nerve fibre proliferation with
fibrosis and myocyte atrophy was also seen in one patient in the undetermined group
who had not been investigated electrophysiologically. Whilst these patients are clearly
myopathic, the associated changes in lysosomes and enteric nerves seems to

distinguish them as a distinct morphological sub-group.

(d) Morphological Evidence of Myopathy in the Undetermined Group

In those 18 cases in which electrophysiological studies were not performed (the
undetermined group), on light microscopy fibrosis and atrophy was seen in five
patients (see Table 2a). On electron microscopy fibrosis was seen in seven and it was
accompanied by atrophy in five, central vacuolation (disorganisation of myofilaments)
in six and autophagic activity in one (see Table 2b). Thus on purely morphological

criteria these seven patients can be considered as examples of intestinal myopathy.

6.4 Discussion

From the animal experiments performed, it is evident that short term ischaemia (10
min), as shown in the rat model, is insufficient to produce significant ultrastructural
abnormalities, despite clear biochemical evidence of increased peroxidation in these

samples (Lindley, personal communication).

However, more prolonged vascular occlusion (48-72 hours) is associated with

profound ultrastructural changes in smooth muscle, as exemplified in the porcine
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model. This was particularly evident when lymphatics as well as the arterial and
venous supply were cut. Many of the changes encountered, such as subsarcolemmal
blebbing, disruption of plasma membranes and mitochondrial disruption, were similar
to those seen in some of the human specimens, and they can therefore be considered
as non-specific artifacts of probable ischaemic origin. In surgical specimens from
human subjects the introduction of ultrastructural artifacts is almost inevitable. Many
surgical procedures, such as the pull-through operation for the treatment of HD or
IND, involve vascular ligation during mobilisation of the bowel to be resected, and
this can result in prolonged periods of ischaemia. In all the specimens of this type
examined here ’ischaemic’ times in excess of 45 minutes were usual and it is not

surprising that this should affect smooth muscle ultrastructure.

Even with intestinal biopsy specimens where operative manipulation is minimised, or
in the sample of colon obtained during the colonic interposition procedure for
oesophageal atresia in which the intrinsic blood supply was preserved, the method of
fixation may introduce artifacts. Relatively large blocks of tissue need to be taken for
orientation purposes, which is less than ideal for ultrastructural preservation. In
addition, dissection of larger specimens takes at least several minutes. The practice
of attaching the specimens of bowel to a card, mucosa downwards, to facilitate
orientation may also be a factor explaining the relatively worse ultrastructural

preservation of the circular muscle compared with the longitudinal muscle coat.

However, despite the obvious caution required in the interpretation of apparent
ultrastructural abnormalities in the diagnosis of intestinal pseudo-obstruction, this

study did confirm the importance of some electron microscopical changes in the
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diagnosis of intestinal myopathy.

Fibrosis of the muscularis propria and atrophy of smooth muscle cells, which
appeared small and spindle shaped with electron-dense cytoplasm, was seen in eight
of the 12 patients with electrophysiological evidence of myopathic disease, either by
both electron and light microscopy, or by light or electron microscopy alone. These
changes were never seen in the 20 neuropathic patients and can thus be regarded as

specific markers of myopathy.

In addition, central vacuolation of myocytes sometimes associated with glycogen
accumulation within the vacuoles as well as peripheral increase in glycogen (Figs.13
and 14), was seen in five patients with myopathic electrophysiology but in none of
the neuropathic patients. These changes too, appear to be indicative of myopathic
disease. Central vacuolation needs to be distinguished from subsarcolemmal blebbing.
Although, when present subsarcolemmal blebbing is a dramatic change, it appears to
be quite non-specific. It was seen in three of the myopathic patients, but also in 11
of the neuropathic patients. Since blebbing was also encountered in the piglets with
long-term ischaemia it can be regarded as almost certainly due to the surgical

procedure or to poor fixation.

Mitochondrial changes were almost universal in the human material examined, as well
as in the porcine specimens. It seems likely, therefore that those are fixation artifacts

or are induced by ischaemia and have no relevance to the diagnosis of myopathy.

Of the 18 patients in the undetermined group in whom electrophysiological studies
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were either normal or not done, fibrosis, atrophy or central vacuolation of the smooth
muscle cells were seen in seven. It seems reasonable to regard these seven patients

as having intestinal myopathy on morphological grounds alone.

It is of interest that in two of the patients with marked fibrosis and myocyte atrophy
indicative of myopathic disease, there was a marked proliferation of nerves within the
muscle layers and evidence of lysosomal autophagic activity. These two patients
appear to form a morphologically identifiable subset of myopathic disease having
some features in common with patients described by Smout et al. (1985), Kaschula
et al. (1987) and Rode et al. (1992). The possible significance of nerve fibre

proliferation in the muscularis is discussed in more detail in Chapter 8.

Despite the identification of apparently specific morphological markers of myopathic
disease (fibrosis of muscularis propria, atrophy and central vacuolation of the
myocytes and autophagic activity) it is evident that a significant proportion of subjects
with electrophysiological evidence of smooth muscle dysfunction show no diagnostic
structural abnormalities of the smooth muscle coats even by electron microscopy. It
is clear that some more subtle defects must account for their disease, an one possible

further line of investigation is identified in Chapter 7.
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Chapter 7. Inmunostaining of Contractile Proteins: A New Approach to the

Investigation and Diagnosis of Intestinal Myopathies

7.1 Introduction

In Chapter 6 it was stated that in patients with intestinal pseudo-obstruction associated
with myopathic disease, specific morphological abnormalities in the enteric
musculature often elude detection even by electron microscopy. A different approach
to this problem has therefore been attempted by investigating contractile proteins
present in the myocytes of the intestinal wall to see whether alterations in these

elements might be related to abnormal intestinal function.

In this investigation immunohistochemical techniques using commercially available
antisera to contractile proteins and their isoforms have been applied.
Immunohistochemical methods rather than biochemical assays were employed so that
any abnormalities in the distribution of contractile proteins could be identified
topographically. One polyclonal and seven monoclonal antibodies to various
contractile proteins and their isoforms have been applied to full-thickness sections of
snap-frozen intestinal wall from patients with myopathic, neuropathic and
undetermined types of intestinal pseudo-obstruction. In addition, sections of intestine
obtained at post-mortem from patients dying from non-gastrointestinal causes were
included. Before detailing these investigations, a survey of present knowledge
regarding the function and distribution of contractile proteins is presented and

information of the antibodies to these proteins available commercially is given.
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7.1.1 Function and Distribution of Contractile Proteins

The mechanisms involved in smooth muscle contraction are incompletely understood
but it is accepted that contraction involves the formation of cross-bridges between
thick (myosin) filaments and thin (actin) filaments (Hartshorne 1987). This is
associated with hydrolysis of adenosine triphosphate (ATP) promoted by magnesium
ion-dependant ATP-ase in the presence of calcium ions (Hartshorne 1987). The
interaction between actin and myosin is facilitated by a number of other proteins,
some of which are associated with the thin filaments. The proteins associated with
both thick and thin filaments are referred to as contractile proteins, all of which exist

in different isoforms.

The thick myosin filaments are phosphorylated in the relaxed state and
dephosphorylated in the contracted state. Myosin consists of myosin heavy chains
(four isoforms), myosin regulatory light chains (two isoforms) and myosin alkali light
chains (four isoforms) (Murphy 1992). All these isoforms of myosin are expressed

in mature smooth muscle cells.

Actin, which is the major component of thin filaments, exists in at least six different
isoforms, each of which is encoded by a separate gene and which are expressed in a
tissue-specific pattern. The isoforms are structurally very homologous but differ in
their amino acid sequences particularly at the amino terminus (Hartshorn 1987,
Sawtell and Lessard 1989). They show about 90% overall homology but this is
reduced to 50-60% homology if only the first 18 amino acids are considered (Gown
et al. 1985). For instance, the four muscle specific actins differ in only eight of the

375 amino acid residues (Sawtell and Lessard 1989). The isoforms show no structural
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differences between species but there are interspecies variations in the mRNAs that
encode them. The amino terminal region is thought to be the major antigenic region
of the proteins and it is also this part of the protein which interacts with myosin. The
isoforms of actin can be separated on isoelectric focusing into three bands (alpha, beta
and gamma) and further subdivided by their tissue distribution into three alpha
isoforms (localised in smooth muscle, skeletal muscle and cardiac muscle
respectively), and two gamma isoforms (localised in smooth muscle and the cell
cytoplasm of most cell types). The beta isoform is also cytoplasmic and is present in
all cells, although it is not thought to be involved in muscle contraction (Hartshorne
1987). The major isoactins in mature intestinal smooth muscle are alpha and gamma
smooth muscle actin; the gamma isoform is the largest constituent and alpha smooth
muscle isoactin, although less abundant, is nevertheless an important component

(Fatigati and Murphy 1984).

As well as actin, thin filaments also contain tropomyosin and caldesmon or filamin
(Lehman et al 1987). Tropomyosin exists in isoforms (Hartshorne 1987) which in
smooth muscle, are of two similar subunits (beta and gamma) that form homodimers
(beta:beta or gamma:gamma). The role of tropomyosin in smooth muscle is unknown,
but in skeletal muscle it regulates contraction in association with troponin. Although
no troponin is found in smooth muscle, tropomyosin appears to be essential for

smooth muscle contraction.

Caldesmon is a calmodulin-binding protein and exists as two proteins of different
molecular weights (70kD and 150kD; Hartshorne 1987). In the absence of calcium

ions, caldesmon binds to actin and inhibits its interaction with myosin to produce
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muscle relaxation. In the presence of calcium ions and calmodulin, caldesmon
dissociates from actin, allowing interaction between actin and myosin to occur and

cause muscle contraction.

The role of filamin is unclear, but it is known to bind with polymerised actin thereby
inhibiting its activation (Perry and Grand 1979, Hartshorne 1987). The formation of
actin-filamin complexes may thus help to regulate contraction by reducing the
availability of actin for interaction with myosin (Perry and Grand 1979, Hartshorne

1987).

The intermediate filament proteins desmin, which is present in large amounts in
intestinal smooth muscle, and vimentin are unlikely to be involved in smooth muscle
contraction. Their role is probably related to maintaining the size, shape and the
volume of myocytes. Thus these proteins are not regarded as contractile proteins,
despite their intimate association with filaments observable on ultrastructural

examination.

Total actin-myosin ratios, as well as the proportions of contractile protein isoforms,
vary in smooth muscle from different tissues (Fatigati and Murphy 1984). Variations
in the proportions of these isoforms also occur during muscle development. The
ontogeny of contractile protein isoforms has been studied largely in developing
smooth muscle of pulmonary arteries and the aorta (Owens and Thompson 1986;
Glukhova et al. 1990).as well as in chicken gizzard (Kuroda 1985), but not in the
intestine. Non-muscle cytoplasmic actin isoforms predominate in undifferentiated

smooth muscle cells in the early embryo, but smooth muscle-specific isoforms
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(gamma and alpha smooth muscle actins) are most abundant in mature fully
differentiated cells (Kuroda 1985; Owens and Thompson 1986; Otey et al. 1987,
Glukhova et al. 1990), the shift from cytoplasmic isoactins to muscle specific
isoforms occurring gradually during maturation. An increase in smooth muscle
myosin heavy chain and a change from the low molecular weight (70kD) caldesmon
to the high molecular weight caldesmon (150kD) is also seen with increasing maturity

(Glukhova et al.1990).

The reasons for the variations in the proportions of isoproteins during development
and in different smooth muscles is incompletely understood. However, the different
cytoplasmic actins appear to correlate with proliferative, synthetic and secretory cell
functions (Murphy 1992). These proteins, like desmin and vimentin, are probably also
involved in the maintenance of cell shape and volume. In contrast, the smooth
muscle-specific actin isoforms modulate the type of contraction appropriate for a
particular type of smooth muscle (Fatigati and Murphy 1984). For instance, alpha
smooth muscle actin predominates in arterial muscle with a high degree of tonic
activity, whilst gamma smooth muscle actin predominates in intestinal muscle showing
phasic activity (Fatigati and Murphy 1984). The localisation of the isoactins also
differ within the cytoplasm of an individual cell, muscle specific isoforms occurring

centrally and cytoplasmic isoforms near the cell membrane (Shires and Rubenstein

1989).

Not only are variations in the proportions of isoproteins seen during development but
they also occur in response to various acquired stimuli. For example, cholesterol

feeding of prairie dogs results in shifts of isoactins in the gall bladder (Li et al.
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1990). Exposure to an oxygen-rich atmosphere causes proliferation of pulmonary
arterial smooth muscle, which is associated with changes in the proportions of
isoactins (Coflenski et al. 1988). In addition, certain drugs affect actins (Gottlieb et
al. 1991); for example cytochalasin D attaches to actin filaments causing their
depolarisation and adriamycin (Doxorubicin) depresses the synthesis of sarcomeric
alpha actins (Lewis and Gonzalez 1990). In atheromatous arterial lesions there is a
reduction in the alpha smooth muscle actin content of the affected vessel wall (Owens

and Thompson 1986).

7.1.2 Specificity of the Commercially Available Antibodies to Contractile Proteins

Employed

Monoclonal Antibodies

(1) 1A4 (Sigma, Dorset, UK). This antibody reacts exclusively with alpha smooth
muscle actin. It was raised against the unique synthetic aminoterminal decapeptide of

alpha smooth muscle actin.

(i) CGA7 (Universal Biologicals Ltd, London, UK). This antibody reacts selectively
with both alpha and gamma smooth muscle isoactins. However, the specific epitope

with which it reacts is not known.

(iii) HHF35 (Universal Biologicals Ltd, London, UK) reacts in a selective manner

with pan-muscle (smooth, skeletal and cardiac) alpha and gamma actins. However,

the epitope with which it reacts is not known.
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(iv) FIL2 (Sigma, Dorset, UK). An antibody raised against chicken gizzard

cytoskeletal proteins recognises the 250 Kd actin cross-linking protein, filamin

(v) CALDS (Sigma, Dorset,UK). An antibody raised against turkey gizzard
caldesmon. It localises both high (120-150kD) and low (71-80 Kd) molecular weight
caldesmon protein, recognising an epitope in the calmodulin non-binding part of the

aminoterminal end of the protein.

(vi) TM311 (Sigma, Dorset, UK). An antibody raised against chicken gizzard

tropomyosin and recognising both the 36kD and 39 Kd proteins.
(vii) DE-R-11 (Dako, High Wycombe, UK). This antibody reacts with the 53 Kd
intermediate filament protein desmin in muscle cells. It recognises an 18 Kd rod piece

of the molecule.

Polyclonal Antibody

An antibody to myosin (Sigma, Dorset, UK). This antibody was raised against myosin

(heavy and light chains) from bovine uterine smooth muscle.

7.2 Materials and Methods
7.2.1 Materials

(a) Surgical samples

A total of 17 small intestinal and 36 large intestinal specimens from 35 patients were
studied. Large bowel only was available from 18 patients, small from 13 and both

large and small from four patients. The surgical material was from patients diagnosed
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on clinical, electrophysiological or histopathological criteria as having intestinal
myopathy (11 patients, 21 samples), intestinal neuropathy (18 patients, 26 samples),
or undetermined pseudo-obstructions (six patients, one sample from each). The ages
of these patients ranged from 15 days to 48 years, 11 were between 10-16 years and

three were adults (27,34 and 48 years).

(b) Post-mortem samples

A total of nine post-mortem samples, six from colon and three from small bowel,
were also examined. These tissues were obtained from patients who died from
non-gastrointestinal causes. The age of these patients ranged between 8 weeks and 33
months. One specimen was from a baby born at 28 weeks gestation who died at the

age of 11 weeks.

7.2.2 Methods

Immunohistochemical studies were performed on cold (-20°C) acetone-fixed cryostat
sections (10um thick) of snap-frozen tissue. The avidin-biotin peroxidase complex
(ABC) method (Hsu et al. 1981) was employed using the primary antibodies listed
above (7.1.2). 1A4 was used at a titre of 1:2000, CGA7 at 1:20, HHF35 at 1:20,
FIL2 at 1:100, CALDS at 1:40, TM311 at 1:400, DE-R-11 at 1:100 and antimyosin

at 1:100.

In addition a number of controls were used including neural markers, which are
detailed in Chapter 8, ’irrelevant’ antibodies and the omission of the primary
antibody. The irrelevant antibodies were a polyclonal antibody (at titre of 1:75) to

alpha-fetoprotein (Dako, High Wycombe, UK) and a monoclonal antibody, clone
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GB3, (at titre of 1:160) to epithelial basement membrane glycoprotein (600kD;

Sera-lab, Sussex, UK).

The biotinylated antimouse and antirabbit antibodies and the ABC complex were

obtained from Dako, High Wycombe, UK.

All immunostaining was performed without blocking the endogenous peroxidase. This
was based on preliminary studies using several blocking techniques, which showed
that blocking seriously compromised immunostaining. Blocking was attempted prior
to the application of the primary, secondary or tertiary antibodies in the ABC method.
The blocking reagents (also see Appendix) used were:

* 0.3% hydrogen peroxide in methanol.

* 2.5% periodic acid followed by 0.2% sodium borohydride

* 10 mM Glucose with 100 units of glucose oxidase.

The analysis of immunostaining was performed microscopically by noting
immunoreactivity in the smooth muscle cells of the intestinal muscle layers.
Comparisons in intersample intensity in immunostaining were made in samples from
patients with CIIP and controls, and was recorded as absent, decreased, normal or

increased.

7.3 Results
In this section the immunostaining of normal intestine is reported first, followed by

the results in the intestine from patients with CIIP.
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7.3.1 Muscle Markers in Normal Intestine

Immunostaining in the normal intestine for alpha smooth muscle actin (1A4) showed
strong reaction in the intestinal muscle layers (muscularis mucosae, circular- and
longitudinal muscle) with a clean background. Similarly smooth muscle in the walls
of blood vessels was strongly immunoreactive. Neural elements were negative but an

occasional fibroblast was stained.

The appearances were similar with HHF35 (pan muscle alpha and gamma actin
antibody) and CGA7 (smooth muscle alpha and gamma actin antibody). With these
antibodies more background staining was seen and a few more fibroblasts appeared
immunoreactive than with the antibody 1A4. Also, using CGA7, very slight positivity
could be detected in the myenteric neurons. The overall immunostaining with CGA7

was weaker than with HHF35 or 1A4.

Tropomyosin (TM311) immunoreactivity was strong and confined to the intestinal
smooth muscle layers and the vessel walls. The level of background staining was

comparable to that of CGA7.

The antibodies to filamin (FIL2) and caldesmon (CALDS) showed weak
immunostaining in all muscle layers and blood vessel walls. They also showed some
background staining and numerous positive fibroblasts. Neurons in the enteric

plexuses were slightly immunoreactive.

All muscle layers and blood vessels were strongly positive with the antibody to

desmin (DE-R-11). No staining was seen in the neural elements and the background
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was clear.

Immunostaining with the polyclonal antibody to myosin was moderately positive in
all smooth muscle elements, and also produced high levels of background staining.
Fibroblasts and neuronal perikarya were immunoreactive. The heavy background
staining probably reflects the relative non-specificity of this polyclonal antibody which

may well cross-react with myosin in cells other than myocytes.

The negative controls using irrelevant antibodies:

GB3 (to control the monoclonal systems) showed a clean background with no neural

staining and with only very faint positivity in the muscle layers.

Alpha-fetoprotein (to control the polyclonal system) again produced a clear

background. Fibroblasts stained positively but smooth muscle and neural elements

were negative.

7.3.2 Muscle Markers in CIIP

Using the battery of antibodies described to contractile proteins on 53 samples of
intestine from 35 patients (11 myopathic, 18 neuropathic, six undetermined), seven
patients were identified with one or more irregularities in the immunostaining pattern
compared with controls (see Table 1). In all seven patients myopathic disease was
confirmed by electrophysiological and/or specific light and/or electron microscopical

morphological criteria.

With one exception (Table 1; patient 1), the precise nature of the contractile protein
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abnormality seen by immunostaining could not be identified exactly due to the
incomplete specificity of the antibodies involved. In all seven patients CGA7
(selective for alpha and gamma smooth muscle actins) immunostaining was reduced
(n=2) or completely absent (n=5) in the circular muscle coat or in both muscle
layers of the muscularis propria. In three of these patients it was also absent in the
muscularis mucosae. However, staining with HHF35 (selective for pan muscle alpha
and gamma actins) was normal in all these cases. In addition, in three of these

patients staining for 1A4 (specific for alpha smooth muscle actin) was absent.

In three patients with abnormal CGA7 immunostaining, including one of those with
deficient alpha smooth muscle actin immunostaining, abnormal immunoreactivity was
also identified for other contractile proteins. In one tropomyosin (TM311) was
deficient in the circular muscle, in the second filamin (FIL2) was deficient in the
circular muscle, and in the third FIL2-immunostaining was actually enhanced in both

layers of the muscularis propria.
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Table 1. Abnormality in contractile protein immunostaining

1A4 HHF35 CGA7 CALDS FIL2 TM311
Pt CM LM MM CM LM MM CM M MM CM LM MM CM LM MM CM IM MM
1 -ve R
2 -ve -ve -ve I I -ve
3 -ve -ve
4 -ve -ve -ve -ve
5 -ve -ve -ve -ve
6 ~-ve -ve -ve
7 R R
CM circular muscle R reduced
LM longitudinal muscle I increased
MM muscularis mucosae -ve negative

Observations recorded indicate differences from controls
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jr.f:

Figure 1. H&E stained paraffin section ofjejunum from patient 1 showing normal
small bowel wall and in particular unremarkable muscularis propria. Magnification
x64

Figure 2. Electron micrograph of a typical myocyte in the bulk of the circular muscle
from patient 1 showing normal myofilaments especially the thin filaments appear
plentiful. Magnification x27300
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Figure 3. Cryostat sections of
intestine, (a) immunostaining for
smooth muscle alpha actin (1 A4) in the
muscularis propria in a control case,
(b) absent immunostaining for alpha
smooth muscle actin in the bulk of the
circular muscle in patient 1 (Table 1).
Normal intensity in the longitudinal
muscle and ’topping’ of the circular
muscle (arrow). (¢) normal
immunostaining for tropomyosin
(TM311) in both layers of the
muscularis propria in patient 1.
Magnification x50

«

%
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The most easily interpreted contractile protein abnormality was seen in patient 1.
This was an adult woman with a history of pseudo-obstruction since childhood.
Electrophysiological studies were indicative of myopathic disease land the patient
required a jejunostomy for the management of her symptoms. During this
procedure a full-thickness sample of jejunum was removed for pathological
examination. On light microscopy no morphological abnormality was detectable
(Fig.1) and the ultrastructural appearance was also unremarkable (Fig.2). Smooth
muscle alpha actin (1A4) immunostaining revealed a pattern quite different from
the controls (Fig.3). 1A4 staining was absent within the smooth muscle cells in the
bulk of the circular muscle, with the exception of its innermost layer adjacent to
the submucosa, where the smooth muscle cells stained strongly positive. In
contrast, immunostaining for smooth muscle alpha actin (1A4) was normal in the
smooth muscle cells throughout the longitudinal muscle, muscularis mucosae and
in the smooth muscle of the blood vessel walls (Fig.3). Immunostaining, in the
circular muscle, for tropomyosin (TM311; Fig.3), filamin (FIL2), caldesmon
(CALDS), desmin (DE-R11) and myosin was of the same intensity as in the other
intestinal muscle layers. Similarly, all muscle coats showed normal
immunostaining with the antibody to pan-muscle alpha and gamma actins
(HHF35). However, the pattern of immunoreactivity with the antibody to smooth
muscle alpha and gamma actin (CGA7) was markedly reduced in the circular
muscle although not absent like 1A4. CGA7 reactivity was present in normal

intensity in the longitudinal muscle, muscularis mucosae and blood vessel walls.
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7.3.3 Neural Markers

The results of immunostaining for neurofilaments is considered in the next
chapter, but negative immunoreactivity of smooth muscle elements was seen with
the neurofilament antibodies. The antibody for neural cell adhesion molecule in
general reacted with neural elements only and spared the intestinal musculature. A
variable degree of stippled immunostaining for muscarinic receptors was seen in
the intestinal smooth muscle as well as in the enteric neuronal perikarya and along

the axons. These results are discussed in greater detail in Chapter 8.

7.4 Discussion

In this study, a number of monoclonal and a polyclonal antibody to contractile
filaments have been applied to full-thickness specimens of snap-frozen intestine
from controls and from patients with symptoms of CIIP. Abnormalities were
identified by immunostaining in surgical samples of intestine from seven patients,
all of whom had definite evidence of myopathic disease by electrophysiological
(Chapter 2) or morphological (Chapter 6) criteria. On the other hand, no
immunohistochemical abnormalities with contractile protein antibodies were seen
in any of the other specimens examined including those from patients with
neuropathic pseudo-obstruction and those samples obtained at necropsy from

patients dying of non-intestinal disease (controls).

In these seven patients abnormalities in contractile proteins, particularly in
isoactins, were recognised, and in two of them there were additional abnormalities

of filamin and in one of tropomyosin. In three patients the smooth muscle actin
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abnormality could be narrowed more precisely to an apparent deficiency in the
alpha smooth muscle actin isoform, although in two of them this could not be
proved to be the only abnormality. In one patient, however, a remarkable and
unique feature was a deficiency of alpha smooth muscle actin immunostaining
alone confined to the circular muscle. Despite the clear demonstration of this
deficiency by immunohistochemistry, no significant ultrastructural differences were
shown in the myofilament composition of the circular muscle and other smooth
muscles of the gut wall. This is therefore the first description of a biochemical, as
opposed to a structural, abnormality in CIIP. Confirmation of the absence of this
protein or the presence of an altered protein by assay was not possible due to
insufficient tissue for analysis. It should be noted, that immunohistochemistry has
clear advantages over biochemical assay in that protein abnormalities confined to
specific components of heterogeneous tissues such as the intestine can be
accurately localised. Moreover, the biochemical analysis could reflect an impure
smooth muscle preparation, in which the vascular and neural elements would not

have been excluded.

Isoform specific antibodies to contractile proteins are generally not commercially
available. Unless the antibody is made against the specific aminoacid sequence in
the amino terminus, cross reactivity with other isoforms is likely (Otey et al.
1987). Since the antibody 1A4 is directed against the aminoterminus of a synthetic
decapeptide of alpha smooth muscle actin it is, therefore, specific for this isoform
(Skalli et al. 1986). Unfortunately no other isoform-specific antibody is currently

available.
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The exact epitopes identified by antibodies such as HHF35 and CGA7, both of
which are said to identify alpha and gamma muscle isoactins, are unknown but
HHF35 appears less specific than CGA7 in that it recognises actins of skeletal and
cardiac muscle, as well as smooth muscle (Gown et al. 1985; Tsukada et al.
1987). This relative non-specificity may account for the normal staining with
HHF35 in the five patients with absent CGA7 staining in this study. In patient 1,
the fact that some reactivity with CGA7 was noted in the circular muscle,
probably reflects that gamma smooth muscle isoactin is present and is
immunostained but the weakness of the reaction is accounted for by the deficiency
of alpha smooth muscle actin, proven by the negative 1A4 staining.
Immunoreactivity was entirely normal with HHF35, again presumably reflecting
the reactivity of this antibody with a whole variety of other actins. A difference in
immunoreactivity between the various muscle layers in the same specimen or
between specimens from different patients, probably does indicate significant
abnormalities in the isoform content, as shown in these seven patients described
here (see Table 1). In particular the abnormality detected with 1A4 against alpha
smooth muscle actin is particularly informative due to the high degree of

specificity of this antibody.

The absent immunostaining for an actin isoform could reflect either an acquired
phenomenon (Coflenski et al. 1988; Lewis and Gonzalez 1990; Li et al. 1990;
Gottlieb et al. 1991), or a specific developmental defect. In view of the life-long

duration of symptoms in these patients, the latter appears more likely.
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This concept is supported by consideration of the normal differentiation of
intestinal smooth muscle. Cytodifferentiation of smooth muscle cells in the rat gut
(Kedinger et al. 1990) proceeds in a specific order: cells expressing actin (alpha
and gamma) appear in the mesenchyme of the 15 day fetal rat in the
circular-muscle-forming area and in the presumptive longitudinal muscle 48 hours
later. Such cells are noted in the muscularis mucosae shortly after birth and
become fully established 2 weeks later. A distinct cell layer of actin-expressing
cells arises in the perinatal period in the innermost part of the circular muscle
adjacent to the submucosa. In humans the intestinal smooth muscle layers develop
in the same order although the timing is different. The circular muscle develops at
9 weeks gestation, the longitudinal by 12 weeks and the muscularis mucosae is
evident after the 21st gestational week (Desa 1991). It is probable that the
development of the innermost circular muscle layer follows the same pattern as in

the rat and appears later.

More intense immunoreactivity (‘topping’) can be seen in the innermost layer of
the circular muscle compared to the bulk of the circular muscle using a variety of
antibodies and this layer may even be recognised in routinely stained sections. The
difference in staining may signify the separate origin of this layer from the rest of
the circular muscle. In patient 1, strong ’topping’ was seen with the antibody to
alpha smooth muscle actin, while the bulk of the circular muscle was unstained;
the other muscle layers were stained normally. One possible mechanism for this
would be a transient developmental block, at the crucial time of circular muscle

development. The temporary nature of this block would allow normal later
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development of the longitudinal muscle, muscularis mucosae and the innermost

layer of the circular muscle.

Since the ratios and composition of contractile isoproteins reflects specific
functions of smooth muscle cells, it is reasonable to conclude that the absence of a
particular protein, or the presence of altered forms, might adversely affect normal
smooth muscle contraction. Whilst a clearly identified deficiency in a specific
contractile protein isoform is shown in patient 1, in the other six patients with
abnormal immunostaining the defects are less well defined and the possibility that
more than one protein is involved remains open. Nevertheless, changes in
contractile protein content are evidently a fruitful area for further research into the
underlying defects in intestinal myopathies, and point to possible abnormalities at
the molecular and functional levels rather than mere structural aberrations useful
for description only. There is clearly a need for the production of specific antisera
against all the known isoforms of the contractile proteins in order to pursue this

line of enquiry (see Chapter 9).
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Chapter 8. The Role of Neural Markers in CIIP

8.1 Introduction

Histochemical and morphometric studies (Chapters 3 and 4) have identified diagnostic
criteria for well established forms of neuropathic CIIP, such as HD, IND and
hypoganglionosis. However, it is true that many patients with electrophysiological
evidence of neuropathic enteric disease (Chapter 2) show no recognisable
morphological changes in enteric innervation by conventional light and electron

microscopical techniques.

The successful demonstration of subtle immunohistochemical abnormalities in
myopathic disease was described in Chapter 7. A similar study has been attempted
for intestinal neuropathies, focussing particularly on antibodies to probe the integrity
of nerve cells and their processes (antibodies to neurofilament; NF) and the interface
between nerves and smooth muscle cells (antibodies against neural cell adhesion
molecule; N-CAM, and muscarinic receptors). The properties and roles of NF, N-
CAM and muscarinic receptors are first reviewed and the antibodies used in this study

are then described.

The antibodies (against NF, N-CAM and muscarinic receptors) have been applied to
cold (-20°C) acetone- fixed cryostat sections of snap-frozen samples of full-thickness
intestine obtained from patients with neuropathic, myopathic and undetermined forms
of CIIP, as well as from apparently normal control samples obtained at post-mortem

(as previously described in Chapter 7), and from fetal examinations.
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8.1.1 Function and Distribution of NF, N-CAM and Muscarinic Receptors
8.1.1.1 Neurofilaments (NF)

NF are cytoskeletal intermediate filament proteins of three different molecular weights
(light 70kD, medium 160kD and heavy 200kD), each of which exist in
dephosphorylated or phosphorylated forms (Schlaepfer 1987). NF transcription,
translation, assembly and alignment occur in the nerve cell body. The filaments are
trahsported down the axon to the axon terminus, where they are degraded; the
degradation products are then transported back to the perikarya. The rate of NF
movement along the axon is regulated by NF phosphorylation (Schlaepfer 1987). The
role of NF is to is to maintain nerve cell integrity by providing a framework to
support the long axons. They also serve to anchor the microtubular system important

in axonal transport (Hollenbeck 1989).

In the mature brain dephosphorylated NF are seen in the perikarya and large primary
dendrites, but not in axonal processes. On the other hand moderately and strongly
phosphorylated NF are found in axons but not in the cell bodies, whilst weakly
phosphorylated NF are distributed uniformly along the neuraxis (Nixon and Sihag
1991). NF in the axons of mature enteric nerves differ from those in the brain in that
they are mostly weakly phosphorylated (Eaker et al. 1990). In the newborn myenteric
plexus, however, neurons do show positive immunostaining with antibodies to
phosphorylated medium and heavy neurofilaments (Eaker and Sallustio 1992). Thus
the degree of NF phosphorylation in enteric nerve cells may be a marker of a

disturbed ontogenic process.

In neurodegenerative disorders such as Alzheimer’s disease and following nerve
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injury, the degree of neurofilament phosphorylation is increased in neuronal cell
bodies (Leigh et al. 1989; Nixon and Sihag 1991; Schlaefper 1987). Axonal transport
is slowed by general phosphorylation, or by phosphorylation of specific sites in the
protein (Nixon and Sihag 1991) and thus abnormal phosphorylation could lead to
pathological accumulation of perikaryal NF. It has been postulated that
hyperphosphorylation at carboxy-terminal sites may promote abnormal accumulation
in the axons (Nixon and Sihag 1991) and that a decrease in carboxy-terminal
phosphorylation may cause NF to move faster in some neuropathies. In the intestine,
where mature nerve cells normally contain weakly phosphorylated NF, alteration in
the state of phosphorylation to heavily phosphorylated forms, apart from being a
marker of immaturity, might also be an indicator of nerve injury or a
neurodegenerative process. It could also reflect pathological defects in NF

metabolism.

8.1.1.2 Neural Cell Adhesion Molecule (N-CAM)

N-CAM is a transmembrane glycoprotein found in nerve cells and glia, which
regulates cell to cell interactions by homophilic polyvalent binding mechanisms
(Nybroe et al.1988). It comprises at least thirty isoforms of 180kD, 140kD and
120kD molecular weights which arise from alternate splicing of mRNA transcribed
from a single gene (Patel et al.1989) mapped to chromosome 11¢23 in man (Nybroe
et al. 1988). The length of the cytoplasmic portion of the molecule dictates the

molecular weight of the protein (Walsh 1988).

Adhesion molecules are important in cell to cell recognition during embryogenesis

and development (Nybroe et al. 1988). N-CAM is expressed in skeletal myoblasts and
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myotubules in developing muscle but not in innervated adult myofibres. However, in
denervated muscle cells in spinal muscular atrophy N-CAM is expressed.
Immunohistochemically N-CAM has also been shown to be expressed transiently in

fetal rat intestinal smooth muscle (Akeson et al. 1988) but not in the adult gut.

8.1.1.3 Muscarinic Receptors

Muscarinic receptors on smooth muscle cell membranes are the main receptors for
acetyl choline released from cholinergic nerves to initiate smooth muscle contraction
(Goyal 1989). The receptor proteins ranging in molecular weight between 51kD and
66kD comprise at least three pharmacologically different (M1, M2, M3) and five
different molecular forms (m1, m2, m3, m4, mS) each encoded by a different gene.
Muscarinic receptors have a single chain of 460-590 amino acids which span the
plasma membrane seven times thus creating four extra cellular domains, seven helical

hydrophobic transmembrane domains and four intracellular domains.

Muscarinic receptors are found on the soma and dendrites of many cholinergic
neurons and on some axonal endings. In smooth muscle M1, M2 and M3 are present
but contraction is mainly mediated through M3 receptors. Muscarinic receptor
agonists and antagonists have been utilised in the pharmacological treatment of
gastrointestinal disease (Goyal 1989). The M3 receptor agonist bethanecthol improves
oesophageal motor activity and prokinetic agents such as metoclopramide,
domperodone and cisapride enhance gastrointestinal transit by releasing endogenous
acetyl choline (Goyal 1989). M1 on the myenteric neurons has been postulated to be
involved in the prokinetic effects of these drugs by improving co-ordination of the

contractions (Goyal 1989).
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Abnormal muscarinic receptor content or distribution may be responsible for some
forms of chronic idiopathic intestinal pseudo-obstruction (Bannister and Hoyes 1981).
Diminished muscarinic binding sites were found, using radiolabelled receptor agonists
or antagonists, in the mucosa of the dilated part of intestine from a patient with
pseudo-obstruction with no histological or ultrastructural abnormalities (Rossowski
et al. 1988). In contrast the muscularis propria contained increased concentrations of

M2 binding sites but the M1 receptor concentration was normal.

A monoclonal antibody (M35) to muscarinic receptors has been raised (Andre et al.
1984, 1987), which reacts with antigenic determinants present on the active receptor.
This antibody is an agonist to muscarinic receptors in gastric smooth muscle
(Moummi et al. 1988) and is probably a pan-muscarinic receptor antibody recognising
at least receptors M1 and M2 (Moummi et al. 1988; Matsuyama et al. 1988). It is not
clear, however, if M3, the major receptor mediating smooth muscle contraction, is
identified by M35. This antibody is the only commercially available muscarinic

receptor antibody.

8.1.2 Specificity of the Commercially Available Antibodies Used
(i) NR4 (Sigma, Dorset, UK) was raised against pig spinal cord NF and recognises

both phosphorylated and dephosphorylated light molecular weight (68kD) NF.

(ii) NN18 (Sigma, Dorset, UK) was raised against pig spinal cord NF and recognises

both phosphorylated and dephosphorylated medium molecular weight (160kD) NF.

(iii) NE14 (Sigma, Dorset, UK), an antibody raised against pig spinal cord NF. This
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antibody reacts with phosphorylated heavy (200kD) molecular weight NF.

(iv) N52 (Sigma, Dorset, UK) was raised against the carboxyterminal tail segment of
enzymatically dephosphorylated porcine NF  heavy-subunit, recognising

phosphorylated and dephosphorylated heavy molecular weight (200kD) NF.

(v) BF10 (Boehringer Mannheim UK, Lewes, UK), was derived from a solubilised
raw extract of diseased Alzheimer brain. Medium (160kD) molecular weight

phosphorylated NF are recognised by this antibody.

(vi) SM132 (Sternberger Baltimore, Maryland, USA) identifies dephosphorylated

heavy (200kD) molecular weight NF.

(vii) RT97 (A gift from Prof. Anderton, Institute of Psychiatry, London,UK)

demonstrates phosphorylated heavy (200kD) molecular weight NF.

(viii) Ericl (A gift from Prof. Walsh, Guy’s Hospital, London, UK). An antibody to
N-CAM which was cloned from c-DNA library. This antibody recognises an epitope
on the polypeptide backbone of N-CAM thus detecting most (all) isoforms of N-

CAM.

(ix) M35 (Chemunex, Paris, France). This antibody was raised against affinity

purified calf forebrain muscarinic receptors.
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8.2 Materials and Methods

8.2.1 Materials

The tissue samples examined were the same as those used in the investigation of
contractile proteins (see Chapter 7), namely nine control intestines and 53 specimens
of intestine from 35 patients with CIIP (11 with myopathic, 18 with neuropathic and
6 undetermined CIIP). Because insufficient tissue remained in the tissue blocks for
full immunohistochemical examination in a further 12 patients (seven with neuropathic
and five with undetermined forms of CIIP), NF immunostaining was performed only
with clones NR4 and NN18 . The immunoreactivity of N-CAM was also assessed in
samples of intestine from six abortuses (12-23 weeks gestation). Ethical committee

approval for this study was obtained.

8.2.2 Methods

ABC immunostaining was performed on cold acetone (-20°C) fixed cryostat sections
of snap-frozen samples of full- thickness intestine (see Chapter 7 and Appendix).
Endogenous peroxidase was not blocked since this inhibited the specific
immunostaining. The monoclonal antibodies listed above were used at a titre of 1:320
(NR4), 1:2000 (NN18, NE14, N52), 1:80 (BF10), 1:8000 (SM132), 1:40 (RT97),

1:15000 (Ericl) and 1:1800 (M35). For controls see Chapter 7.

Microscopy

Microscopical assessment of the myenteric plexus was made by noting the differences
in the immunostaining of axons, neuronal cell bodies and glia with these antibodies.
The presence or absence and the type (linear or tangled, see below and Figs.1 and 2)

of NF-positive nerve fibres in the circular muscle coat was also recorded. In addition,
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the presence or absence of immunostained smooth muscle cells was also noted.
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Figure 1. Neurofilament immunostaining (NR4) showing an increase in ’linear’
nerves in the circular muscle coat in a patient with HD. Magnification x640. In
normal circular muscle no or only a very occasional fibre is seen.

Figure 2. Circular muscle showing a marked increase in short brush-like ’tangled’
NF-positive (NR4) nerves. This patient has both histopathological and
electrophysiological evidence of myopathy. Magnification x640
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Morphometric analysis

In selected samples (detailed below) morphometric analysis was made, employing the
Magiscan (Joyce Loebel). Using a x40 objective, nerves in ten manually chosen fields
of the circular muscle in each sample were automatically quantified. The
morphometric program used identified nerves with grey levels within predetermined
range chosen during a calibration procedure. It was possible to check microscopically
that the structures recognised by the program reflected the nerve content and any
discrepancies could be edited out. The results were expressed as the percentage of the

area occupied by nerves in the total area analysed.

Samples analysed morphometrically

(a) The degree of NF phosphorylation was analysed morphometrically in intestine
from one patient with myopathic disease associated with morphological evidence of
autophagic activity and a gross increase in nerve fibres innervating the circular

muscle.

(b) Morphometric analysis of N-CAM immunostained nerves and glia in the circular
muscle was made in four control samples and 18 surgical specimens. Of the latter
samples, eight were from patients with intestinal myopathy, eight from those with

neuropathic disease, and two from patients with undetermined pseudo-obstruction.

8.3 Results
8.3.1 NF Immunostaining in Normal Post-mortem Bowel
Using the antibody SM132 (dephosphorylated heavy molecular weight NF), most

neuronal cell bodies showed strong immunoreactivity which extended a short but
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variable distance into the proximal processes (Fig.3). Fibres in the axon bundles were

mostly negative and no fibres were seen in the muscularis propria.

.

AU

Figure 3. The myenteric plexus showing immunoreactivity in neuronal cell bodies
with the antibody SMI132. Note the poor immunostaining of processes and the
negative nerve bundles. Magnification x400

The antibody NE 14 (phosphorylated heavy molecular weight NF) proved rather non-
specific. It was difficult to eliminate all background staining but further titering of the
antibody allowed recognition of weak specific staining. Fibres in the axon bundles
were strongly immunoreactive but the cell body staining was variable, ranging from
strongly positive in the minority to negative in the majority. Occasional nerve fibres

were detected in the muscularis propria.
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With RT97 (phosphorylated heavy molecular weight NF) only very occasional
moderately positive neuronal cell bodies were found but the fibres stained strongly
(Fig.4). Immunostaining with BFIO (phosphorylated medium molecular weight NF)
was very similar to RT97, the only difference being that perikaryal immunoreactivity
appeared stronger in the few neuronal cell bodies that exhibited it. Both of these

antibodies detected very sparse fibres in the muscularis propria.

Figure 4. Immunostaining with RT97 showing immunoreactive axons in the axon
bundles. The neuronal cell bodies are mostly negative but very occasional cell body
is positive. Magnification x400

Nerve fibres and several cell bodies showed strong immunoreactivity with N52
(dephosphorylated and phosphorylated heavy molecular weight NF), NNIS8

(dephosphorylated and phosphorylated medium molecular weight NF) and NR4
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(dephosphorylated and phosphorylated light molecular weight NF; Figs.5 and 6),
although negative and weakly positive perikaryal immunostaining was also noted. The

normal muscularis propria showed only an occasional immunopositive nerve fibre.

H o % «

\

Figure 5. NR4 immunostaining in the myenteric plexus showing several strongly
immunoreactive cell bodies and axons. Magnification x400.

Figure 6. NR4 immunostaining showing ’spidery’ immunoreactive neurons at higher
magnification (x640)
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Due to the presence of numerous white cells with abundant endogenous peroxidase

the assessment of immunoreactivity in the lamina propria was impossible. These

results are summarised in Table 1.

Table 1. Antibody reactivity with enteric nerve cells

Antibody Recognition Cell bodies Axons
SM132 (D-H) +4+ -ve
NE14 (P-H) ++ +++
RT97 (P-H) + +++
BF10 (P-M) + +++
N52 (P&D-H) +++ +++
NN18 (P&D-M) +++ +++
NR4 (P&D-L) +++ +++
P Phosphorylated L Light NF

D Dephosphorylated M Medium NF

H Heavy NF

-ve Negative

++
+++

rare NF-positive cells
occasional NF-positive cells
many NF-positive cells

8.3.2 NF in Specimens from Patients with CITP

The most striking observation was an increase in NF immunoreactive nerves (with a

number of NF antibodies) in the circular muscle in 13 patients, 11 with myopathic
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electrophysiology and two in whom electrophysiology was not performed but the
samples showed morphological evidence of smooth muscle disease. This was
characterised by numerous tangles of brush-like nerve fibres (Fig.2) scattered
throughout the circular muscle layer (’tangled’ nerves; see Table 2). In contrast in the
circular muscle of controls only very occasional NF-immunoreactive nerves were

identified.

In HD (four patients) and IND (two patients) there was also an increase in
immunoreactive nerve fibres in the circular muscle with all but one of the NF
antibodies. However, the character of this immunostaining was quite different and
identified short straight lengths of positively immunostained nerve fibres between the
muscle bundles (Fig.1; ’linear’ nerves). Similar immunostaining was noted with one
or more NF antibodies in one other patient with IND, seven patients with
electrophysiological evidence of neuropathic disease, one patient with

hypoganglionosis and one with undetermined CIIP (Table 3).

In the myenteric plexus no obvious inter-sample differences, other than those
reflecting morphological abnormalities such as the presence of hypertrophied nerve
trunks in HD, were seen after immunostaining with any of the antibodies employed.
All axons in the axon bundles appeared to be reactive and the immunostaining of

neuronal perikarya was the same in all specimens as in controls.

Morphometric analysis (Table 4) of the immunostaining with all but one of the NF
antibodies (NN18) was performed in the intestine from one myopathic patient

described with autophagic activity in Chapter 6. NN18 staining was excluded because
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the background was high (see Fig. 7), the brush-like tangled nerves were palely
stained, and the sensitivity of the automated morphometric program was insufficiently
reliable to identify them. Although an increase in nerve fibres in the circular muscle
was confirmed morphometrically with all the antibodies used, this increase was most
pronounced with antibodies to phosphorylated heavy and medium NF. Since
practically no immunoreactive nerves were detected in the circular muscle in the
controls and most surgical samples morphometric analysis added no significant

advantages over subjective analysis.

Figure 7. NNI18 in the myenteric plexus showing variable immunostaining of
neuronal cell bodies. Axons appear strongly positive. Note the high non-specific
background reaction in the myocytes of the muscularis propria. Magnification x400
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Table 2. Tangled small nerves in circular muscle

Patient
PA (M)
PM (M)
cI (M)
Alo (M)
Is (M)
ZB (M)
JB (M)
AM (M)
LC (M)
ALI (M)
Ala (M)
CW  (MH)
Be (MH)
MS  (NM)
Rob (UD)
Der (UD)
DC  (UD)
LR (UD)

0 not performed
NE1l4 not analysed

NR4 N52 NN18 SM132 RT97 BF10
- + - - - -
+ + + + + +
+ + + - + +
+ - - - - +
+ + + + + +
+ + + + + +
+ + + + + +
+ + + + + +
+ - - - - -
+ 0 + 0 0 0
+ + + - - +
+ 0 + 0 0 0
+ 0 + o 0 o
- 0 - 0 0 o
- 0 - 0 0 o
- 0 - 0 0 0
- 0 - 0 0 0

+ increase in tangled nerves M myopathy
- no tangled or linear nerves MH morphologically
myopathic

UD undetermined

NM myo/neuropathy

Only patients in whom an abnormality was detected and those

with incomplete immunostaining are listed here.
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Table 3. Increase in linear nerves in circular muscle

Patient NR4 N52 NN18 SM132 RTO7 BF10
Sa (N) - + - - - -
FC (N) - + - - - -
GB (N) - + - - tangled -
AR (N) - + - - - +
Bry (N) - + - - + -
NS (N) + 0 + 0 0 0
RW (N) + 0 + 0 0 0
MM (N) - 0 - 0 0 0
JM (N) - o} - 0 0 0
IM (N) - 0 - 0 0 0
LP (IND) + + + - + +
CT (IND) + + + - + +
MK (IND) - + - - - +
Mar (ho) + + - - - +
Cwe (UD) - + - - - -
HD (x4) + + + - + +
+ increase in linear nerves N neuropathy
- no linear or tangled nerves UD undetermined
0 not performed IND intestinal
neuronal
ho hypoganglionosis dysplasia

HD Hirschsprung’s disease

Only patients in whom an abnormality was detected and those
with incomplete immunostaining are listed here.
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Table 4. Morphometry of NF-immunostaining in circular muscle of a patient with
intestinal myopathy *

Antibody Density of nerves
(%-age of area analysed)

SM132 0.19
NE14 1.27
RT97 0.48
BF10 1.80
N52 0.22
NN18 Not analysed
NR4 0.34

* Note in normal intestine virtually no NF-positive
nerves are identified in the circular muscle.

8.3.3 Neural Cell Adhesion Molecule (N-CAM) Immunostaining

8.3.3.1 N-CAM Immunostaining in Control Bowel

In the normal bowel the antibody Ericl reacted with nerve fibres in the enteric
plexuses immunostaining the periphery of the perikarya, neuronal processes and glial
cells (Fig.8). Due to the large quantity of endogenous peroxidase, assessment of
nerve fibres in the lamina propria was unreliable, but in the muscularis Ericl proved
extremely avid and gave clean immunostaining with virtually no background (Fig.8).
Nerve fibres and glial elements in the circular and longitudinal muscle layers as well
as in the muscularis mucosae were well demonstrated. The pattern and number of N-

CAM immunostained neural and glial fibres mimicked those of AChE-positive nerves.
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However immunostaining for N-CAM did not correspond with that for NF protein,
with which nerves in the circular muscle of controls were almost completely

unreactive. No N-CAM immunostaining was detected in the smooth muscle cells of

Figure 8. Section of intestine showing normal N-CAM immunostaining in the
myenteric plexus and the muscularis propria. Many positive fibres are seen in the
circular muscle coat. Magnification x160

Morphometry in Control Intestine (N-CAM)

Values obtained by the automated morphometric method represent the percentage
fraction of the total area analysed occupied by the immunostained nerves and glia.
The technique required circular muscle at least 0.3mm thick and most post-mortem
control samples were too thin. However, four control samples of colon were suitable
for morphometry and in these the values ranged from 0.33% to 0.57% (mean 0.48%)

(Table 5).
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Table 5. Morphometry of N-CAM immunostained fibres in circular muscle

Myopathy Neuropathy Undetermined Controls
(n=8) (n=8) (n=2) (n=4)

(Fraction expressed as percentage of area analysed)

0.64 0.6 0.42 0.55
2.48% 0.44 0.59 0.57
0.21 0.008%* 0.49
0.26 0.62 0.33
0.71 0.38
0.29 0.34
0.54 0.22
0.31 0.29

* Very similar values were seen in the majority of samples. In one, however, a
prominent increase in fibres was noted, while in another a virtual absence of fibres
was evident (values identified by *). These appearances were readily identifiable even
on simple microscopy.

8.3.3.2 N-CAM Immunostaining in CIIP

Microscopy of the Muscularis Propria

In the majority of the 35 patients with CIIP examined, N-CAM immunostaining of
nerve and glial fibres in the muscularis propria was very similar to that in normal
controls. However, distinct differences were seen in four patients in two of whom
there were grossly elevated numbers of N-CAM-positive nerve and glial fibres in the
circular muscle. Both patients were those recognised in Chapter 6 as a distinct
subgroup of myopathic disease already characterised by autophagic activity, and
prominent increases in tangled NF-positive fibres and AChE activity. An increase in

N-CAM-positive fibres in the circular muscle is thus a further feature of this
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myopathic subgroup.

In the other two patients the abnormality lay in the virtual absence of N-CAM-
positive nerve and glial fibres in the circular muscle. One (Sa; Table 6) had
aganglionosis; a further abnormality noted in this case was that the usual increase in
AChE-positive nerves in the muscularis seen in HD was lacking. The other patient
with absent N-CAM immunostaining as well as a corresponding lack of AChE-
positive fibres in the circular muscle, was a patient with acquired aganglionosis due
to an inflammatory plexopathy (FH; Table 6). This patient had a number of bowel
resections showing a gradual loss of enteric neurons accompanied in the initial stages
by a dense chronic inflammatory cell infiltration in the enteric plexuses (Fig. 9). The
loss of enteric neurons was paralleled by a loss of AChE-positive elements (Fig. 10)
and negative immunostaining for protein gene product 9.5 (PGP 9.5; a neural marker)
in the muscularis propria. An IgG class antibody in this patient’s serum reacted with
enteric nerve cells in sections of neonatal porcine intestine, while no such
immunostaining was observed with control serum (Figs.11 and 12). These findings

suggest that the intestinal denervation in this patient was an autoimmune process.

As in controls, in patients with CIIP the pattern of N-CAM immunostained nerves
and glia in the circular muscle was generally similar to that by AChE histochemistry
(Table 6). However, in two patients with hypoganglionosis (GB and Han; Table 6)
absent or reduced AChE activity was accompanied by normal N-CAM
immunostaining. Patient GB also had an increase in NF-positive nerves in the circular
muscle (seen as ’tangled’ with RT97 and ’linear’ with N52; Table 3). In patient Han

NF immunostaining was entirely normal.
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Figure 9 a & b. Abnormal vacuolated myenteric ganglia in the ileum from the patient
with acquired hypoganglionosis. Neurons are seen but they are condensed and
degenerate (arrow heads). Observe the presence of a marked mononuclear cell
infiltrate (arrows). Magnification (a) x400 (b) x640
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Figure 10. (a) The second sample of ileum from the patient with inflammatory
plexopathy showing only remnants of AChE-positive elements in the myenteric
plexus. No AChE-positive nerves are identified in the muscularis propria.
Magnification x160. (b) AChE-activity in normal bowel. Note numerous nerves
especially in the circular muscle. Magnification x80
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Figure 11. Serum (at a titre of 1:640) from the patient with inflammatory plexopathy
reacting with myenteric neurons of newborn piglet ileum. Magnification x340

Figure 12. Control serum applied neat to section of piglet ileum shows no
immunoreactivity in the myenteric neurons (arrow). Magnification x340.
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Table 6. Innervation of the circular muscle in hypoganglionosis and aganglionosis:
Comparison of AChE, N-CAM and NF

Patients AChE N-CAM NF
GB R N Inc (RT97,N52)
LS N N N
Han A N N
FH A A N
Sa A A Inc (N52)
HD N/Inc N/Inc Inc
R Reduced AChE acetyl cholinesterase
A Absent N-CAM neural cell adhesion molecule
N Normal NF neurofilament
Inc Increased HD Hirschsprung’s disease

Morphometry of N-CAM in Muscularis Propria

N-CAM immunostaining using Ericl was ideal for morphometric analysis by the
automated system since background immunoreactivity was low and the
immunopositive fibres were sharply defined. In the majority of the 18 samples
analysed morphometrically from patients with CIIP (myopathic, neuropathic or
undetermined) no obvious variability in the number of nerve and glial fibres in the
circular muscle was shown, and the values did not greatly differ from the control data
(Table S). In two patients the numbers of N-CAM-positive nerve and glial fibres were
significantly different (raised in one and virtually absent in the other), but these

morphometric differences were clearly evident on simple microscopy (see above) so
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that the time-consuming morphometric analysis had no additional benefits.

Microscopy of the Myenteric plexus in CITP

The assessment of immunostaining for N-CAM in the myenteric plexus revealed no
specific differences in the various forms of CIIP other than those detected by general
morphological techniques or enzyme histochemistry (AChE). However, in the patient
(described above) with aganglionosis due to inflammatory plexopathy and virtually
absent AChE activity in the myenteric plexus, N-CAM positive fibres were
surprisingly well preserved (Fig.13 compared with Fig.8) despite the absence of such
fibres in the muscularis (see above). Positive immunostaining was also seen for S-100

protein indicating the glial nature for this immunoreactivity.

N-CAM Expression in Smooth Muscle Cells in CITP

In the rectum from two patients with CIIP, one with electrophysiological and
morphological evidence of an intestinal myopathy and the other with normal
electrophysiology and morphology, the myocytes of the muscularis propria appeared

to show punctate N-CAM immunostaining.

8.3.3.3 N-CAM Immunostaining in Developing Intestinal Smooth Muscle

In all the fetal samples (12 to 23 weeks gestation) the smooth muscle cells in the

developing muscularis propria showed positive punctate immunostaining for N-CAM.
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Figure 13. Immunostaining for N-CAM in the second ileal sample from the patient
with inflammatory plexopathy showing preservation of positive (glial) elements in the
myenteric plexus. (Compare normal AChE-activity in Fig. 10 and N-CAM in Fig.
8). Vacuolated nerve tracts and lack of positive fibres is seen in the muscularis.
Magnification x160

8.3.4 Muscarinic Receptor Immunostaining

8.3.4.1 Muscarinic Receptor Immunostaining of Control Bowel

In the normal bowel stippled M35 immunostaining was seen in the perikarya of some
of the enteric neurons and along the neuronal processes (Figs. 14 and 15). A variable
degree of immunostaining was detected on the smooth muscle cells, most of which
appeared moderately to strongly positive (Figs. 14 and 15). In longitudinally cut
myocytes there was variability in immunostaining along the length of the muscle

fibres perhaps reflecting the differences in receptor density.
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Smooth muscle in the blood vessel walls was also immunoreactive. Generally the
background was acceptably low but a few fibroblasts showed evidence of
immunoreactivity. As with all immunoperoxidase methods analysis of the fibre
content of the lamina propria was unreliable due to the many cells with endogenous

peroxidase. Blocking this seriously compromised the specific immunostaining.

Figure 14. Normal intestine. Immunostaining for muscarinic receptors (M35) in the
myenteric plexus showing reactivity in the axons and cell bodies. Note positive
immunostaining of the smooth muscle cells. Magnification (a) x400 (b) x640
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Figure 15. Normal intestine. Positive immunoreactivity for muscarinic receptors in
the neurons of the submucosal plexus and the inner circular muscle layer.
Magnification x400
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Figure 16. Immunostaining of muscarinic receptors in the circular muscle of a patient
with intestinal myopathy showing enlarged dense smooth muscle cells with strong
immunoreactivity among other more normal looking myocytes. Magnification x640
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8.3.4.2 Muscarinic Receptor Immunostaining in CIIP

Immunostaining of the circular muscle (longitudinal muscle and muscularis mucosae)
in patients with CIIP was very similar to controls. The smooth muscle cells were
immunoreactive in all samples, but a patchy distribution was noted in one patient with
intestinal myopathy and in one other myopathic patient bloated, strongly positive
myocytes were seen particularly in the circular muscle (Fig.16). In two neuropathic
patients (one of whom had IND) the area adjacent to the myenteric plexus showed
considerably weaker staining than the rest of the circular muscle. Both myopathic
patients wifh autophagic activity showed a grossly abnormal receptor distribution,
particularly adjacent to the myenteric plexus. Although smooth muscle cells were
immunoreactive it appeared that some atrophic myocytes were totally negative and
much of the staining was due to the presence of brushlike, tangled proliferating nerve
fibres in these specimens. In the rest of the samples examined immunostaining did not
differ from the controls. The enteric plexuses showed no obvious differences from the

controls.

8.4 Discussion

Although the original aim of this part of the study was to identify abnormalities in
patients with neuropathic disease, the most striking and unexpected finding was the
increase in fine, tangled, NF-positive, brush-like nerve fibres in the circular muscle
of patients with myopathic disease. This increase was greatest with antibodies to
phosphorylated heavy and medium NF and was seen in 13 of the 15 patients with
electrophysiological and/or histological evidence of intestinal myopathy, but was not
encountered in the neuropathic patients nor in controls. The only exception was one

patient with neuropathic electrophysiology in whom the colon displayed some tangled
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fibres in the circular muscle with just one of the NF antibodies (RT97). In all cases

the tangled fibres were confirmed to be neural by ultrastructural examination.

The significance of the increase in ’tangled’ NF-positive nerve fibres remains
speculative. Although the innervation of skeletal muscle is different from that of
smooth muscle, it is possible that some analogies can be drawn. Neurocladism, that
is sprouting of terminal axonal endings to produce fine tangles barely visible on
routine microscopy even using an oil-immersion objective, has been observed in
primary skeletal myodegenerative disease. It has been postulated to result from a
disturbance in the normal relationship between the terminal axons and atrophied
muscle fibres (Coers and Woolf 1959). Disruption of neurotransmitter release at the
skeletal neuromuscular junction can also result in atrophy and degeneration of
myocytes with sprouting terminal axonal endings (Narahashi 1974). Although there
is no single nerve-to-myocyte interaction in smooth muscle, it has been proposed that
interstitial cells of Cajal (ICC) may act as the intermediaries between nerves and the
syncytium of smooth muscle cells (Rumessen and Thuneberg 1982, 1991a,1991b;
Rumessen et al. 1982, 1992, 1993; Thuneberg 1982, 1989; Thuneberg et al 1982;
Daniel and Berezin 1992). It is possible that with a defect in the process by which
enteric nerve fibres interact with interstitial or smooth muscle cells, the nerve fibres
denied their target cells might ramify to produce the tangled fibres identified in this
study in the circular muscle of myopathic bowel wall. Further support for this
suggestion is severely hampered by difficulties in identifying ICCs. ICCs share many
ultrastructural features with smooth muscle cells and fibroblasts by which they can
be identified by electron microscopy, and the problems with ultrastructural artifacts

in surgically resected intestine have already been described in Chapter 6.
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With regard to the patients with neuropathic disease, some increase in nerve fibres
stained by NF antibodies in the circular muscle coat was identified in the patients with
HD, those with IND and in seven of the patients with neuropathic electrophysiology,
as well as in two patients with undetermined CIIP. However, this increase was in
short, linear nerve fibres, the appearances of which were quite different from the

tangled, brush-like aggregates in the myopathic patients (compare Figs.1 and 2).

Previous reports of NF immunostaining using two antibodies (2F11 and 3G6) on
paraffin sections (Kluck et al. 1986; Tibboel et al. 1987) showed no reactivity in
axons of myenteric axon bundles in CIIP compared with strong immunostaining in
controls. Immunoreactivity in the neuronal perikarya was negative in both CIIP and
controls. The present study has given quite different results in that both axons and
many neuronal cell bodies were positive with NF antibodies, the number of nerve cell
bodies labelled varying with the different antibodies used. More intense perikaryal
reactivity was recorded with antibodies to dephosphorylated antibodies whilst with
antibodies to phosphorylated NF the majority of neurons were negative. In general,
but not exclusively, the neuronal perikarya thus appeared to be weakly phosphorylated

and axons phosphorylated.

The differences between this study and those quoted almost certainly relate to the
material examined (Kluck et al. 1986, used paraffin sections whilst here acetone-fixed
cryostat sections of snap-frozen intestine were employed). In addition the antibodies
to NF were different: Kluck et al. (1986) used 2F11 and 3G6, neither of which were

employed in this study.

205



The demonstration here of strongly phosphorylated heavy NF in axons and occasional
cell bodies also conflicts with the original findings of Eaker et al. (1990). However,
it is now known that a low degree of NF phosphorylation is usual in mature intestine
but that strongly phosphorylated NF are found in the myenteric plexus of newborn
rat (Eaker et al.1992). Thus in infancy and childhood, nerve cell immunostaining for
strongly phosphorylated NF is not surprising. However, it is harder to explain
immunoreactivity with antibodies to phosphorylated NF in the intestine from the three
adult patients examined. The disparity in the results is likely to be a reflection of the
sensitivities of the methods employed, i.e. the less sensitive indirect
immunofluorescence used by Eaker et al. (1990), and the more sensitive ABC method

applied here.

N-CAM immunostaining was assessed in nerve fibres and associated glia in the
circular muscle coat of specimens from 35 patients with neuropathic, myopathic and
undetermined forms of CIIP and compared with controls (n=9). In the majority of
patients no differences from the controls were noted, but in two patients N-CAM-
positive elements were increased, while in two others they were virtually absent.
These subjective observations were confirmed by morphometric analysis in 22 patients
(including one with increased and another with virtually absent N-CAM

immunostaining) and four controls (Table 5).

Of the four patients with abnormal N-CAM immunostaining, one with aganglionosis
showed a virtual absence of N-CAM-positive nerves and glia in the muscularis
propria (Table 6; Sa). AChE activity in the muscle coats was also depleted and there

was no increase in AChE-positive nerves in the lamina propria. Another patient with
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no obvious N-CAM-positive fibres in the muscularis propria had inflammatory
plexopathy which had resulted in intestinal denervation (Table 6; FH). The remaining
two patients had elevated rather than reduced numbers of positive fibres in the muscle
coats. Both were patients with myopathic disease associated with autophagic activity
already identified in Chapter 6 as having distinctly different morphological
characteristics. The presence of increased N-CAM positive nerve and glial fibres in
the muscularis propria thus provides an additional marker of this subset of myopathic

CIIP.

In most cases N-CAM immunostaining in the circular muscle gave very similar
results to those obtained with AChE histochemistry. However, in two patients with
hypoganglionosis showing reduced or absent AChE activity in the circular muscle,

N-CAM immunostaining was normal (Table 6; patients Han and GB).

A similar close correlation between N-CAM immunostaining and AChE
histochemistry was also noted in the myenteric plexus. However in the patient with
inflammatory plexopathy in whom damage to the enteric plexuses had resulted in
denervated intestine, considerable N-CAM reactivity was seen in the myenteric plexus
despite the absence of neurons and AChE-positive elements. The N-CAM reactivity
was associated with glial elements, also identified by immunostaining for S100
protein. Tew et al. (1992) have shown that implants of myenteric plexus into the
brain encourage axonal sprouting in the surrounding neurons and postulated that
enteric glia may have a neurotropic effect. It is possible, therefore, that the
preservation of glial cells identified by N-CAM immunostaining represents an attempt

to stimulate a similar process following damage to enteric neurons.
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N-CAM immunostaining was seen in the smooth muscle cells in all the fetal samples
which is in keeping with observations in the fetal rat (Akeson et al. 1988). However,
immunostaining in the smooth muscle was detected in only two of the samples, both
of rectum, from infants and children with CIIP. The persistence of a normally
transiently expressed protein in the smooth muscle in these two patients may be of
importance as an expression of intestinal neuromuscular immaturity. One of these
patients had myopathic electrophysiology and morphologically identifiable myopathic
features in the rectum, however, a normal EGG was obtained in the other patient and
rectal morphology was also normal. If persistent N-CAM staining could, as
suggested, be a marker of immaturity, this might be of relevance to the functional
abnormality demonstrated, but it is difficult to be more specific on the basis of the

data available.

No clear abnormalities in M35 (muscarinic receptors) immunostaining could be
detected either in the myenteric plexus or in the circular muscle in patients with CIIP,
Some deviations from ’normality’ were noted but their significance is hard to specify
and may be related to alterations in receptor density in contracted muscle. The choice
of a practically pan-muscarinic receptor antibody could explain the lack of
differences. Antibodies specific to muscarinic receptor subtypes may reveal
abnormalities, especially if an antibody to M3 was used (it is not clear if M3 is
recognised by M35). With immunohistochemical methods quantification of receptor
density is difficult and to detect mildly altered density it may be necessary to employ

radioligands to quantify these differences.
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Chapter 9 Conclusions and the Future

9.1 Conclusions

With the exception of Hirschsprung’s disease (HD) primary intestinal neuromuscular
disease (chronic intestinal pseudo-obstruction; CIIP) is uncommon, and significant
series of affected patients have seldom been studied systematically. The pathological
changes identified in non-HD CIIP are often subtle, and frequently elude detection by
conventional histological techniques. Exceptions to this general rule involve isolated
reports of familial neuropathies and myopathies where the intestinal involvement is
often only part of a generalised neuromuscular disorder (Schuffler et al.1981;

Schuffler 1989; Lowsky 1993).

In this thesis surgically resected samples of intestine have been examined from 35
patients, mainly children, with various forms of CIIP using standard histopathological
methods as well as morphometric, silver staining, ultrastructural, enzyme and
immunohistochemical techniques. In an additional 15 patients routine light
microscopical, enzyme histochemical and ultrastructural investigations were made
withoutimmunohistochemical investigations. Post-mortem specimens of intestine from
patients without gastrointestinal symptoms or pathology were used as controls. The
contribution that these various examinations offer to the elucidation of CIIP has been
analysed critically and additional new immunohistochemical approaches have also

been assessed.

Most patients with CIIP have symptoms from birth or early childhood (Milla 1991)

but their clinical features allow little opportunity for distinguishing even major
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categories such as those with primary neural, as opposed to smooth muscle disease.
This distinction is best made by electrophysiological studies as detailed in Chapter 2.
In neuropathic disease small intestinal manometry characteristically reveals non-
propagating bizarre MMCs, while the amplitude of contractions in smooth muscle
disease is low (Devane et al. 1992a). By surface electrogastrography there is no
dominant frequency in the electrical control activity in myopathic disease whilst in

neuropathic disease tachy- or bradygastria is present (Devane et al 1992b).

Myopathic CIIP

With regard to the myopathic forms of CIIP, conventional histopathological
examination of the intestine using paraffin wax-embedded tissue has little to offer,
although a minority of patients exhibit fibrosis, atrophy and vacuolation of smooth
muscle cells not found in neuropathic disease. Even electron microscopy is of limited
value, but seemingly specific markers of myopathic disorder include mild degrees of
fibrosis and ultrastructural myocyte vacuolation. However, such changes were not
seen in every patient with intestinal myopathy. Many apparent ultrastructural
abnormalities in the intestinal muscle coats, such as subsarcolemmal blebbing, are
shown to be artifacts, probably related to tissue handling and preparation since they
are seen equally in neurogenic disorders and in controls and can be induced in animal

experiments.

The most notable contributions of this thesis relate to myopathic CIIP and include the

following:

(1) Abnormalities in the content of contractile proteins (particularly actins) in smooth

muscle cells identified immunohistochemically were found in the intestine from seven
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patients with intestinal myopathy and may well explain their intestinal motor
dysfunction. Aberrations in immunostaining were seen even in the absence of
morphological myopathic changes by light and/or electron microscopy (fibrosis,
atrophy and central vacuolation). In one patient negative alpha smooth muscle actin
immunostaining was clearly confined to the bulk of the circular muscle coat in which
normal immunoreactivity was seen for myosin, tropomyosin, filamin, caldesmon and
desmin. Immunostaining in all other intestinal muscle layers, including the innermost
layer of the circular muscle, was the same as in controls with all the antibodies
employed including the antibody 1A4 that is specific for alpha smooth muscle actin.
An embryological developmental defect is postulated for this abnormality.
Immunohistochemical aberrations in the other six patients consisted of absent or
reduced immunoreactivity in both layers of the muscularis propria and muscularis
mucosae for alpha and gamma smooth muscle isoactins using the selective antibody
CGA7. In three patients this was accompanied by a deficiency in immunostaining with

the specific antibody to alpha smooth muscle actin.

(2) An increase in tangled, brush-like collections of nerves identified by neurofilament
protein immunostaining was observed in the circular muscle coat of a most patients

with intestinal myopathy, but was not seen in controls or neuropathic disorders.

(3) Two unrelated patients with apparently specific morphological findings indicating
a distinct subset of intestinal myopathic disease were identified. These changes
comprised profound fibrosis of the muscularis propria, gross atrophy of the myocytes
which showed focal acid phosphatase activity, and an ultrastructurally distinct and

previously unrecorded appearance in the smooth muscle cells indicating autophagic
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activity (active, dilated lysosomes containing electron-dense degradation products).
These appearances were accompanied by a prominant proliferation of nerve fibres in
the circular muscle identified by their acetyl cholinesterase (AChE)-activity, as well

as by neurofilament protein and neural cell adhesion molecule immunostaining.

Neuropathic CIIP

With regard to the neuropathic forms of CIIP, some useful conclusions were also

possible, as summarised below:

(1) Previously described entities such as hyper- and hypoganglionosis were critically
evaluated by morphometric methods as follows:

(a) Baseline data for myenteric neuron density in childhood were established in
order to assess myenteric hypo- or hyperganglionosis more objectively. The normal
neuron density in the myenteric plexus was shown not to be age-related.

(b) Comparison of myenteric neuron density in patients identified as having hyper-
and hypoganglionosis against the baseline data revealed that elevated or reduced

density correlated with intestinal motility disturbances.

(2) The importance of examining the myenteric plexus, which is ultimately concerned
with intestinal motility, was emphasised in this study, and reservations were expressed
about the diagnostic use of mucosal biopsies that sample only the submucosal plexus
concerned mainly with secretory and sensory functions of the ENS.

(@ All patients identified as having IND (on the basis of myenteric
hyperganglionosis, frequent large submucosal ganglia, heterotopic neurons, an

increase in vertically aligned AChE-positive nerve fibres in the lamina propria and
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increased AChE-positive fibres in the circular muscle) also had HD. In these patients
IND was identified in a variable length of intestine proximal to the aganglionic
segment and all had symptoms of disturbed intestinal motility after attempted surgical
correction of HD.

(b) Although it is accepted that both isolated hypo- and hyperganglionosis may
exist in the absence of HD, their diagnosis by mucosal biopsy alone remains
controversial. The frequency with which isolated IND in particular is diagnosed varies
considerably in different centres and this clearly relates to the diagnostic criteria
applied. With regard to mucosal biopsy specimens, a spectrum of criteria applied by
workers reporting a high incidence of IND (Borchard et al. 1991) were used for
reassessing a series of rectal suction biopsies previously reported as normal at this
hospital. Even with these criteria, only 11% showed changes supposed to suggest
IND, and one important change, namely hyperplasia of the submucosal plexus,
appeared to represent an age-related phenomenon. The clinical significance of the
findings of Borchard et al. (1991) remain unproven, since many patients so diagnosed
show a return to normality of both symptoms and pathological changes with time.

Thus further careful clinical evaluation is required to settle this issue.

(3) Some of the pathological changes described in IND may also occur in a minority
of patients with neurofibromatosis (Fuller and Williams 1991) and multiple endocrine
neoplasia syndrome (MEN 2B). Gastrointestinal manifestations may be the first
indication of these conditions (Fuller and Williams 1991; D’Amore et al. 1991;
Feinstat et al. 1984), but often there is poor correlation between the severity and
extent of pathological aberrations in intestinal innervation and any functional

abnormalities present. Nevertheless, it is important that neurofibromatosis and MEN
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2B are excluded in patients apparently presenting with isolated IND.

(4) 1t is generally agreed that a diagnosis of hypoganglionosis requires examination
of the myenteric plexus (Borchard et al. 1991; Scharli 1992). A decreased neuron
density compared with the baseline data was associated with abnormal enteric motor
function in five patients described in this thesis. However, when making the diagnosis
of hypoganglionosis based on neuronal counts, there are important pitfalls to be
avoided. For example, the distal rectum normally has a reduced neuronal density
(Aldridge and Campbell 1968) and biopsies that include this region are not suitable
for assessment. In addition, neuron density in the jejunum and ileum is normally
about half of that of the colon and suitable control data are required when the small
intestine is considered. Enteric hypoganglionosis can also be an acquired
phenomenon; secondary hypoganglionosis in childhood is rare but in one such patient

described here it appeared to result from an autoimmune process.

(5) Silver staining of the childhood myenteric plexus was shown to be unrewarding
and failed to identify significant abnormalities compared with normal control data.
Moreover, the absence of argyrophilic neurons was identified as a normal feature of
the developing myenteric plexus and was common in neonates and infants, and in

some cases up to the age of 18 months.

(6) In neuropathic CIIP, an immunohistochemical approach using antibodies to NF,

N-CAM and muscarinic receptors to identify subtle neural abnormalities in the

myenteric plexus was largely unhelpful.
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9.2 The Future

9.2.1 Contractile Proteins

This study has shown that one particularly significant area needing further
investigation is the content of contractile protein (particularly actin) isoforms in
intestinal smooth muscle. Defects of this nature may be the basis of some forms of
intestinal myopathy in which conventional histopathology and ultrastructural
examination fail to demonstrate morphological abnormalities. There is a need to
obtain further isoform-specific antibodies to assess the isoform profile of a variety of
contractile proteins involved in intestinal smooth muscle contraction. The amino acid
sequences of many isoforms are known, specific peptides can be synthesised and
monoclonal antibodies to these could be raised. Such antibodies could be used to
study the ontogeny of isoforms of contractile proteins and irregularities in the isoform
profile might identify further patients in whom abnormalities of this type underlie
their intestinal smooth muscle dysfunction. This could also open the way to more

fundamental studies at the genetic and molecular levels.

9.2.2 Neurotransmitters and their Receptors

The study of neurotransmitters controlling smooth muscle contraction or relaxation
is another interesting area touched on only briefly in this thesis. In particular the
inhibitory non-cholinergic non-adrenergic (NANC) nerves are central to intestinal
motility. These are proposed to include peptidergic and purinergic nerves, and it has
been suggested that the recently identified neurotransmitter, nitric oxide (NO) is one
of the final mediators of the (NANC) inhibition of the intestinal circular muscle
contraction (Milla 1992; Stark et al. 1993). Nitric oxide synthase (NOS) catalyses the

production of NO from L-arginine and the distribution of the multifunctional NOS can
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be studied immunohistochemically and by enzyme histochemical methods for
NADPH-dehydrogenase (Hope et al. 1991; Dawson et al. 1991). Both methods show
identical localisation in the brain, myenteric plexus and smooth muscle, and carefully
applied, the simple enzyme histochemical method can be used to map NOS. An
abnormality in the content of NADPH-dehydrogenase-positive nerves in the circular
muscle has been shown in the pylorus of infants with hypertrophic pyloric stenosis
(Vanderwinden 1992). Identification of the presence or absence of NANC nerves

could thus be helpful in CIIP.

Investigation into receptors of neurotransmitters such as the muscarinic receptor by
application of antibodies specific to a particular receptor type (M1, M2, M3) might
also improve our understanding of the pathophysiology of some forms of CIIP.
Muscarinic receptors were studied by immunostaining with a pan-muscarinic receptor
antibody, but abnormalities were not identified in the patients studied. This may have
been due to the lack of antibody specificity for individual muscarinic receptor types.
It might also be that receptor density is altered in CIIP so that techniques allowing

quantification using radioligands may be required.

Intestinal motor activity develops in broadly similar ways in most species, with
difference only in the timing of specific events in pre- or postnatal development.
These patterns in the experimental animal and in the human small intestine in fetal,
perinatal and adult life have beeﬁ documented (Ruckebusch 1986; Weisbrodt 1987;
Bisset 1988a,1988b). It has been shown that SHT activates the peristaltic reflex
(Ruckebusch and Bardon 1984; Ruckebusch 1986) and that the application of SHT

antagonists reverts the mature intestinal motor pattern to the fetal form (Ruckebusch
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1986). The ontogeny of SHT or its receptors would be interesting and could underlie

some abnormalities in intestinal motor patterns.

9.2.3 Interstitial Cells of Cajal (ICC)

Another area for future research into nerve-to-smooth muscle connections is the role
of the interstitial cells of Cajal (ICC). These cells are thought to control intestinal
motor function by modulating neurotransmission of NANC inhibitory activity
(Thuneberg 1982,1989; Thuneberg et al. 1982; Daniel and Berezin 1992; Rumessen
and Thuneberg 1982, 1991; Rumessen et al. 1982,1992,1993). The major drawback
to studying ICCs is the lack of a reliable means for their identification. Currently
ICCs are recognised only by their selective staining characteristics and their specific
ultrastructural appearances, and are often difficult to identify especially in surgically
resected intestine. When a specific marker is found, a systematic examination and
morphometric analysis of ICCs in intestine from patients with CIIP may reveal

abnormalities not recognised to date.

9.2.4 Developmental Control Genes

CIIP in the majority of children is a congenital and probably developmental disorder,
so that study of the mechanisms controlling nerve cell migration and differentiation,
as well as smooth muscle development, will increase our understanding of diseases

of intestinal motility.

The body plan of many organisms is controlled by highly conserved developmental

control genes (Redline 1992) including the homeobox (hox) genes, first identified in
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Drosophila and recently confirmed in vertebrates. It is suggested that the vertebrate
hox genes, like those of Drosophila, specify the positional identity of structures along
the rostral-caudal axis. It is conceivable that homeobox genes, which are first
expressed during gastrulation, have a specified role in the ordered, critically timed
sequences operating during the development of the tissues in the intestinal tract. The
order in which the smooth muscle layers are laid down is probably predetermined and

the migration of neuroblasts from the neural crest preprogrammed.

In the mouse and man there are 38 homeobox genes (Scott 1992), which appear in
overlapping homologous clusters (in mouse hoxa, hoxb, hoxc, hoxd; in man HOXA,
HOXB, HOXC and HOXD) on the DNA of four different chromosomes. In man
these clusters are located on chromosomes 7, 17, 12 and 2 respectively. Wolgemuth
and colleagues (1989) produced transgenic mice overexpressing the mouse Hox-1.4
(now known as hoxa-4) gene, and noticed that these mice developed congenital
megacolon. I had an opportunity to examine sections of distal large intestine from
these mice and found them to be hypoganglionic. A more detailed study of the
expression of different hox genes using in situ hybridisation, in the normal developing
gastrointestinal tract and in transgenic animals could be an exciting field. This might
be extended to examine the expression of these genes in the intestine from patients
with CIIP where over- or underexpression of the gene may be responsible for

developmental abnormalities that might not be detectable by other means.

9.2.5 Establishment of Tissue and Clinical Data Banks of Patients with CIIP
CIIP is fortunately uncommon but for the affected individual it is a devastating and

debilitating affliction. The subtlety or lack of the histopathological abnormalities does
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not lessen the severity of the symptoms. It is important that detailed clinical
information is obtained from all patients investigated. These patients should be studied
by electrophysiological techniques and when surgical intervention becomes necessary,
full-thickness intestinal tissue should be taken for histological studies. The intestine
must be preserved in many different ways to facilitate any investigation that may
become necessary, including routinely processed tissue for paraffin sections and
electron microscopy, and snap-frozen intestine for histochemical investigation. Ideally
in vitro physiological studies should be included but these are available only in
specialist centres and tissue cannot be preserved for the later performance of these
investigations. Since CIIP is uncommon, systematic compilation of tissue and clinical
data banks will be required if further advances in the recognition of specific entities

in the spectrum of intestinal neuromuscular disease is to be achieved.
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Appendix. Methods

Acid Phosphatase

Incubation medium: 31.5 mg of sodium beta glycerophosphate (Sigma)
5 ml 0.1 M acetate buffer pH 5.0

5 ml 0.008 M lead acetate (BDH)

1. Fix cryostat sections (5-7um thick) in formol calcium 1-3 minutes.

2. Wash in tap water, rinse in distilled water.

3. Incubate at 37°C for 30 minutes.

4. Wash in tap water and treat in dilute ammonium sulphide (BDH; 2ml in 250 ml
of tap water) for 30 seconds.

5. Wash in tap water, counterstain nuclei in Carazzi’s haematoxylin for 1 minute,

wash well and mount in glycerine jelly.

Acetyl Cholinesterase (AChE)

Incubation medium: A:
5 mg acetylthiocholine iodide (Koch Light)
6.5 ml 0.1 M acetate buffer pH 6.0
0.5 ml 0.1 M sodium citrate (BDH)
1.0 ml 30 mM Copper sulphate (BDH)
1.0 ml distilled water
0.2 ml 4 mM Iso-ompa (iso-octamethyl pyrophosphoramide (Koch
Light)
B: 1.0 ml 5 mM potassium ferricyanide (BDH)

Solutions A and B can be made in bulk and stored in aliquots at -20°C Mix 9 ml of
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A with 1 ml of B just before incubation.

1. Fix 10 pm thick cryostat sections in formol calcium 30 seconds.

2. Wash in distilled water and incubate in freshly mixed A+B for 60 minutes at 37°C
3. Wash in distilled water and incubate at room temperature in 0.05% para-phenylene
diamine dihydrochloride (BDH) in 0.1 M phosbhate buffer pH 6.8 for 45 minutes.
4. Wash in distilled water and treat with 2% osmium tetroxide (Johnson Matthey) at
room temperature for 10 minutes.

5. Wash, counterstain nuclei lightly in Carazzi’s haematoxylin (45 seconds) and wash

well before dehydrating in absolute alcohol, clearing in xylene and mounting in DPX.

Celloidinised Periodic Acid Schiff (PAS)

Schiff reagent: dissolve 1 g pararosaneline hydrochloride (Sigma) in 100 ml of boiled
distilled water, stir well, cool to 60°C and add 2 g potassium metabisulphite (BDH)
and 20 ml 1M hydrochloric acid (BDH). Stopper flask well and leave in the dark for
overnight.

Add 1 teaspoonful of activated charcoal, shake well, filter and store in +4°C under

a layer of xylene to maintain the sulphur dioxide concentration.

1. Protect cryostat sections (5-7um thick) with 0.25% celloidin in absolute alcohol,
dry in positive air.

2. Treat with 0.5% periodic acid for 8 minutes.

3. Wash well in tap water and rinse in distilled water.

4. Treat with Schiff reagént 15 minutes.

5. Rinse in distilled water and wash well (at least 5 minutes) in tap water.
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6. Counterstain nuclei in Carazzi’s haematoxylin 4 minutes, wash well, dehydrate in

absolute alcohol, clear in xylene and mount in DPX.

Haematoxylin and Eosin (H&E)

1. Rinse cryostat sections (5-7um thick) in absolute alcohol.
2. Wash in tap water and fix in formol calcium for 1 minute.
3. Stain in Harris’ haematoxylin for 1 minute.

4. Blue in running tap water.

5. Stain in 1% aquous eosin for 1-2 minutes.

6. Dehydrate in absolute alcohol, clear in xylene and mount in DPX.

Harris’ Haematoxylin

A 2.5 g haematoxylin in 50 ml absolute alcohol

B 50 g potassium alum in 500 ml distilled water

Mix A and B and heat to boiling
Add 1.5 g yellow mercuric oxide
Cool rapidly

Add 20 ml glacial acetic acid

final pH 2.3

Carazzi’s Haematoxylin

Haematoxylin lg
Sodium iodate 0.2 g

Potassium alum 50 g
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Glycerol 200 ml

Distilled water 800 ml

Dissolve haematoxylin and alum separately in water.

Mix and leave overnight.

Add iodate and glycerol and leave overnight then ready to use.

Gomori Trichrome

Staining solution:
0.6 g chromotrope 2R
0.3 g fast green fcs
0.6 g phosphotungstic acid
1 ml glacial acetic acid
make up to 100 ml with distilled water

adjust pH to 3.4 with IM NaOH

1. Stain nuclei with Harris’ haematoxylin for 5 minutes.
2. Wash in distilled water.

3. Stain with trichrome solution 10 minutes.

4. Rinse in two changes of 0.2% acetic acid.

5. Dehydrate in absolute alcohol, clear in xylene and mount in DPX.

Picro-Sirius
1. Fix 10 pum thick cryostat sections in formol calcium 10-30 minutes.

2. Wash in tap water and rinse in distilled water.
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3. Stain sections in 0.1% sirius red in saturated aqueous picric acid 10-30 minutes.

4. Dehydrate in absolute alcohol, clear in xylene and mount in DPX.

Silver Staining

Fixative:

10% formol saline:
8.5 g sodium chloride (BDH)
100 ml 40% formaldehyde

900 ml distilled water

Cajal’s formol ammonium bromide:
40% Formaldehyde (BDH) 15 ml
ammonium bromide (BDH) 2 g

distilled water 85 ml

Alcoholic pyridine:
Absolute alcohol 50 ml
Distilled water 40 ml

Pyridine (BDH) 10 ml

Ammonical silver solution:

20% silver nitrate into which is added .880 ammonia solution until the

precipitate first formed is just dissolved.
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10% formalin:
40% formaldehyde 100 ml
tap water 900 ml

marble chips 10-20

Carbol Xylene:

Molten anhydrous phenol 25 ml

xylene 75 ml
or

phenol white crystalline 100 g

xylene 300 ml

1. Treat 50um thick sections cut on a freezing microtome tangentially at the plain of
the myenteric plexus with Cajal’s formol ammonium bromide for 24 hours.

2. Rinse in two changes of distilled water and transfer to the alcoholic pyridine for
1 hour at 37°C.

3. Rinse in two changes of distilled water and transfer sections to 20% silver nitrate
at 37°C for 1 hour. Use a flat glass petri dish and ensure that sections are flat and
not overlapping with each other.

6. Take sections through three changes of 10% formalin in tap water.

7. Transfer sections to 2% formalin in tap water, then two changes of distilled water.
8. Treat sections with ammonical silver solution with constant agitation for 1 minute.
9. Transfer sections through three changes of 1% formalin in tap water (agitate
rapidly in each) to distilled water.

10. Treat with 5% sodium thiosulphate for 5 minutes.
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11. Wash thoroughly.
12. Pick sections singly on glass slides teasing out creases. Dry and blot sections well
before dehydrating in absolute alcohol and clearing in carbol xylene first and then in

xylene.

Electron Microscopy

Araldite mixture:
10 ml araldite 212 (BioRad)
10 ml DDSA (dodecenyl succinic anhydride; Agar)
0.2 ml BDMA (N,N-dimethylbenzylamine; Sigma)
0.25 ml dibutylthalate (Koch Light)

Mix well

Lead citrate:

Dissolve 1.33 g of lead nitrate in 30 ml of boiled, cooled distilled water. Add 1.76
g sodium citrate-2H,0. Shake vigorously for 1 minute then intermittently for 30
minutes. Add 0.8 ml 10 M NaOH, shake and dilute to 50 ml with boiled, cooled

distilled water. Ensure the pH is pH12. Keep in +4°C and centrifuge before use.

1. Fix full-thickness samples of opened intestine at room temperature in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 and containing 2.5mM calcium
chloride for 2 hours. Take smaller full-thickness blocks (measuring approximately
3x3mm) of the outer fixed surface of the gross samples and continue fixation for at
least 12 hours.

2. Transfer blocks into 0.1 M cacodylate buffer pH 7.4 and containing 2.5 mM
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calcium chloride for 15 minutes at room temperature.

3. Post-osmicate at +4°C for 60 minutes in 1% osmium tetroxide in 0.1 M
cacodylate buffer containing SmM calcium chloride.

4. Wash briely (10 minutes) in 0.1 M cacodylate buffer at pH 7.4 containing 2.5mM
calcium chloride.

5. Follow by two changes of 70% alcohol overall excess of 15 minutes.

6. Dehydrate in two changes of acidified dimethoxypropane (1 drop of concentrated
hydrochloric acid in 50 ml of dimethoxypropane) for total of 5 minutes.

7. Discard the last change of dimethoxypropane and replace with the araldite mixture.
8. Place unstoppered vials in 60°C for 15-30 minutes. Recap and impregnate rotating
at room temperature for 18 hours.

9. Block out in fresh araldite and polymerise at 60°C 24-48 hours.

10. Cool blocks and cut sections to reveal the muscularis propria and the myenteric
plexus.

11. Pick ultrathin sections up on copper grids, contrast in 10% uranyl acetate in
absolute alcohol for 10 minutes, rinse in absolute alcohol and further treat for 10
minutes with lead citrate. Grids are then rinsed in 0.02 M sodium hydroxide and

distilled water before viewing with a transmission electron microscope.

ABC method for Immunohistochemistry
Phosphate buffered saline (PBS): made from PBS tablets 10 per litre.

10 um cryostat sections of snap frozen intestine fixed in acetone at -20°C for 10

minutes and air dried.
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1. Apply the primary antibody at an appropriate titre (previously determined) in
phosphate buffered saline (PBS) for 1-24 hours at room temperature in a moist
chamber.

2. Wash in PBS for 2 minutes.

3. Apply the secondary antibody, biotinylated rabbit anti mouse IgG +IgM subclass
antibody (monoclonal primary antibody) at 1:150 or biotinylated swine antirabbit IgG
+ IgM subclass (polyclonal primary antibody) 1:200. For muscarinic receptor use a
biotinylated rabbit anti mouse IgM subclass antibody at titre of 1:150. The secondary
antibody is applied to the sections for 30-60 minutes at room temperature.

4. Wash in PBS for 2 minutes.

5. Treat with avidin biotin peroxidase complex (prepared at least 30-60 minutes in
advance by mixing 10ul of avidin with 10 ul of biotin in 1 ml of PBS) for 30-60
minutes.

6. Wash in PBS 2 minutes.

7. Demonstrate the peroxidase with 1 ml of 5% diamino benzidine in dimethyl
formamide in 100 ml of PBS adding 100 ul of 30% hydrogen peroxide immediately
prior to incubation at room temperature for 10 minutes.

8. Wash, counterstain nuclei with Carazzi’s haematoxylin, wash, dehydrate in

alcohol, clear in xylene and mount in DPX.

Blocking for Endogenous Peroxidase

A. 0.3% hydrogen peroxide in absolute methanol
Treat sections prior to primary, secondary or tertiary antibody in the ABC method

with A at room temperature 10-30 minutes and follow with the ABC method.
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B. Periodic Acid-Borohydride

1. treat sections prior to primary, secondary or tertiary antibody in the ABC method
first with 2.5% periodic acid for 5 minutes.

2. rinse in distilled water.

3. treat with 0.2% sodium -or potassium borohydride 2 minutes and wash in water

and follow with the ABC protocol.

C. Glucose-glucoseoxidase
1. treat sections prior té primary, secondary or tertiary antibody in the ABC method
with :
10mM glucose
ImM sodium azide
100 units of glucose oxidase (Sigma G6891) in PBS at 37°C for 1 hour then

follow with the ABC method.

Immunohistochemistry for Autoantibodies:

1. Apply patient’s serum (doubly diluted from neat to 1:640 with PBS) on 10um thick
cryostat sections of full-thickness piglet intestine for 60 minutes at room temperature
in a moist chamber.

2. Wash in PBS.

3. Apply polyclonal antihuman IgG (Boehringer) at a titre of 1:600 in PBS for 30
minutes at room temperature.

4. Wash in PBS.

5. Follow the polyclonal immunostaining protocol from step 3 onwards as described

above for the ABC method.
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Formol calcium:
100 ml 40% formaldehyde
15.8 g dried calcium acetate

make up to 1 1 with distilled water

268



18

Isolated intestinal neuronal dysplasia:
adescriptive histological pattern or a
distinct clinicopathological entity?

V. V. SMITH

INTRODUCTION

Intestinal neuronal dysplasia (IND), an abnormality of intestinal innerva-
tion associated with pseudo-obstructive dysmotility, was described in 1971
by Meier-Ruge\ He identified morphological abnormalities best recognized
histochemically, which included hyperplasia of both the intermuscular and
submucosal plexuses and an increase in acetylcholinesterase (AChE)-
positive fibres in the lamina propria. The condition may occur as an isolated
abnormality or in association with aganglionosis (Hirschsprung’s disease;
HD). Since it was first recognized there has been some confusion about the
criteria. on which the diagnosis is based, and this has resulted in widely
differing reported frequencies for this disorder. For example, at the Hospital
for Sick Children, Great Ormond Street, we have identified only seven cases
(0.3%) amongst 2420 patients biopsied between 1975 and 1991, whilst
Scharli* reported 54 cases (62%) in a series of 115 patients; other authors""”
have quoted incidences of 18-30%, which is similar to that of HD.

In most centres the histological and histochemical investigation of gut
motility disorders is based on tissue biopsies of rectal mucosa and sub-
mucosa. In an attempt to clarify the diagnostic criteria for IND in such
specimens a working party laid down guidelines in 1991". These included
two obligatory criteria, namely hyperplasia of the submucosal plexus and
increased AChE-positive nerve fibres around submucosal blood vessels.
Two other features, although not essential for the diagnosis, were: hetero-
topic ganglion cells in the lamina propria (neuronal heterotopia) and
increased AChE-positive nerve fibres in the lamina propria.

To date, in making the diagnosis of IND we have placed special emphasis
on the increase in AChE-positive nerve fibres in the lamina propria (Figs 1
and 2). These fibres run vertically from the bottom to the top of the lamina
propria, and are finer than the coarse fibres, which often run in both the
horizontal and vertical planes, seen in biopsies of older babies with HD
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Figure 1 Section of rectal mucosa from a patient with IND showing marked increase in fine
vertical AChE-positive nerve fibres in the lamina propria. Note no increase in these fibres is
seen in the muscularis mucosae (x 120)

(Fig. 3). No increase in AChE-positive fibres is seen in the muscularis
mucosae in IND (Fig. 1)in contrast to HD where a gross and diffuse increase
in thick, knotted fibres in the muscularis mucosae is virtually diagnostic of
the disease (Fig. 3).

Whilst an occasional neuron in the lamina propria is not, in itself,
diagnostic of IND, in the majority of our cases several such heterotopic
neurons were noted in the lamina propria in addition to the increased
AChE-positive fibres.

Hyperplasia of the submucosal plexus is an important diagnostic
feature, and incorporates firstly an increased frequency of ganglion cell
clusters and sometimes the presence of large ganglia defined by Scharli®
as containing in excess of seven ganglion cells (Fig. 4). The frequent
ganglion cell clusters have been described as having a ‘button-like’
appearance”™" and are associated with thickened sprouting AChE-positive
nerve processes (Fig. 5).
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Figwe2 AChE pattern in normal rectal mucosa showing the almost complete lack of positive
libres in the lamina propria or muscularis mucosae (x 120)

KBgre3 Rectal mucosa from a patient with HD showing marked increase in thick coarse
JChE-positive fibres, which run in both vertical and horizontal planes in the lamina propria.
We thick knotted fibres are also prominent within the muscularis mucosae (x 120)
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Figure 4 A ‘giant’ submucosal ganglion associated with a thickened nerve (arrowhead) from
a patient with IND. (Haematoxylin and eosin, x 480)

An increase in AChE-positive nerve fibres around the submucosal blood
vessels, whilst noted in some of our patients, was not included as a signifi-
cant discriminator for the diagnosis of IND in our material.

Since 1975 we have identified only seven patients with IND, all of
whom had concomitant HD with IND affecting bowel proximal to the
aganglionic segment. IND was diagnosed after symptoms of disturbed
intestinal motility continued following a corrective pull-through operation
for aganglionosis. Lamina proprial increase in AChE-positive nerve fibres
is said not to be present in older children with IND”. However, biopsies
from each of our patients exhibited an unquestionable increase in these
fibres in biopsies taken between 2 and 10 years of age. Although we have
noted some increase in AChE-positive nerve fibres in a small number of
suction rectal biopsies from other patients, the degree of this abnormality
was insufficiently convincing to allow a diagnosis of IND in the absence of
other diagnostic features. However, the absence of patients with isolated
IND in our series, and the overall much lower frequency of this diagnosis in
our patients compared with other reports, indicates a marked difference in
interpretation of the biopsy appearances.

Schofield and Yunis” investigated 456 children in whom they identified 38
(8.3%) with IND by the criteria of increased acetylcholinesterase-positive
nerve fibres in the lamina propria and more than five ganglia per high-
power field in the submucosa. AIl but one of these children improved
clinically during follow-up, and Schofield and Yunis concluded that the
changes they identified as indicating IND represented a histological pattern
of little clinical relevance.

Whilst few would doubt the existence of IND as a cause of intestinal
pseudo-obstruction in children, it is clear that the diagnostic criteria, par-
ticularly when applied to rectal suction biopsy specimens, vary in different
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Figure 5 ‘Button-like’ ganglion in the rectal submucosa from a patient with IND. Note
increased AChE-positive nerves in the lamina propria but not in the muscularis mucosae (x 120)

centres and their significance in terms of clinical outcome is not well
founded. The results of Schofield and Yunis* conflict with much of the
other data reported in the literature®"”, and for this reason we have
embarked on a similar study of our own material.

Our investigation is in two parts. The first, reported here, has involved
the reassessment of a series of suction rectal biopsies taken from patients
admitted to the Hospital for Sick Children, Great Ormond Street, during
the investigation of apparent pseudo-obstruction, applying, with minor
modifications, the diagnostic criteria used by Borchard et alJ,

A careful blind clinical follow-up of these patients, without knowledge of
the biopsy findings, will then be performed to assess any clinical signifi-
cance of the biopsy findings.

METHODS

Ofa consecutive series of 548 infants and young children submitted to suction
rectal biopsy during the investigation of suspected intestinal dysmotility
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during 1989-91 at the Hospital for Sick Children, 137 (25970) were diag-
nosed as HD. Of the remaining biopsies from 411 patients, 326 (59%) were
excluded from the present study because the amount of submucosa included
in the biopsy, whilst adequate for confirming or excluding HD, was insuffi-
cient for assessing changes indicative of IND. Thus biopsies from 85 chil-
dren aged 2 days to 10 years (median 11 weeks) remained. Of these children
16 (20%) were aged 1week or less. All of these specimens had been regarded
as ‘normal’ when originally reported, but were reassessed for the present
study noting the following criteria:

1. Any apparent increase in AChE activity in the lamina propria, including
minor and focal increases (Fig. 6).

2. Neuronal heterotopia.

3. Hyperplasia of the submucosal plexus in terms of the frequency and size
of the ganglia and the association of ganglia with thickened nerves
(budding). Ganglia were classified as ‘infrequent’ when examination of

Figure 6 Suction rectal biopsy showing mild focal increase in AChE-positive nerve fibres in
the lamina propria. This change hitherto was not regarded as abnormal (x 120)
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Figure 7 AChOE activity in a suction rectal biopsy from a neonate showing frequent sub-
mucosal ganglia in ‘button-like’ association with nerves. Note also a mild increase in lamina
proprial AChE-positive fibres (x 160)

several sections was necessary to identify a single submucosal neuron or
cluster. If ganglia were readily found without an excessive search in most
sections their frequency was termed 'average'. Ganglia were classified as
‘frequent’ when all the sections examined showed several neurons or
clusters (Figs 7 and 8) in every field examined with a x 10 objective. The
sizes of the ganglia were assessed by counting neurons in a number of
ganglia, and the term ‘giant’ ganglion was applied if more than seven
neurons were identified in a cluster.

4. Increased number of AChE-positive nerve fibres around submucosal
blood vessels (Fig. 9).

RESULTS

In none of the biopsies were changes seen sufficient to diagnose IND by
our original criteria and, in particular, the marked diffuse increase in
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Figure 8 Haematoxylin and eosin stained section of rectal mucosa from a neonate showing
frequent submucosal ganglia (arrowheads) (x 200)

AChE-positive fibres in the lamina propria, which we previously regarded
as a key factor, was lacking. In this study an increase was recorded when it
was of much lesser degree and often focal in distribution. By the reduced
diagnostic thresholds described above, 60 patients (71970) were identified in
whose biopsies some features of IND were detected.

In biopsies from 15 patients an increase in AChE-positive nerve fibres in
the lamina propria was noted.

Neuronal heterotopia was not a feature in the biopsies examined, occur-
ring in only one specimen in which it was not accompanied by any lamina
proprial increase in AChE-positive nerve fibres.

Ganglia in the submucosa were frequent in biopsies from 38 patients
(45%), average in 31 (36%) and infrequent in 16 (19%); giant ganglia were
present in only four patients (5%). As shown in Fig. 10 a relationship
existed between the frequency of submucosal ganglia and the patient’s age
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Figure 9 AChE activity around submucosal blood vessels considered to be increased (x 120)

atbiopsy. Frequent ganglia occurred in 22 (73<"0) of the 30 patients biopsied
under the age of 4 weeks, but in only 16 (29%0) of the 55 patients biopsied
after the age of 4 weeks. On the other hand, all 16 patients with infrequent
ganglia were biopsied after 4 weeks of age. Comparing younger (aged less
than 4 weeks) with older children (aged more than 4 weeks) significant
differences between those with ‘frequent', ‘average’ and ‘infrequent’
ganglia were established (chi-square = 18.28; p < 0.01).

In most biopsies only occasional isolated AChE-positive nerve fibres
around submucosal blood vessels were seen, but biopsies from 20 patients
showed several prominent positive fibres.

Nunrber of

biopsies
A
Lass than 4 wk

Morm than 4 wk
1 :II?.

Frequent Average Infrequent Submucosal
ganglia

Figure 10 Relationship between frequency of submucosal ganglia (frequent, average or
infrequent) and age (more or less than 4 weeks) at biopsy
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Total 60  (71%)

Figure 11 Various histological features seen in IND, one or more of which were encountered
in 60 (71%) of the 85 patients studied. In only nine (11 %) were both obligatory criteria for IND
of Borchard et alJ met (see box)

All four criteria together were not seen in any one patient (Fig. 11), but
frequent ganglia and increased nerve fibres around the submucosal blood
vessels coexisted in nine patients, six of whom also had some increases in
lamina proprial nerve fibres. It is of interest that of these nine patients with
biopsies showing both obligatory criteria for the diagnosis of IND required
by Borchard et alJ, eight were aged more than 4 weeks, and five were aged
more than 2 years at biopsy. An increase in AChE-positive nerve fibres
around submucosal blood vessels was also seen in biopsies with average fre-
quency of ganglia (nine patients), three of whom also showed lamina
proprial increase in positive nerve fibres. Prominent nerve fibres were also
seen around submucosal blood vessels in two patients with infrequent
ganglia. Giant ganglia coexisted with increased fibres around submucosal
blood vessels in two patients.

DISCUSSION

This study confirms that at least some of the histochemical criteria other
authors have used to diagnose IND can be identified in suction rectal biopsy
specimens we have previously reported as ‘normal’ from children with sus-
pected pseudo-obstruction. One or more of these changes were seen in 60
(71%) of our 85 patients. However, the two obligatory criteria of Borchard
et alJ were satisfied in only nine (11%). In addition, neurons in the lamina
propria (neuronal heterotopia) - a feature which, together with an obvious
increase in vertical AChE-positive fibres in the lamina propria, we have
hitherto regarded as important for the diagnosis of IND - were absent from
all the biopsies studied.
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In our previous experience we have diagnosed IND in only seven patients,
3l of whom had concomitant HD. Whilst these patients had undoubted
persistent intestinal motor dysfunction even after surgical resection of the
aganglionic segment, the histochemical abnormalities identified as IND
were considerably more marked than those accepted by Borchard et al”,
and in particular they had a marked diffuse increase in AChE-positive
fibres in the lamina propria. The association between IND and agang-
lionosis is well recognized”'and IND is also identified as an isolated
entity independent of HD*‘~ Whilst in many centres the reported incidence
of IND is much higher than at Great Ormond Street, rising to as high as
80% in association with aganglionosis' it is agreed that most patients
improve with conservative management™*“V®&"**““* and that this improve-
ment may be accompanied by reversion of the histochemical changes to
normality* /> */

The question therefore arises whether the changes identified as IND really
depict a clinicopathological entity or whether they merely form part of the
spectrum of normality. This problem is complicated by the complete lack,
for obvious ethical reasons, of good, age-matched control biopsy material
from children with normal intestinal function. It is of great interest,
however, with regard to one important criterion for IND, namely hyper-
plasia of the submucosal plexus, that in this series ‘frequent’ ganglia were
seen significantly more often in younger children aged less than 4 weeks at
biopsy, and so could merely represent an age-related phenomenon.

It is true, nevertheless, that our previous dismissal of minor differences in
the histochemical pattern observed in rectal suction biopsies may relate to
the tertiary referral practice at our hospital. Detailed follow-up of our
patients/ except those with established HD, tends to be performed at the
referring hospitals, which might blunt our awareness of residual problems
of intestinal motility in those patients in whom aganglionosis was excluded.
It is for this reason that we will now conduct a careful follow-up of all the
patients described here, to establish any clinical significance of our findings.
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INTESTINAL NEURONAL DENSITY IN CHILDHOOD: A Baseline
for the Objective Assessment of Hypo- and Hyperganglionosis

Virpi V. Smith, FIMLS © Department of Histopathology, Hospitals for Sick Children,
Great Ormond Street, London W CIN 3JH, UK

o In the absence of reliable baseline data for normal neuron density in the intestine, the diagnosis of
hypo- and hyperganglionosis is purely subjective. This study has established the normal neuron density by
neuron counts in paraffin sections taken both transversely (transverse sections, TS) and longitudinally
(longitudinally sections, LS) in relation to the long axis of normal postmortem jejunum, ileum, and colon
from 21 children (aged 4 weeks to 10years). Intestinefrom two adults (aged 16 and 42 years) and colon
alone from a further six adults (aged 16 to 83 years) were also studied. The mean density values in
childhood wereforjejunum 3.6/mm (TS), 3.7/mm (LS); for ileum 4.3/mm (TS, LS); andfor colon
7/mm (LS), 7.7/mm (TS). The proximal margins of surgically resected colons from six patients with
Hirschsprung % disease and one patient with suspected isolated hypoganglionosis were also analyzed and
the neuron densities compared with the established postmortem data. Neuron density values outside two
standard deviationsfrom the postmortem mean were shown to correlate with continuing pseudo-obstructive

symptoms in these patients.

KEY WORDS: hypoganglionosis, hyperganglionosis, myenteric plexus, neuron density.

INTRODUCTION

Functional intestinal obstruction (pseudo-obstruction) in the absence of
anatomical luminal occlusion is a result of defective gut motility, the causes
of which can be broadly categorized as neurogenic or myopathic in origin
(1). Of the neurogenic types, aganglionosis (Hirschsprung’s disease) is the

I thank Professors R. Anthony Risdon and Brian D. Lake for their help and constructive comments in
preparation of this article.

This work was funded in part by the Joint Research Board of the Hospitals for Sick Children and the
Institute of Child Health.

This work was presented in part at the Annual Histochemistry Meeting of the Royal Microscopical
Society January 1989. (Proc Royal Mic Soc 1989;24:A51).

Pediatric Pathology, 13:225-237, 1993 225
Copyright © 1993 Taylor & Francis
0277-0938/93 $10.00 + .00



226 V. V. SMITH

most commonly recognized. However, intestinal pseudo-obstruction may
also occur in association with a paucity of ganglion cells in the myenteric
plexus (so-called hypoganglionosis) and with intestinal neuronal dysplasia, a
condition in which one of the morphological characteristics is an excess of
intestinal neurons (hyperganglionosis) (2).

From a practical standpoint, aganglionosis is easily recognized, but the
diagnosis of hyper- and hypoganglionosis is hampered by the lack of ade-
quate studies of normal intestinal neuron densities and the wide range of
results recorded where such measurements have been made (3-9). Further-
more, both hyper- and hypoganglionosis may affect segments of intestine
(generally the colon) proximal to the distal aganglionic segment in Hirsch-
sprung’s disease (10-12). A short hypoganglionic segment is almost univer-
sal in this disease and is referred to as the ‘‘transitional zone,”’ but occasion-
ally the hypoganglionic segment may be more extensive. Whether this is
regarded as hypoganglionosis in association with Hirschsprung’s disease or
as an abnormally long transitional zone is a matter of semantics. The practi-
cal point is that either an extensive hypoganglionic or hyperganglionic seg-
ment proximal to the aganglionic segment in Hirschsprung’s disease may
produce symptoms of disturbed intestinal motility that persist after a correc-
tive pull-through operation with removal of the aganglionic segment (10-
12).

This paper addresses the problem of recognizing cases of hyper- and
hypoganglionosis concomitent with Hirschsprung’s disease, defining normal
neuron densities against which significant variations in neuron counts in the
proximal resection margins of pull-through specimens can be identified. The
surgical material usually available consists of formalin-fixed, paraffin-
embedded blocks of colon, and for this reason hematoxylin and eosin-
stained sections of such specimens were used in the present study.

Sections of colon obtained at postmortem examination from patients
who died of non-gut-related diseases were examined, and in some instances
the small intestine was also studied. Neuron counts were confined to the
myenteric plexus because of difficulties in standardizing counts in the sub-
mucosal plexus and the fact that the latter were considerably more time-
consuming, making them of limited practical value. Furthermore, hypo-
ganglionosis appears to be confined to the myenteric plexus (12, 13).

Neuron counts were made in sections of blocks taken both transversely
(TS) and longitudinally (LS) in relation to the long axis of the intestine. In
addition, counts were made not only in children (the usual age group in
which the diagnoses of hyper- and hypoganglionosis are made) but also in
adults to investigate any effects of bowel lengthening with age on the neuron
densities in the longitudinal sections and any other possible age-related in-
fluences.
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MATERIALS AND METHODS

Materials

Controls. Sleeves of colon approximately 10 cm long, the distal margins
of which were 2 cm proximal to the rectosigmoid junction, were removed at
postmortem examination from patients who died of non-gut-related diseases
(congenital heart disease, sudden infant death syndrome, pneumonia, meta-
bolic liver disease, status asthmaticus, myocardial infarction, and road traffic
accidents). These patients comprised 21 children ranging in age between 4
weeks and 10 years (group 1) and 8 adults aged between 16 and 83 years
(group 2). Delay between death and necropsy ranged between 6 and 48 hours
(median 24 hours).
~ Sleeves of small intestine of similar length, one taken from the jejunum
with an upper limit 2 cm distal to the duodenojejunal flexure and one from the
ileum with a lower limit 2 cm proximal to the ileocecal valve, were also taken
from all the children in group 1 and two of the adults in group 2. For each
specimen the bowel was opened, washed with saline, and fixed in 10%
phosphate-buffered formalin. The circumference was measured and both lon-
gitudinal and transverse blocks measuring 0.5-2.8 cm were taken from the
proximal jejunum, distal ileum, and distal descending colon and were pro-
cessed routinely and embedded in paraffin wax. Sections (3 um) were cut and
stained by hematoxylin and eosin (H&E), omitting the differentiation step of
acid alcohol after Harris’s hematoxylin.

Surgical Tissue. Neurons were counted in longitudinal blocks from the
proximal resection margins in four pull-through specimens from patients with
Hirschsprung’s disease. Neuron density was also analyzed in longitudinal sec-
tions of colon, from a patient in whom a subjective impression of isolated
hypoganglionosis (small, sparse ganglia in the myenteric plexus) was noted.
Two other patients had persistent pseudo-obstruction following pull-through
- operations for Hirschspring’s disease with removal of the aganglionic seg-
" ment. Second colonic resections showed evidence of intestinal neuronal dys-
plasia proximal to the aganglionosis diagnosed on adjacent blocks of frozen
tissue that showed increased acetylcholinesterase-positive nerve fibers and
heterotopic neurons in the lamina propria, with frequent, often large enteric
ganglia in both myenteric and submucosal plexuses. All the above patients
. were children between 8 months and 10 years of age.

Methods

In both longitudinal and transverse sections of each specimen, the total
number of neurons was counted in every tenth section from 60 serial sections
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cut, and the density was expressed as the mean number of neurons per milli-
meter. The section length was measured with a calibrated eyepiece graticule.
In a preliminary study using serial sections, counts of neurons identified by
the H&E stain were compared with those obtained by analyzing sections in
which neurons were demonstrated by immunohistochemical methods. A
monoclonal antibody to neurofilament protein 200 kd (Amersham Interna-
tional pic, Aylesbury, UK) and polyclonal antibodies to protein gene product
9.5 (Ultraclone Ltd., Cambridge, UK) and neuron-specific enolase (Dako
Ltd., High Wycombe, UK) were used. The standard avidin-biotin-peroxidase
complex (ABC) method with diaminobenzidine (DAB) was employed (14).
Biotinylated antimouse and antirabbit antibodies and the ABC complex were
obtained from Dako (UK).

Neurons were recognized in H&E-stained sections by their large nucleus
with its prominent nucleolus surrounded by the typical, ample, granular, am-
photeric neuronal cytoplasm and were counted even when only part of the cell
was included in the section (Fig. 1). The maximum diameter of neurons was
also measured using a calibrated eyepiece graticule.

%

»

FIGURE 1. A section ofjejunum showing the myenteric plexus containing one neuron with a nucleus and
nucleolus (thin arrow) and a second neuron in which only cytoplasm is seen (thick arrow). Both appear-
ances are included in the assessment of neuron density. The remaining cells comprise supporting cells easily
identified by the absence of granular, amphoteric cytoplasm and/or the presence of compact nuclei. Scale
mark 30 /xm.
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FIGURE 2. Neuron density in postmortem jejunum, ileum, and colon in childhood (4 weeks to 10 years)
expressed as the mean number of neurons per mm counted at six levels 30 um apart in a particular tissue
block. Each dot represents one patient. TS, transverse sections; LS, longitudinal sections.

RESULTS

Supporting cells in the ganglia caused no problems in identification be-
cause the sparse cytoplasm of these cells was never granular or amphoteric
and the compact nuclei were not confused with open vesicular neuronal nu-
clei. Moreover, the counts obtained in sections stained with H&E were com-
parable to those made on sections in which neurons were identified immuno-
histochemically. Neurons remained recognizable in the myenteric plexus in
paraffin sections stained with H&E, even when autolysis had caused severe
damage to the mucosa. Comparable counts were also obtained in cryostat’
sections of frozen tissue in the few samples examined, reflecting the negligible
effect of fixation and paraffin processing on the neuron density.

The neuron density in postmortem tissue (Fig. 2) shows that the density is
lowest in the jejunum and highest in the colon. Similar density values in both
longitudinal and transverse sections in an individual bowel were seen, and
Fig. 3 shows that there is a close correlation between LS and T'S values in the
same specimen (y = 0.25 + 1.04x; r = .8; p > .001). For group 1 the mean
neuron density in the colon was 7.7/mm (TS), 7/mm (LS) and in the small
intestine about 4/mm (ileum 4.3/mm in both TS and LS; jejunum 3.6/mm in
TS and 3.7/mm in LS). In this group no significant variation could be shown
in neuron density with age (Fig. 4). For group 2 the mean colonic neuron
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density was 5.1/mm, perhaps indicating a slight fall in old age, although the
numbers of patients were small and the result was not statistically significant
(see Fig. 5).

The neuron density in the surgically resected colons is shown in Fig. 6.
Neuron counts in the proximal blocks from two patients with Hirschsprung’s
disease (A and B) fell within two standard deviations from the control mean,
but two others were outside this range, one with elevated density (C) and the
other below this range (G), indicating evidence of hyper- and hypogangliono-
sis respectively in these two patients. Similarly, values were just at the level of
two standard deviations below the control mean in patient F with a subjective
impression of hypoganglionosis and well above two standard deviations in the
two patients (D and E) in whom a diagnosis of intestinal neuronal dysplasia
was established by histochemical criteria.

. In children most neurons were about 20-23 um in diameter with occa-
sional nerve cells measuring 30 um. Most of the neurons in the very young
children were small (8-15 um) and only occasional neurons were larger. In the

MEAN NEURON DENSITY IN TS (per mm)

P NI S TS GETE AT UNS URTUNN NN A B BT NI TR T |

N
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MEAN NEURON DENSITY IN LS
(per mm)

FIGURE 3. Neuron density (number of neurons per mm) compared in transverse sections and longitudi-
nal sections from the same specimens of normal postmortem colon. There is a close linear relationship and
significant correlation between the TS and LS counts. y = 0.25 + 1.04x; r = .8; p < .001.
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FIGURE 4. Neuron density, in LS of postmortem colon, plotted against age (4 weeks to 10 years).

adults, however, the largest nerve cell measured 40 um in diameter and these
larger cells constituted a considerable proportion of the neuron population.
In children the circumference of the postmortem colon ranged from 2 to 6
cm (mean 3.5 cm), of ileum 1 to 4 cm (mean 2 cm) and of jejunum 1.5 to 5
cm (mean 2.5 cm). In the fixed adult colon the circumference measured 3.5-7
cm (mean 5.5 cm). The circumferences of surgical specimens measured 3.5 tg

5.5 cm.

DISCUSSION

Previous assessments of neuron densities in the myenteric plexus, mainly
in adult intestine using various methods, have resulted in a wide range of
normal values (Table 1). No consistent study using a standardized procedure
has been employed in children.

The results presented here are 20 times higher than those of Schuffler and
colleagues (4, 5). In both their studies and this one a seemingly similar ap-
proach was employed—counting each neuron only once using sections at ap-
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FIGURE 5. Neuron density in LS of normal postmortem colon plotted against age (16-83 years).

propriately spaced levels in paraffin blocks. Schuffler et al. (4, 5) counted only
nucleated neurons, whereas in this study all neurons were counted regardless
of the presence or absence of nuclei, identifying some by their characteristic
cytoplasmic appearances alone. Different criteria for inclusion of neurons may
in part explain the discrepancies. However, it is unlikely that these consider-
ations would entirely explain such large differences. As the intestinal wall in
children is thin, in this study blocks of colon mostly included the taenia. This
may also contribute to the higher density values seen here, because neurons
are more numerous in the myenteric plexus adjacent to taenia than elsewhere
(M.D. Schuffler, 1988, personal communication).

At the other end of the scale, Meier-Ruge and colleagues (8) recorded
neuron densities 10 times those encountered in this study and approximately
200 times those recorded by Schuffler et al. (4, 5). This is partly explained by
the section thickness. The greater density recorded by Meier-Ruge et al. (8) is
partly the result of using sections three times thicker than ours. However, it is
unlikely that this could explain a 10-fold difference. Meier-Ruge et al. studied
exclusively bowel resected for Hirschsprung’s disease and some patients may
have had intestinal neuronal dysplasia (hyperganglionosis) proximal to the
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FIGURE 6. Neuron density in the most proximal block of the surgically resected colon from seven pa-
tients. Patients A, B, C, and G had Hirschsprung’s disease and counts were made on the initial pull-
through specimen. Patient C was later shown to have concomitent intestinal neuronal dysplasia. Patient G
was regarded as having an unusually long hypoganglionic segment without glial cell proliferation. Patients
D and E had persistent pseudo-obstructive symptoms following an initial pull-through operation for Hirsch-
sprung’s disease. Neuron density is that in a second pull-through intestine. On adjacent blocks of frozen
tissue the diagnosis of intestinal neuronal dysplasia was made. Patient F had intestinal pseudo-obstruction
and was observed to have microscopic features of isolated hypoganglionosis. Horizontal lines represent the
mean control neuron density for colon in longitudinal sections in children: 7/mm * 2 SD.

aganglionic segment, inflating the density recorded (W. Meier-Ruge, 1988,
personal communication).

This study has looked systematically at neuron densities from specified
sites in the normal intestine of children (aged 4 weeks to 10 years) and in eight
adults (aged 16 to 83 years) by methods accessible to any histopathology labo-
ratory. In contrast, other workers have analyzed adult intestinal neuron den-
sity alone (4, 5) or density in intestine from children with Hirschsprung’s
disease (8). In this study mean density values were highest for colon (TS 7.7/

TABLE 1. Comparison of Neuron Density in Different Studies of Normal Human

Colon

Number of
Study Density controls
Schuffler et al., 1978 27.8/100 mm 7
Schuffler and Jonak, 1982 42.9/100 mm 20
Meier-Ruge et al., 1970 756/10 mm ?
Ikeda et al., 1988 >30/10 mm ?

This study, 1992 7/mm 29
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FIGURE 7. Diagrammatic representation of the myenteric plexus showing the concept of Dirichlet do-
mains (circles). Random sections in planes indicated by lines A-C will miss some of the ganglia (B), all of
the ganglia (A), or none of the ganglia (C) if short lengths of bowel are analyzed. LM, longitudinal muscle;
CM, circular muscle; SM, submucosa; MM, muscularis mucosae; M, mucosa.

mm, LS 7/mm) and lowest for jejunum (3.6/mm TS and 3.7/ mm LS), in
keeping with observations of neural tissue volumes (15).

Routine H&E and immunohistochemical methods all allowed the identifi-
cation of neurons. Almost identical density values were seen on serial sections
in which different neuronal demonstration methods were employed. The
H&E stain was preferred for its quickness and ease compared with the more
cumbersome immunohistochemical methods.

The myenteric plexus is a three-dimensional network explained by orga-
nized spatial structures best fitting the concept of Dirichlet domains (15, 16).
This network (see Fig. 7) consists of a set of polygons outlined by nerve trunks
with ganglia at the apices of the polygons. Ganglia are spaced 1-5 mm apart
in the colon (17) and farther apart in the small intestine (15). Any one section,
particularly of a short length of intestine, may miss some or all ganglia (see
Fig. 7). By analyzing at six levels in longitudinal or transverse blocks of intes-
tine, the inclusion of a representative population of neurons is ensured, result-
ing in reliable and reproducible values of neuron density. To avoid counting
each neuron more than once, every tenth section was chosen. This was based
on the observation that the neuronal diameter in children never exceeded 30
fim.

The counts on paraffin sections are reliable. Provided that a sufficient
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length is analyzed, counts in a single section may also be valid (Fig. 7).
However, short lengths (less than 1 cm), particularly in the small intestine,
may give false results in single sections.

Neuron densities in TS and LS from the same specimens of postmortem
colon are compared in Fig. 3. A close linear relationship is obtained, indicat-
ing that either LS or TS is suitable for neuronal counting. The specimens
were not distended and their circumferences did not vary greatly. Clearly,
intestinal dilatation would produce an increase in circumference and a corre-
sponding diminution in the number of neurons per unit length in TS. Because
distention of the bowel would also produce some increase in the length, neu-
ron counts in LS would also diminish, although not necessarily to the same
extent as those in TS, and this would be important in megacolon, when the
intestine is hugely dilated. However, in most cases of pseudo-obstruction sur-
gical decompression of the bowel is achieved by colostomy before bowel resec-
tion, so intestinal dilatation is rarely a significant problem.

The largest neuron seen in the intestine from children was 30 pum in
diameter and many measured less, especially in the very young. In the adults
studied here a greater proportion of large neurons was seen, some measuring
40 pm in diameter. There are no reports, other than in the fetus (18), on
neuron size in the human gut in relation to age, although growth in neuron
volume has been shown in the monkey brain from infancy to adulthood (19).
Observations of experimental animals by Gabella (20) also confirm that the
average neuron size is significantly smaller in the newborn intestine than in
the adult bowel, the difference being more marked in larger animals such as
sheep and cattle than in smaller species such as the mouse and shrew.

Proximal blocks from resected intestine from two patients (Fig. 6, A and
B) with Hirschsprung’s disease showed density values within two standard
deviations from the established postmortem mean; both of these patients ap-
peared to be cured by the bowel resections. In contrast, of the patients with
residual problems of intestinal dysmotility after pull-through operations, all
were found to have density values outside two standard deviations from the
control mean. Two of these patients (Fig. 6, D and E) had intestinal neuronal
dysplasia (hyperganglionosis) diagnosed on the basis of other criteria, i.e.,
increased acetylcholinesterase-positive nerve fibers in the lamina propria,
large ganglia in both submucosal and myenteric plexuses, and heterotopic
neurons in the lamina propria. Moreover, patient C, with a high density
value, was later shown by examination of frozen tissue to have intestinal
neuronal dysplasia (hyperganglionosis) in addition to Hirschspring’s disease
distally. Thus neuron counts may be helpful in confirming or refuting a sub-
jective impression of hyperganglionosis when only paraffin-embedded tissue is
available for analysis. '

The diagnosis of hypoganglionosis is based on the presence of sparse small
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ganglia with scant neurons. In patient F, with symptoms of intestinal dys-
motility and microscopic features of hypoganglionosis without concomitent
Hirschsprung’s disease, the neuron density was found to be just at two stan-
dard deviations from the mean, so the subjective impression of a relative
paucity of neurons was supported but could not be diagnosed objectively as
hypoganglionosis. In patient G, who had Hirschsprung’s disease and ap-
peared to have extensive hypoganglionosis without hypertrophied nerve
trunks proximal to the aganglionic segment, however, a grossly reduced den-
sity value well below two standard deviations from the mean was seen.

The length of the intestine increases with increasing body length and,
since it is assumed that neurons do not proliferate after birth, a reduction in
neuron density would be expected with increasing age. However, this has
been challenged by the following observations in animals. In the rat and chick
there is an increase in neurons in the myenteric plexus during postnatal life,
and tritiated thymidine uptake by neurons in the mouse duodenum can be
seen at least 2 weeks after birth (20). At birth the human gut measures on
average about 4 m (21) and in the adult about 7.5 m (21). The growth of the
intestine is most rapid in the early years of childhood (21), and by 10 years of
age both the small gut and colon have reached the adult lengths. Despite
expectations, based on the reported higher neuron packing density in imma-
ture animals compared with adult animals (20), no obvious reduction in neu-
ron density was encountered in this study in infants and children up to the age
of 10 years, when the length of the child’s intestine has reached the adult
dimensions. In addition, no obvious reduction in neuron density was seen in
the young adults, although in old age a slightly lower density was encountered
(Fig. 5).

To explain this apparent discrepancy, it is possible that not all neurons
were identified in the very young due to the presence of small nerve cells,
whereas in the older children and adults these cells were more readily recog-
nized. As the adult neurons are larger, it may also be possible that the same
cell was counted twice. However, this would not be true in the intestine of the
older children, where the largest neuron measured 30 um. The small number
of patients examined may also influence the results, as in all ages there are
length variations in the gut (21). However, the possibility of neuron prolifera-
tion in childhood cannot be ruled out and warrants more extensive study.
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Intestinal pseudo-obstruction with deficient smooth muscle a-actin

We describe a 48-year-old woman with chronic constipation since early childhood who has an intestinal myopathy
associated with a hitherto undescribed absence by immunostaining of smooth muscle a-actin confined to the
intestinal circular muscle. There were no abnormalities in other contractile proteins (myosin, tropomyosin, filamin,
caldesmon or desmin) and despite the abnormality of a contractile protein isoform in the circular muscle, no
significant morphological changes were identified by light microscopy or ultrastructural examination. A possible
developmental mechanism for the observed change is proposed. The use of specific antibodies to isoforms of contractile
proteins may have potential value in the study of intestinal myopathies.

Keywords: actins, contractile filaments, immunohistochemistry, intestinal myopathy

Introduction

Chronic idiopathic intestinal pseudo-obstruction (CIIP)
comprises a spectrum of diseases in which obstructive
symptoms are associated with defective gut motility
rather than an anatomical obstruction. It is generally
classified as neuropathic or myopathic®, depending on
whether the primary defect is thought to lie within the
complex enteric neuronal circuitry or in the smooth
muscle of the bowel wall. Comparatively little is known
about intestinal myopathies, but they may well be as
numerous as their skeletal muscle counterparts. Smooth
muscle abnormalities are often seen throughout the
entire gastrointestinal tract and may involve other
organs, particularly the urinary tract and the gall
bladder2, In consequence, these disorders have been
termed hollow visceral myopathies.

Routine histology is seldom adequate in identifying
the subtle abnormalities present in many patients with
CIIP. Examination of tissue using other techniques, such
as electronmicroscopy, silver staining and histochemical

Address for correspondence; Dr V.V.Smith, Department of
Histopathology, Hospital for Sick Children, Great Ormond Street,
London WCIN 3JH, UK.

methods, is usually required®4. Myopathies have been
described in adults’!” and in children!®-?* and may be
associated with fibrosis and vacuolation of the smooth
muscle cells, The fibrosis, when gross, is detected by light
microscopy*®10121316 byt the identification of milder
fibrosis and smooth muscle vacuolation requires ultra-
structural examination?!-*425, The myopathic changes
may be more pronounced in the longitudi-
nal®61012.14.21.26 o i the circular muscle coat®*%7, In
some examples abnormalities are seen equally in both
layers of the muscularis propria®!1-13-16:22 and occasion-
ally may even involve the muscularis mucosae®. Abnor-
malities of nerves within the circular muscle, best
detected by neurofilament immunostaining, may also be
associated with intestinal myopathies?®, In some
patients no abnormality can be detected to account for
the CIIP in spite of extensive investigations.
Accumulation of sarcoplasmic glycogen has also been
described”® and rare intramyocytic inclusions!® have
been found in one kindred with a myopathy of the
internal anal sphincter, inherited as an autosomal
dominant trait, The patterns of inheritance in intestinal
myopathies are varied and may be autosomal domi-
nant*>7!0 or autosomal recessive**12%; in addition
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the absence of demonstrable male-to-male transmission
in some Kindreds raises the possibility of X-linked
dominant forms*'*". Sporadic cases are also reported ™.

In this report a patient is described with a newly
identified intestinal myopathy involving only the circu-
lar muscle coat, in which an abnormality of smooth
muscle a-actin, not seen in any of the controls, was
demonstrable immunohistochemically using an anti-
body specific for this isoactin.

Clinical history

A 48-year-old woman had been constipated since early
childhood. At the age of 35 years she developed severe
abdominal pain and was thought to have intestinal
obstruction. However, no mechanical cause was
revealed at laparotomy. Later in the same year, because
of persistent pain and vomiting, she underwent chole-
cystectomy and truncal vagotomy. The post-operative
course was complicated by intra-abdominal sepsis and 6
days later a distal ileostomy was fashioned but fluid
output from the stoma was high and resulted in
recurrent dehydration. Because of this the ileostomy was
taken down 1 year later and the bowel was re-
anastomosed.

Since then she continued to experience chronic
abdominal pain and constipation with superimposed
episodes of acute abdominal pain and distension, vomit-
ing and absolute absence of bowel motions. Plain
abdominal radiographs during these acute episodes have
shown multiple loops of distended bowel. A barium
meal and follow-through between episodes of severe
pain showed delayed gastric emptying with food residue
in the stomach more than 12 h after the last meal. The
oesophagus was of normal size but the distal duodenum
and most of the rest of the small intestine were slightly
dilated. No mechanical obstruction was demonstrated
and barium passed into the colon after 90 min. Her
treatment included erythromycin, cisapride and cyclical
courses of antibiotics including tetracyclines, and nar-
cotic analgesia during acute exacerbations.

At the age of 48 years, she experienced an acute
episode of severe abdominal pain and distension persist-
ing for more than 2 weeks. A laparotomy revealed mild
dilatation of the whole of the small intestine but no
anatomical obstruction. A full thickness biopsy speci-
men was taken from the jejunum for histological
examination. The patient made a slow post-operative
recovery over the next 6 weeks, during which she
required intravenous nutrition. Her current clinical
condition is unchanged and she continues to suffer
chronic abdominal pain with occasional acute exacerba-
tions of her symptoms.

Materials and methods

As well as the biopsy specimen from the patient, a
number of surgical and autopsy full-thickness intestinal
tissue samples were examined for comparative purposes
as described below.

1 Patient. The resected full-thickness specimen of jeju-
num was divided. One portion was fixed in 4%
phosphate buffered formalin for routine histology, a
second piece in 2.5% glutaraldehyde for electron-
microscopy and further blocks were snap frozen in
liquid nitrogen for histochemical studies.

2 Surgical specimens. Nine jejunal, seven ileal and 38
large intestinal biopsies were studied as described
above. The surgical samples were from patients
diagnosed on clinical, electrophysiological and histo-
pathological criteria to have intestinal myopathies
(u=19), intestinal neuropathies (28), and other
conditions (7) including jejunal atresia, diverticular
disease, Crohn’s disease and three unclassified pseudo-
obstructions. The ages of these patients ranged from
15 days to 39 years, 11 were between 10-16 years
and two were adults (27 & 39 years).

3 Autopsy specimens. Nine samples, six from colon and
three from jejunum, were also examined. These
tissues were obtained from patients who died from
non-gastrointestinal causes. The age of these patients
ranged between 8 weeks and 33 months. One speci-
men was from a baby born at 28 weeks gestation who
died at the age of 11 weeks.

HISTOPATHOI.OGY

Sections of paraffin wax-embedded tissue were stained
with haematoxylin and eosin (H & E). In addition, on
frozen tissue, the amount of connective tissue was
assessed using the Gomori trichrome and picrosirius
stains. Acid phosphatase activity was studied to detect
any lysosomal activity, and accumulation of glycogen
was estimated by examining sections stained by the
periodic acid-Schiff (PAS) reaction, with and without
salivary amylase digestion, after celloidin protection.
Acetylcholinesterase activity was also demonstrated in
the frozen samples. For details of these methods see Filipe
& Lake™".

IMMUNOHISTOCHEMISTRY

Immunohistochemical studies on cold (-2(TC) ace-
tone-fixed cryostat sections of snap-frozen tissue using
the avidin-biotin-peroxidase complex (ABC) method

were based on a panel of antibodies comprising neural
and muscle markers. Biotinylated antimouse and anti-
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Figure 1. Routine H & E-stained paraffin section of the jejunal wall

from the patient showing no histological abnormality, x 60.

rabbit antibodies and the ABC complex were obtained
from Dako, High Wycombe, UK. The neural markers
included monoclonal antibodies to phosphorylated and
dephosphorylated neurofilaments (NN18, NE14, N52,
NR4 from Sigma, Dorset, UK; BFIO from Boehringer
Mannheim UK, Lewes, UK: SMI 32 from Sternberger
Baltimore, Maryland, USA; RT97 from Professor Ander-
ton. Institute of Psychiatry, London, UK). Other neural
markers consisted of a monoclonal antibody to muscari-
nic receptors (M35 from Chemunex, Paris, France) and
the neural cell adhesion molecule (Ericl from Professor
Walsh, Guy’s Hospital, London, UK). The muscle
markers included monoclonal antibodies to smooth
muscle a-actin (1A4 from Sigma, Dorset, UK), smooth
muscle a- and y-actin (CGA7) and smooth, skeletal and
cardiac muscle a- and y-actin (HHF35) (both from
Universal Biologicals Ltd, London, UK), to desmin clone
DE-R-11 (Dako, High Wycombe, UK) and a polyclonal
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antibody to skeletal and smooth muscle myosin (Sigma,
Dorset, UK). The muscle markers also included mono-
clonal antibodies to tropomyosin (TM311), filamin
(FIL2) and caldesmon (CALDS), all from Sigma, Dorset,
UK.

Controls: the neural markers acted as controls for
muscle markers and vice versa. A negative control
omitting the primary antibody was run for each speci-
men. Two ‘irrelevant’ antibodies were also applied, one a
High
Wycombe, UK) and the other a monoclonal antibody to

polyclonal antibody to a-feto-protein (Dako,
epithelial basement membrane protein clone CiB3 (Sera-
lab, Sussex, UK).

ELECTRONMICROSCOPY

Selected blocks from the glutaraldehyde-fixed tissue,
were post-osmicated and processed into Araldite resin
using standard methods. Ultrathin sections were cut to
show the myenteric plexus and the circular and longi-
tudinal muscle coats, and were contrasted with uranyl
acetate and lead citrate before ultrastructural exami-
nation.

TISSUE COMPARISONS

Information is scanty about the immunostaining pattern
in the normal human intestine with these antibodies.
Immunoreactivity in the specimen from the patient was
compared with immunostaining in normal intestine and
in bowel from patients with intestinal disease (see
above).

Results
PATIENT

Histological examination of the resected full-thickness
intestine showed no abnormalities on routine H & E-
stained sections of frozen or paraffin wax-embedded
tissue (Figure 1). Neurons appeared morphologically
normal in the submucosal and myenteric plexuses and
were present in normal numbers. Acetylcholinesterase-
positive nerve fibres were also unremarkable. In sections
of the frozen tissue a slight increase in connective tissue
was seen in the muscularis propria, appreciated only on
the connective tissue stains. An excess of glycogen was
noted, particularly in the circular muscle coat on PAS
staining.

Ultrastructural studies
No ultrastructural abnormalities were detected in the
ganglia or nerve tracts, and granular and agranular
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Figure 2. Electronmicrograph showing normal myofilaments,
normal dense bodies and well-preserved caveoli in the patient’s
jejunum. Note the sub-sarcolemmal collections of glycogen (¢). This
appearance was seen in most fibres both in the circular and

longitudinal muscles. Calibration bar 1 fim.

neurosecretory vesicles were normally distributed. The
accumulation of glycogen in the muscularis propria was
confirmed on electronmicroscopy. In general the myofi-
brillar appearance was unremarkable (Figure 2), apart
from the occasional muscle fibres in both the circular
and longitudinal muscles which showed disorganization
of myofilaments. These included smooth muscle fibres
with gross proliferation of intermediate filaments, a
change generally thought non-specific and seen in many
pathological conditions including conditions of chronic
overload and smooth muscle hypertrophy*” (personal
Gabella 1991).
hypertrophy was not a feature in our patient’s specimen.

communication, However, muscle

Immunohistochemical studies

Smooth muscle a-actin (1A4) immunostaining revealed
a pattern quite different from the controls—it was absent
within the smooth muscle cells of the circular muscle,

with the exception of its innermost layer adjacent to the
submucosa, where the smooth muscle cells stained
strongly positive (Figure 3). In contrast, smooth muscle
a-actin (1A4)
smooth muscle cells throughout the

immunostaining was normal in the
longitudinal
muscle, in the muscularis mucosae and in the smooth
muscle of the blood vessel walls. Imnmunostaining, in the
circular muscle, for tropomyosin (TM311), filamin
(FIL2), caldesmon (CALDS), desmin (DE-RI1l) and myo-
sin was of the same intensity as in the other intestinal
muscle layers. Similarly, all muscle coats showed normal
immunostaining with the antibody to pan-muscle a- and
y-actins (HHF35). However, the pattern of immunoreac-
tivity with the antibody to smooth muscle a- and y-actin
(CGAT) was comparable to that seen with the antibody
to smooth muscle a-actin (1A4), Although not absent, it
was markedly reduced in the circular muscle and
present in normal amounts in the longitudinal muscle,
muscularis mucosae and blood vessel walls. Immunohis-
tochemical studies using neural markers revealed no

abnormalities.

TISSUE FROM INTESTINAL DISEASES AND NORMAL
INTESTINE

The abnormality of smooth muscle a-actin detected in
the patient was not seen in any of the control tissues
outlined in the methods section. In all the other
specimens, including the autopsy samples, strong im-
munostaining for smooth muscle a-actin was detected in
the myocytes of the circular muscle. The immunoreac-
tivity of all other antibodies used was the same in the
controls as in the patient.

Discussion

Chronic idiopathic intestinal pseudo-obstruction is a
heterogeneous group of disorders in which various
morphological abnormalities of intestinal innervation
and smooth muscle have been identified! Standard
histopathological techniques are often inadequate for
their demonstration, although special techniques such
as silver staining and electronmicroscopy help to identify
structural abnormalities in some cases**'”. In a propor-
tion of patients with CUP no obvious morphological
abnormality can be discovered using currently available
techniques, even in the presence of a clear functional
abnormality of gut motility (the patient described here
falls into this category).

In this study, a number of monoclonal and polyclonal
antibodies have been applied to a full-thickness specimen
of morphologically normal jejunum from a patient with
symptoms of CUP since childhood. With al. but one of
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l-igiire 5. Cryostat sections of jejunum, a immunostaining for smooth muscle a-actin (1A4) in the muscularis propria in a control case.

X 100. b Absent immunostaining for a smooth muscle actin in the bulk of the circular muscle in the patient, with normal intensity in the

longitudinal muscle and the ‘topping’ of the circular muscle (arrow). x40. ¢ Normal immunostaining for tropomyosin (TM31 1) in both the

circular and longitudinal muscles in the patient, x 40.

these, immunostaining in the patient’s jejunum was the
same as in a number of other surgical full-thickness
samples of intestine and autopsy bowel. The remarkable
and unique feature of this case was a deficiency of
smooth muscle a-actin immunostaining confined to the
circular muscle. Despite the clear demonstration of this
deficiency by immunohistochemistry, no significant
ultrastructural differences were shown in the myofila-
ment composition of the circular muscle and other
smooth muscles of the gut wall. This is therefore the first
description of a biochemical, as opposed to a structural,
abnormality in CUP. Biochemical confirmation of the
absence of this protein or the presence of an altered
protein was not possible due to insufficient tissue for this
analysis. Moreover, immunohistochemistry has clear
advantages over biochemical assays in that protein
abnormalities confined to specific components of hetero-
geneous tissues such as the intestine can be accurately
localized.

In smooth muscle contraction there is an interaction
between thick and thin filaments. The thick filaments
consist of myosin, no abnormality of which was detected
in our patient, while the major component of thin
filaments is actin. Actin exists in at least six different

isoforms which are expressed in a tissue specific pattern.
They differ in their amino acid sequence in the N-
terminus and each is encoded by a separate gene"""*
The isoforms can be separated into three bands (a, P and
y) on isoelectric focusing and further subdivided into
three a-isoforms localized to smooth muscle, skeletal
muscle and cardiac muscle, and two y- isoforms localized
to smooth muscle and the cytoplasm of all cell types. The
/~-isoform is cytoplasmic, is present in all cells, and is not
thought to be involved in muscle contraction”\ The
major isoactins in mature intestinal smooth muscle are
smooth muscle y- and a-actins, the y isoform being the
largest constituent and the smooth muscle a-isoactin
being the smaller but nevertheless an important compo-
nent”’. As well as their major component of actin, the
thin filaments also contain tropomyosin** and caldes-
mon”” or filamin***”, In the intestine from our patient
these thin filament-associated proteins were present in
all intestinal muscles with an intensity comparable with
the controls.

The proportions of different isoforms of various con-
tractile proteins change during smooth muscle develop-
ment. The cytoplasmic isoforms predominate in undiffer-
entiated smooth muscle cells in the early embryo, while
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the smooth muscle specific isoforms (smooth muscle 7-
and a-actins in the intestinal smooth muscle) predomi-
nate in mature fully differentiated cells"****. For ordered
peristalsis, the presence ofintact, fully functional smooth
muscle cells is vital. This is reflected by the presence of all
contractile proteins (and their isoforms) in proportions
fully difi'erentiated
muscle cells. Thus, the absence or any change in the

appropriate for mature, smooth
amounts of the contractile elements is likely to result in
aberrant or abolished contractions. In the patient de-
scribed here the abnormality of smooth muscle a-actin,
one of the two major isoforms present in mature smooth
muscle cells, probably explains her disturbance in
intestinal motility.

Reliable immunohistochemical identification of actin
isoforms depends on antibody specificity. Unless the
antibody is made against the specific amino acid
sequence in the N-terminus, cross reactivity with other
isoforms is likely'*"". The antibody 1A4 is directed against
the N-terminus of a (unique) synthetic decapeptide of
smooth muscle a-actin, and is therefore specific for this
isoform*'. Unfortunately no other isoform-specific anti-
body is currently available. We used two antibodies
(HHF35 and CGA7) which recognize a- and y-actins
which differed in their staining of the circular muscle in
this patient. We believe this reflects a difference in the
specificity of these two antibodies. The exact epitopes
identified by antibodies such as HHF35 and CGA7 are
unknown and the biochemical basis for their specificity
is unclear*” *'. Very weak immunostaining of the circu-
lar muscle was seen in our patient using the antibody
CGA7, consistent with absent a-isoactin but implying
the presence of y-isoactin, whilst immunoreactivity was
normal with HHF35. The normal immunoreactivity to
HHF35 presumably reflects cross reactivity of this
antibody with other contractile proteins. In the absence
of specific antibodies to smooth muscle y-isoactin it is not
possible to exclude with certainty the possibility of an
additional abnormality in this protein. A difi'erence in
immunoreactivity between various muscle layers in the
same biopsy or between biopsies from different patients
probably reflects significant abnormalities in the isoform
content. In particular, the abnormality detected with the
specific smooth muscle a-actin antibody (1A4) observed
in this patient is highly significant.

The absent immunostaining for an actin isoform could
reflect either an acquired phenomenon**'**, or a specific
developmental defect. In view of the life-long duration of
symptoms in our patient, we believe the latter is more
likely. The eff'ect of vagotomy on isoactin composition is
not known. However, the patient’s symptoms began in
early childhood, preceded her vagotomy by many years
and have steadily deteriorated. It seems improbable.

therefore, that the abnormality we have demonstrated in
this patient is due to the surgical intervention.

The concept that the absence of a contractile protein
limited to one muscle coat may be a developmental
defect can be supported by consideration of the normal
differentiation of intestinal smooth muscle. Cytodifferen-
tiation of smooth muscle cells in the rat gut*” proceeds in
a specific order: cells expressing actin (a and y) appear in
the mesenchyme of the 15-day fetal rat in the circular,
muscle-forming area and in the presumptive longitudi-
nal muscle 48 h later. Such cells are noted in the
muscularis mucosae shortly after birth and become fully
established 2 weeks later. A distinct cell layer of actin-
expressing cells arises in the perinatal period in the
innermost part of the circular muscle. In humans the
intestinal smooth muscle layers develop in the same
order although the timing is diff'erent. The circular
muscle develops at 9 weeks gestation, the longitudinal
by 12 weeks and the muscularis mucosae is evident after
the 21st gestational week”™". It is probable that the
development of the innermost circular muscle layer
follows the same pattern as in the rat and appears later.

More intense immunoreactivity (‘topping’) can be
seen in the innermost layer of the circular muscle
compared with the bulk of the circular muscle using a
variety of antibodies and the layer may even be recog-
nized in routinely stained sections. The difference in
staining may signify the separate origin of this layer from
the rest of the circular muscle. In our patient, strong
topping was seen with the antibody to smooth muscle a-
actin, while the bulk of the circular muscle was
unstained. One possible mechanism for this would be a
transient developmental block at the crucial time of
circular muscle development. The temporary nature of
this developmental block would allow normal later
development of the longitudinal muscle, muscularis
mucosae and the innermost layer of the circular muscle.

In conclusion, we have demonstrated a previously
undescribed abnormality in actin isoform content in the
circular muscle in a patient with intestinal pseudo-
obstruction. This is the first description of a protein
abnormality ofthe smooth muscles in a patient with CUP
in whom there was no structural abnormality demon-
strable by light- or electronmicroscopy.
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Gastric antral dysrhythmias in children with chronic

idiopathic intestinal pseudoobstruction

S P Devane. A M Ravalli, W M Bisset, VV Smith, B D Lake, P J Milla

Abstract

Chronic idiopathic intestinal pseudoobstruc-
tion is a serious disorder of intestinal neuro-
muscular function resulting in recurrent
episodes of intestinal obstruction, and is
caused by primary disease of the enteric nerves
or enteric smooth muscle. Gastric electrical
control activity detected by the non-invasive
technique of surface electrogastrography was
investigated in 11 children (0-1-16 years) with
proven chronic idiopathic intestinal pseudo-
obstruction (four with known disease of the
enteric nerves, three with disease of smooth
muscle cells, and four without defined path-
ology), to determine whether abnormalities
were present and whether these were useful in
detecting the underlying pathology. Abnor-
malities were present in eight of 11 patients.
Persistent tachygastria (electrical control
activity frequency >5 cycles/minute) was
found in three patients, all with a proven
neuropathy. A continuously irregular fre-
quency was found in five patients, three with a
proven myopathy and two with undefined path-
ology. A normal electrical control activity
frequency was present in three patients,
one with a proven neuropathy and two with
undefined pathology. It is suggested that this
non-invasive technique may provide a useful
screening test of the pathophysiological basis
of the functional obstruction in children with
chronic idiopathic intestinal pseudoobstruc-
tion.

{Out 1992; 33: 1477-1481)

Chronic idiopathic intestinal pseudoobstruction
is an uncommon but serious disorder of intesti-
nal neuromuscular function which results in
recurrent episodes of intestinal obstruction with-
out a mechanical cause, in vomiting, and in an
inability to tolerate oral feeds. Chronic idio-
pathic intestinal pseudoobstruction is usually
caused by disease of the enteric nerves or smooth
muscle. This is most often a primary disorder in
children but in adults is more commonly second-
ary to diseases such as diabetes mellitus or
scleroderma. Contractile activity of the muscle
coats of the gut is regulated by myogenic, neural,
and humoral factors. Myogenic control is related
to the intrinsic excitability of gastrointestinal
smooth muscle cells, and particularly to the
constant rhythmic polarisation and depolarisa-
tion of the plasmalemmal membranes which
gives rise to the electrical slow wave or electrical
control activity. Neural and humoral factors
modulate these processes to produce patterns of
activity appropriate to the circumstances of the
gastrointestinal tract at a given time. Abnormali-
ties of electrical control activity have been associ-

ated with dysmotility of the gastric antrum,
paroxysmally with nausea and vomiting' and
persistently with chronic intractable vomiting.”

At the present time the diagnosis of chronic
idiopathic intestinal pseudoobstruction is based
upon invasive investigations, including the
demonstration of characteristic patterns of small
intestinal motor activity by intraluminal mano-
metry,”' and the histological examination of full
thickness intestinal biopsies. As children with
diffuse chronic idiopathic intestinal pseudo-
obstruction frequently vomit, we have investi-
gated gastric electrical control activity as
detected by the non-invasive technique of
surface electrogastrography in the fasting state
in such children to determine if persistently
abnormal electrical control activity was present,
and if it was related to the underlying pathology
of enteric nerves and muscle coats.

Methods

PATIENTS
Eleven children with a presumptive diagnosis of
chronic idiopathic intestinal pseudoobstruction
were investigated. Clinical details of the patients
are given in Table I. All had severe symptoms of
intestinal pseudoobstruction, including episodic
vomiting, abdominal distension, and intoler-
ance of food. None of the patients had evidence
of a central nervous system or an autonomic
nervous system disorder. The diagnosis was
confirmed in all 11 patients by contrast radio-
graphy and by antroduodenal manometry per-
formed in a manner previously described.” All
had markedly abnormal manometric recordings.
In eight of the 11 patients, full thickness intesti-
nal biopsy specimens were available for histo-
logical examination. Fifteen control children
(age 0-2-17 years, median 11 years) without
symptoms of gastrointestinal motor dysfunction
formed a control group for surface electrogastro-
graphy recordings.

Fasting gastric electrical control activity was
recorded and analysed using a modification of

TABLE I Clinical details ofthe 11 patients with chronic
idiopathic intestinal pseudoobstruction

Patient
number Age Symptoms
1 3 years Persistent severe vomiting
2 9 months Persistent vomiting and distension
3 9 months Persistent vomiting and distension
4 12 years Interm ittent vomiting
5 5 years Intermittent vomiting and distension
6 16 years Intermittent vomiting and distension
7 13 months Persistent vomiting and distension
8 5 weeks Persistent vomiting
9 6 years Intermittent vomiting and distension
10 4 weeks Persistent vomiting
11 19 months Persistent vomiting
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Hectrogasirographic dlectrock,

ofpairs 1, 2, and 3vas necsured

the method described by Van der Schee ei al*
The potential differences across three pairs of
Ag/AgCl electrodes matched for impedance and
placed as shown in Figure 1were measured for a
one hour period after an overnight fast (or a fast
of at least four hours in the smallest infants).
Skin impedance was reduced to less than
5 kOhms by light skin abrasion. After amplifica-
tion and passage through an analogue low pass
filter (Gould Electronics, time constant 3 2
seconds, cut off slope 6 dB/octave) to remove
high frequencies originating from cardiac
electrical activity, the signal was digitalised at a
frequency of I Hz using an analogue to digital
convertor (Data Translation 2801A) and
recorded on the hard disk of a desktop personal
computer (Zenith Data Systems Z248) for later
offline analysis. A running spectral analysis of the
real time signal captured on disk was performed.
Modular computerised algorithms for data
capture, digital conditioning of the captured
signal, division into subsections, and frequency
ana.ysis (PC-Dats, Prosig Computer Consult-
ant:) were used. These modules were ordered
andinvoked by a Fortran code routine written by
the authors (RM-Fortran, Ryan McFarland).
Each one hour recording was subdivided into 53
ove.-lapping segments of 256 seconds (75% over-
lap), each segment was digitally filtered (band-
pas: Butterworth filter, 0 015-0 25 Hz, slope 24
dB/ictave) and the frequencies present were
determined by Fast Fourier Transformation.
The peak frequency present in each segment was
extracted and the dominant frequency of the one
hou" recording (that present in the greatest
nunber of segments) was obtained.

Fill thickness intestinal biopsy specimens

Dcvaiu', Riivi'lli, Hnsi'i, Sniiih, Lake, Milla

were obtained in eight of the children. In one
patient (patient 4) only routine sections were
available for analysis. Biopsy specimens from the
remaining seven subjects were divided lor
routine (fixation in buffered
formalin), for silver staining (fixation in formol
saline) and for histochemistry (snap frozen in
hexane at -80°C); a portion was taken for
electron microscopy (fixation in 2-5% glutaralde-
hyde in OT M cacodylate buffer containing 2 5
mM CaClz at pH 7-4, postfixation in 1% osmium
tetroxide and processed into araldite by con-
ventional methods). General morphology was
assessed in routine sections. Connective tissue
demonstrated and cryostat
sections stained with trichrome and picrosirius
methods. Acid phosphatase activity was used to
detect lysosomal degradation in smooth muscle,
and acetylcholinesterase staining was used to
identify nerve fibre distribution in cryostat
sections.' The ultrastructure of the intestine was
examined in seven patients.

The analysis of the electrogastrogram and
the histology was conducted by independent
observers in a blind manner.

microscopy

was in routine

Results

ELECTROGASTROGRAPHIC FINDINGS

The dominant frequencies and the histological
abnormalities found in the 11 patients are shown
in Table II. A persistently and abnormally fast
electrical control activity frequency (>5 cycles/
minute), a tachygastria, was found in three of the
subjects with chronic idiopathic intestinal
pseudoobstruction and in none of the control
subjects. A clear dominant electrical control
frequency close to 3 cycles per minute was found
in three of the subjects with chronic idiopathic
intestinal pseudoobstruction and in all of the
control subjects. In five of the subjects with
chronic idiopathic intestinal pseudoobstruction,
a continuously irregular frequency was present
such that no clear dominant frequency could be
found in the recording (Fig 2).

HISTOPATHOLOGICAL FINDINGS

In the one subject (patient 4) from whom routine
sections only of large bowel and ileum were
available, histological examination showed an
inflammatory process predominantly affecting

the myenteric plexus particularly in the
TABLE 11 Dominant dectrical (%Uwﬁég!ﬂlyw’d
fistol of the Ilmtlemsmth idigpathic
intestindl,
Patient Dominantfreqiieniy
number leycles/ininutei Histology

1 64 Neuropaihv

2 83 Neuropathy

3 9 4 Neuropathy

4 28 Neuropathy

5 None Myopathy

6 None Myopathy

7 None Myopathy

8 None Inconclusive examination

9 None insullicient material lor lull

evaluation
U 22 No hislology available
1 37 No histolo*!\ available
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appendix but extending to the small intestine.
Neurones in the myenteric plexus were not
identified in the colon and were sparse and
appeared degenerate in the appendix and ileum.
Pathological changes either in the neural
plexus or in the smooth muscle coats were not
evident in routine or cryostat sections, or on
histochemical staining, in the seven subjects
from whom full thickness bowel samples were
available for further analysis. In three of these
patients (patients 5, 6, and 7), ultrastructural
examination, however, showed abnormalities of
smooth muscle fibres whilst normal argyrophilic
neurones were seen in the silver preparations. In
one patient (patient 8) there was no conclusive
ultrastructural evidence of a myopathic change,
and the neurones appeared ultrastructurally
normal. No material was available for silver
staining from this patient. In the remaining three
subjects (patients 1, 2, and 3) silver staining
revealed a neuropathic abnormality with absent
or severely depleted and ill defined argyrophilic
neurones in the myenteric plexus. Electron
microscopy of the bowel from one of these
patients (patient 1) also showed atrophic and
shrunken neurones in the myenteric plexus.
Intestinal smooth muscle from these patients was
ultrastructurally unremarkable.

RELATIONSHIP BETWEEN
ELECTROGASTROGRAPHIC, HISTOPATHOLOGICAL,
AND MANOMETRIC FINDINGS
The four patients with proven neuropathy had
severely disturbed propagation and organisation
of antroduodenal motor activity. All three
patients with proven myopathy had abnormal
conformation of phase III of the migrating motor
complex with a low amplitude of contraction.
Two of the four patients without a proven
histological diagnosis had low amplitude poorly
formed phase III complexes. Of the remaining
two patients, one had both low amplitude of
contractions and severe disorganisation of
activity, and one (patient 8) has no motor activity
detected.

All three subjects with a tachygastria (patients
1, 2, and 3) had a proven neuropathy of the
myenteric plexus whereas three of the five
patients with a continuously irregular frequency
of the electrical control activity had clear
evidence of a myopathy of the muscle coats on
ultrastructural studies. In the remaining two
patients the ultrastructural changes in the
muscle coats were inconclusive in one case
(patient 8) and the histological material was
inadequate for diagnosis in the other case
(patient 9).
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Discussion

Chronic idiopathic intestinal pseudoobstruction
is a disorder of motor function of the gastro-
intestinal tract as a result of disease of enteric
nerves or smooth muscle cells. We and others'
have described the histological characteristics of
full thickness intestinal biopsies in patients with
visceral myopathy and neuropathy. A variety of
abnormalities including inflammatory cell infil-
tration and Schwann cell proliferation, hypo-
ganglionosis, and hyperganglionosis have been
described in those with disease of the enteric
nervous system. In muscle disease degeneration
of muscle fibres and replacement with fibrous
tissue have been seen. In our patients, four had
evidence of a neuropathy (one with associated
inflammatory changes) and three had evidence of
amyopathy.

Manometric and electrophysiological studies
of intestinal myoelecirical and motor activity in
patients with pseudoobstruction have shown
clearly different patterns of activity in those with
disorders of the enteric nervous system com-
pared with those with muscle disease.* "' 'In the
former, disturbed conformation and propaga-
tion of phase III of the migrating motor complex
together with bizarre waveforms of normal or
increased amplitude are usually seen, whereas in
the latter very low amplitude or absent contrac-
tions are the rule. In our patients, those with
proven neural and muscular pathology con-
formed to these patterns of motor activity. In
addition, two others without a histologically
proven diagnosis had a pattern suggestive of a
myopathic process.

Smooth muscle cells of the gastric body and
antrum exhibit inherent rhythmic polarisation
and depolarisation of the electrical potential
across the cell membrane. The frequency of this
rhythmic activity is determined by a group of
cells on the greater curvature which have been
called the gastric pacemaker. This slow wave or
electrical control activity is entrained throughout
the stomach because of electrical coupling
between adjacent muscle cells and a differential
in excitability of the muscle cells between the
gastric corpus and the antrum.'” In the human
antrum, the frequency of the electrical control
activity is close of 0 05 Hz (3 cycles/minute).
This electrical control activity can be detected by
electrodes placed surgically in the bowel wall'* or
by electrodes placed against the mucosal surface
by intubation techniques. The former has pro-
vided useful information in cases requiring
laparotomy.The latter suffers from unstable
mucosal contact, although the use of improved
fixation techniques such as magnetic stabilisa-
tion has reduced this problem.'- The invasive
nature of intubation techniques, however,
restricts its usefulness in pediatric practice.
Recordings of gastric electrical control activity
made from surface electrodes have been shown
to correlate well with mucosal recordings,'" and
this together with improvements in detection
methods and their wider availability has led to
increased use of surface electrogastrography in
the investigation of gastrointestinal symptoms.
The advent of powerful desktop computers and
the introduction of the technique of running
spectal analysis by Van der Schee" has allowed

Dcvane, Ravelli, Hissei, Smith, Lake, Mtlla

objective analysis of the recorded signals, super-
ceding the use of visual analysis techniques."

Abnormality of the electrical control activity
has been shown to occur in association with
motion sickness," in patients with idiopathic
gastroparesis,'" unexplained nausea and vomit-
ing,’ and anorexia nervosa,’ and in response to
vagotomy-" and to administration of glucagon."
One case report has been published describing a
gastric electrical control activity close to 0 05 Hz
(3 cycles/minute) with normal histology in a
child with an idiopathic motility disorder."”
Tachygastria has been reported in a child with
gastric atony,-' who later developed the full
clinical picture of CUP.-’ To our knowledge,
this is the first report of persistent antral dys-
rhythmias in a series of patients with chronic
idiopathic intestinal pseudoobstruction and
known disease of enteric nerves or smooth
muscle.

Three of the four patients with a known
neuropathy but none of the control group and
none of the patients with a known myopathy had
a persistent tachygastria in the fasting state.
Thus detection of a persistent tachygastria in the
fasting state is highly suggestive of a neuropathic
basis for the pseudoobstruction. The mechanism
whereby a neuropathy may produce a tachy-
gastria is uncertain. The neural abnormalities
that could induce a tachygastria include loss
of intrinsic inhibitory innervation or lack of
extrinsic autonomic inhibition. We have no
evidence in any of our patients, after investiga-
tion of the central and autonomic nervous
systems, that extrinsic neural control was dis-
ordered. It is clear, however, that a variety of
conditions affecting the extrinsic nerves and the
central nervous system may result in tachy-
gastria, ranging from children with cerebral
palsy,”" to motion sickness,"' anorexia nervosa,"
and vagotomy." In these conditions, with the
exception of cerebral palsy, the tachygastria is
usually paroxysmal, and the increased frequency
is somewhat variable. We were impressed that
the tachygastria in our patients with neuropathic
pseudoobstruction was both persistent and
raised consistently in the fasting state. We were
unable to explore systematically the electrical
control activity in the postprandial state because
of the patients’ intolerance to food. We would
suggest that in neuropathic pseudoobstruction it
is more likely that the tachygastria is induced by
loss of intrinsic inhibitory innervation which
may normally modify the frequency of polarisa-
tion of the plasmalemmal membrane of the
gastric smooth muscle cells.

The presence of a continuously irregular fre-
quency such that no dominant frequency could
be shown was found in the three patients with a
proven myopathy and in two patients with a
manometric pattern suggestive of muscle
disease. Electrical control activity is caused by
the entrainment of the fluctuations of the trans-
membrane potentials of individual smooth
muscle cells. The apparent continuously
irregular frequency recorded, which contains
high and low frequency components, may have
several explanations. It may be the result of
inability to maintain a constant frequency of
electrical control activity and this may be due to
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the effects of muscle disease on groups of muscle
cells producing populations with altered fre-
quencies. Alternatively, it is possible that the
abnormal recordings are the result of poor
summation of the electrical signal in the
abnormal muscle syncytium and poor projection
onto the body surface. A reduced amplitude of
the electrical control activity may result in a
marked diminution of the signal to noise ratio
making it difficult to extract the true dominant
frequency. In addition, it may be considered that
the frequency pattern results from a technically
unsatisfactory recording. We think the last
explanation is unlikely as unsatisfactory record-
ings produced on our equipment result in a
signal with an overwhelming predominance of
low frequencies of <0 025 Hz (unpublished
observations). At the present time, it is not
possible to distinguish between the other alterna-
tive explanations, though it may be that both
factors operate to modulate the pattern of fre-
quencies recorded at the body surface. In the
future, computerised spatial mapping of the
distribution of frequencies in the manner now
being used for electroencephalographic mapping
of epileptic foci may provide a non-invasive
alternative to multiple implanted electrodes to
help distinguish between the above explana-
tions.

In conclusion we have found a persistent
tachygastria in the fasting state in three of four
patients with chronic idiopathic intestinal
pseudoobstruction with a known neuropathic
basis for their condition, and in none of 15
control patients, none of three patients with
chronic idiopathic intestinal pseudoobstruction
as a result of muscle disease, and none of four
with chronic idiopathic intestinal pseudo-
obstruction with an unknown basis. In the three
patients with muscle disease there was absence of
a dominant frequency. We suggest that surface
electrogastrography may offer a non-invasive
means of screening patients with suspected
neuromuscular disease of the gut causing
persistent vomiting and episodes of functional
obstruction.

SD would like to acknowledge generous support from the Janssen
Research Foundation. This work was published in part in abstract
form following presentation at the International Symposium on
Gastrointestinal M otility, Vienna, September 1989.
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Persistent gastrointestinal
correction of malrotation

S P Devanc, R Coombcs, V V Smith, W M

Abstract

Persistent vomiting, diarrhoea, or intolerance
of feeding, are well recognised problems in
children after surgical correction of intestinal
malrotation. Conversely, intestinal mal-
rotation is a common accompaniment of
chronic idiopathic intestinal pseudo-obstruc-
tion. We investigated motor activity of the
small intestine during fasting in eight children
who had persistent vomiting, intolerance of
full enteral feeding, or severe diarrhoea after
surgical correction of intestinal malrotation.
Abnormality of motor function similar to that
found in neuropathic pseudo-obstruction was
found in seven of the eight patients. Persis-
tence of symptoms after surgical correction of
a malrotation is associated with a motility
disturbance which seems to be due to a defect
of intrinsic enteric innervation. Such a defect
may be important in the aetiology of the
malrotation.

Malrotation of the midgut results from a distur-
bance of the process by which the herniated
midgut rotates and returns to the enlarging fetal
abdominal cavity in the twelfth week of gesta-
tion. After birth, small intestinal malrotation
frequently presents with acute intestinal
obstruction and requires surgical intervention.'
Symptoms persist after surgery and disordered
feeding consistent with abnormal motility is
well recognised. As malrotation is common in
neuropathic pseudo-obstructive disorders of the
midgut, we have studied the motor function of
the small intestine in eight children with persis-
tent feeding problems, vomiting, or diarrhoea
after surgery in order to investigate whether
abnormalities of motility were present which
might underlie such problems.

Patients and methods

PATIENTS

Between January 1987 and April 1988, 81
children (aged 1 day to 13 years) with a history
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of malrotation and intestinal obstruction were
seen in the Hospital for Sick Children, London,
or the Children’s Hospital, Birmingham. Eight
(table 1) had persistent severe gastrointestinal
symptoms and feeding problems after Ladd’s
procedure for correction of malrotation, carried
out at a median age of 16 months (range 1
month to 13 years). Seven of the eight patients
had persistent vomiting. In five of these (patients
1, 3, 6, 7, and 8) vomiting occurred as the
enteral intake was increased after surgery, and
persisted until the time of referral for investi-
gation. The vomiting was associated with the
persistent aspiration of significant amounts of
fluid from the stomach, and full enteral feeding
could not be established. Three of these five
patients were being fed parenterally, one was on
continuous gastrostomy feeding, and one was
on overnight continuous nasogastric feeding.

In one patient (patient 2), vomiting occurred
intermittently and was associated with episodes
of abdominal and intestinal distension. One
patient (patient 5) had bouts of vomiting
associated with severe abdominal pain relieved
by cisapride and was intermittently dependent
on parenteral nutrition. One patient (patient 4),
who had had an ileal resection because of a
volvulus, had persistent severe diarrhoea after
ingestion of food, not relieved by an exclusion
diet, and associated with failure to thrive. One
child with vomiting (patient 3) had accompany-
ing pyloric stenosis and a congenitally short
small intestine. One patient (patient 8) subse-
quently developed neurofibromatosis. The
patients were referred for investigation at a
median time of seven months after surgery
(range 0 5 months to five years).

The results of the manometric studies were
compared with seven control subjects (aged
2 9-13 years, median 6 9 years), undergoing
investigation for suspected gut disease, who
were found after investigation not to have a
gastrointestinal disease. This group consisted of
two patients with chest disease undergoing
pancreatic function tests, two patients with
short stature undergoing jejunal biopsy, one

Table 1 inical features of 8 patients with persistent gustrointestinal synpions affer comedtion of nulrotation

Patient Symptums

No

1 VtiniiiiiiK oil Icciliiig

2 liitenniiicni disiciisioii and voiiiiiiii*

3 Vomiting on iccding

4 I'rolusc diarrhoea on Iceding, lailurc to thrive
5 Vomiting on feeding

6 Vomiting on feeding, eonstipaiion

7 Vomiting on feeding

8 Vomiting after Ixilus feeding

liimie ol Jeetlinn /lgi' AIP" at siiiJy
ilpiTHIII

I'arenteral and nasog.ixirie m 1 week 6 weeks
Oral < 1 week 9 months
Via gaitrostomv 1 week 3 months
Oral < 1 week 28 months
I'arenteral and oral 8 years 13 years
I'arenteral 22 weeks 7 months
I'arenteral 3 weeks 5 weeks
Overnight nasogastric 11 weeks 23 months
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patient with episodic abdominal pain under-
going a pancreatic function test, and two
patients with a history of episodes of bowel
disturbance due to emotional stress in one case
and to transient dissaccharide intolerance in the
other case.

MANOMETRY

Motor function of the small intestine after
fasting, in particular phase III activity, was used
as a probe of the integrity of the enteric nervous
system and intestinal smooth muscle. Motor
activity was assessed manometrically after a 12
hour fast as previously described.” Activity was
recorded for a minimum of three cycles of the
migrating motor complex where this was
present, or for a minimum period of four hours
if not present. Mean migrating motor complex
duration (cycle length), mean phase III duration,
mean phase III pressure wave frequency, a
mean phase III motility index for sum of wave
amplitudes/duration), and mean propagation
velocity of the phase III activity front were
measured at the duodenojejunal flexure.

HISTOLCXIV

In those patients with severe and persistent
symptoms where serious neuromuscular disease
was suspected, biopsy specimens of the gastro-
intestinal tract were taken. Rectal suction
biopsy specimens were obtained in four subjects
(patients 3, 4, 7, and 8) and examined in our
laboratory. iFull thickness small intestinal
biopsy specimens were obtained from four
subjects (paiients 1, 2, 3, and 5), and were
divided into three for fixation in buffered
formalin, glutaraldehyde, and for snap freezing.
Morphology was assessed on haematoxylin and
cosin stained paraffin and cryostat sections, and
the amount of connective tissue was estimated
using picrosirius and trichrome stains. Acetyl-
cholinesterase activity was detected in snap
frozen tissue. Gluteraldehyde fixed tissue was
processed for examination by transmission
electron microscopy using standard methods.

Results

MANOMETRY

The indices measured on the manometric
recordings are shown in table 2, and reprcscnta-

Tele 2 Indices of nofar fiaction of the sl intestine
! .fy’.,ﬁmmq% /
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tive segments of the recordings from three of
the patients are shown in the figure. Patient 1
had no detectable motor activity at the time of
the study. Patient 2 had very low amplitude
pressure waves as shown by a low motility
index, with both failure of propagation and
retrograde propagation of some phase III activity
fronts. Patients 3 and 4 had a slow frequency of
contractions in phase III of the migrating motor
complex, suggesting abnormal smooth muscle
electrical control activity. In addition, patient 3
showed retrograde propagation of the phase III
activity front. Patients 5 and 6 showed failure of
propagation of some phase III activity fronts.
Patient 7 had abnormally slow propagation of
the activity front of phase III activity. Patient 8
had normal fasting activity of the small intestine.

HISTOLOGY

Histological abnormalities in the small intestine
were found in three of the four patients in
whom full thickness intestinal biopsy specimens
were obtained. These abnormalities consisted of
distended neuronal axons with ill defined mem-
branes (patient 1), hypoganglionosis of the
ileum (patient 2), and vacuolated nerve tracts on
electron microscopy (patient 3). Abnormally
large nerve trunks in the gastric antrum were
found in the fourth of these patients (patient 5).
Abnormally large and prominent nerves in the
submucosa and myenteric plexus were found in
one rectal biopsy (patient 8).

Discussion

The factors which direct the intestine to rotate
when the herniated fetal midgut returns to the
abdominal cavity at 12 weeks’ gestation are not
known. By the time the intestine returns into
the fetal abdominal cavity, the smooth muscle
cells and the neurones which form the enteric
nervous system have migrated into place.
Although little is known of functional activity of
either the enteric nervous system or intestinal
smooth muscle cells at this stage of gestation,
there is some knowledge of the development of
individual neurotransmitters” and it is known
from animal studies that complex maturational
processes influenced by the local microenviron-
ment take place before enteric neurones achieve
their final mature form."* Malrotation is common
in children with pseudo-obstruction, being

obined from murometrie roeardngs in @it ptierts with

of nulrotation
I'atient Cycle rhase HI /hose 111 rhaie 111 rhase 111 Non-propagation
No length duration Ircqiiemy motility index velocity’ (fraction)
(min) (min) (contractions/min) (kPalmin) (cmimin)

1 — — 0/0
2 30-3 3-1 13-0 6-93 -6-0 m
3 321 2-4 9-3 39X5 -1-7 0/3
4 43 6 5-0 in-u 11-60 6-6 0/6
5 115-2 7-1 lit) 72-50 3-2 1/13
“ 22-7 KO 114 35-50 2-7 6/22
7 35-1 2-5 129 22-25 2-0 0/4
X 52-7 3-7 12X 22-90 19-7 0/5
Normal subjects (n=7)

Median 79-7 6-2 12-0 24-95 20-7 None

Range: Lower 35-3 3-2 11-5 10-10 2-2

Upper 157-0 7-3 13-0 36-30 48-5

'Necpaiive numbers dennic ncl orad propagation, p«isiiive numbers normal aborad propagation
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associated with approximately 12% of all types
of pseudo-obstructive disorders in which there
is disease of the enteric nervous system either
from an early age or expressed congenitally.”
Thus motor activity may play a part in directing
the gut to its correct position within the
abdominal cavity. Alternatively, abnormality of
the microenvironment in the inalrotated intestine
may interfere with normal maturation of the
neurohumoral control of motor function.
Intestinal motor activity results from the
control of inherently contractile smooth muscle
cells by the enteric nervous system and poly-
peptide hormones. The latter are particularly
important in the postprandial state whereas
fasting activity reflects the activity and integrity
of the enteric nervous system. In normal
subjects, fasting activity of the small intestine

Devanc, i*iHinihs, .Smtili, Unset, llooih, Luke, Miliu

fluctuates in a cyclical manner over a period of
approximately 60 to 90 minutes. This cycle is
called the migrating motor complex and it
consists of three phases, phases 1, 1I, and III
Phase III is a period of rhythmic contractile
activity at a frequency of 11-12 cycles per
minute (figure). It is followed by a period of
quiescence, phase I, and prececded by irregular
contractions, phase II. This motor complex
migrates aborally along the small intestine.

The manometric abnormalities present in
patients with pseudo-obstruction have been
described in both adults'' and children.In the
former study, the most common abnormality
found was abnormal propagation and/or con-
formation of the migrating motor complex
(found in 25 of the 42 subjects) together with
bizarre waveforms. In the latter studies, in
children, the fasting abnormalities included in
addition absent migrating motor complexes and
very low amplitude or absent contractions. In
those manometric investigations where full
thickness intestinal biopsies have also been done
and adequately studied, very low amplitude
contractions with poorly differentiated phase III
periods have been associated with smooth
muscle disease." In contrast, contractile activity
of normal or increased amplitude where there is
disorganisation, especially loss of cyclic activity,
lack of propagation, abnormal propagation or
presence of bizarre clusters of contractions, is
usually found in patients with neuropathic
disorders.y

Five of the eight patients in our series had
very abnormal motor activity. Four had
abnormal propagation and/or conformation of
phase IIT of the migrating motor complex (with
or without a low amplitude of contraction),
similar to.the abnormalities characterised by
Stanghellini ei and by Wozniak ei al.’* One
had no motor activity, which was similar to one
of the patterns described by Hyman el al.* Of
the other three patients, one had abnormally
slow propagation of the phase III complex, and
one had an abnormally slow frequency of
contraction in phase III, when compared with
the values obtained in subjects without gastro-
intestinal disease. These findings suggest that
the majority of our patients who continued to
have gastrointestinal problems after correction
of malrotation have disturbances of motor
function similar to those found in patients with
idiopathic intestinal pseudo-obstruction, par-
ticularly those with neuropathic disease involving
the enteric nervous system.

The histopathology of neuromuscular disease
of the intestine has been the subject of a number
of reports' " and both muscle and nerve
disorders have been described. A recent report
of visceral neuropathies, excluding aganglio-
nosis of the colon and Hirschsprung’s disease,
summarised the most common intestinal con-
ditions.'"* Such conditions included hypo-
ganglionosis, hyperganglionosis or neuronal
intestinal dysplasia, glial cell hyperplasia, and
absent or diminished argyrophil neurones as-
sociated with pyloric stenosis, a short small
intestine, and malrotation.'”

In the present study, one of our patients had
hypoganglionosis of the small intestine whose
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proximal extent was not defined, and had total
colonic aganglionosis. Two of our patients had
abnormal enteric nervous on electron micro-
scopy. Therefore three of the four patients who
had full thickness biopsies had abnormalities in
the small intestine previously associated with
pseudo-obstruction. The significance of the
gastric antral abnormality in the fourth patient
(patient 5) is uncertain.

Intestinal neuronal dysplasia can be diagnosed
from suction biopsies of the rectum by assess-
ment of acetylcholinesterase-positive nerve cells
in the lamina propria, hyperplasia of submucosal
neurones and the presence of displaced neurones
within the lamina propria/* In our series of
patients, rectal biopsies were helpful in exclud-
ing intestinal neuronal dysplasia and in demon-
strating the abnormality in patient 8. It may be
that the large nerve trunks seen in this patient,
who later developed neurofibromatosis, may
indicate early evidence of the spectrum of
disorders which include glial cell hyperplasia'®
and intestinal neuronal dysplasia.

One child (patient 4) had a short small
intestine due to surgical resection and presented
with diarrhoea. There are no published mano-
metric studies of motor function of the small
intestine in children with short gut syndrome.
Therefore it is not possible to know whether the
abnormality found in this case (a slow frequency
of contraction in phase III) is secondary to the
resection.

Abnormalities of motor function may occur
in the period immediately after intestinal
surgery. Prolonged ileus is not uncommon in
the period (immediately after surgery for mal-
rotation. In six of our eight cases the mano-
metric study was performed more than 10
weeks after surgery. The long term effect of
surgery on small intestinal activity has not been
systematically investigated in children, but in
adults who had a proctocolectomy and ileoanal
anastomosis, jejunoileal fasting activity was
not greatly altered 4-24 months after the
operation.'"”” We suggest that, in view of the
nature of Ladd’s procedure and of these adult
studies, it is unlikely that the motor abnor-
malities were caused by surgery in these patients.

Two of the subjects (patients 6 and 7) have
now died having failed to take enteral feeding
without resultant vomiting, two subjects
(patients 1and 2) are well on parenteral feeding,
one (patient 5) is well on enteral feeding and
cisapride, and the three remaining subjects
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suffer intermittent gastrointestinal symptoms
on enteral feeding.

Our findings support the notion that in those
children where symptoms of gastrointestinal
disturbance continue despite surgical correction
there is disordered intestinal motor activity.
The pattern of disordered activity suggests that
it results from either disorder or disease of the
enteric nervous system. We therefore postulate
that in some children with malrotation aberrant
early development of either the enteric nervous
system or its microenvironment results both in
malrotation of the intestine and its later dis-
ordered function.
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